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Preface

The era of molecular diagnostics in dermatology and dermatopathology is upon us. Advances in genomics are continually redefining our understanding of the pathogenesis and classification of skin disorders. Molecular testing is transforming patient care, facilitating diagnosis, staging, and prognostication of a variety of skin diseases, in addition to guiding the selection of appropriate treatment, monitoring of therapy, and identification of novel therapeutic targets. An understanding of the principles and potential applications of molecular technologies is now essential for any physician practicing in this field. The contents of this book will be of particular interest to dermatologists and dermatopathologists, as well as anatomic pathologists and other physicians/scientists who have an interest in skin disorders, or those who would like to expand their knowledge in this area. The book covers a broad range of cutaneous conditions and specifically emphasizes molecular testing strategies with immediate clinical relevance. 

I would like to thank all my collaborators in Australia, Austria, Brazil, Canada, China, Denmark, Finland,  France,  Germany,  Greece,  Hungary,  India,  Israel,  Italy,  Japan,  Korea,  Mexico,  The Netherlands, Scotland, Singapore, Spain, Sweden, Switzerland, Taiwan, Thailand, Turkey, United States of America, and Venezuela for contributing chapters and figures to this endeavor. My col-league Dr. Zendee Elaba deserves special mention for her help with illustrations. In particular, I wish to extend my sincerest gratitude to my dear friend Dr. Diane M. Hoss for her advice, encouragement, and help throughout the entire process. 

I have often reflected on the need for a book such as this, that one can turn to while in the clinic, at the microscope, or in the laboratory. It has been intellectually rewarding to bring this goal to fruition. I sincerely hope the readers enjoy this book and use it as a reference guide in their daily practice of medicine. 

Michael J. Murphy
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Chapter 1

Introduction to Molecular Diagnostic Testing  

in Dermatology and Dermatopathology

Michael J. Murphy 

 “O brave new world,” he repeated. “O brave new world that has such people in it. 

 Let’s start at once.” 

–Aldous Huxley,  Brave New World (1932)

The complete sequencing of the human genome has ushered in an era of medical advances that was previously unimaginable. Scientists are continually discovering novel genetic and epigenetic mechanisms  that  are  associated  with  human  disease  states  and  therapeutic  responses.  The  ability  to determine the underlying defect(s) in single-gene (Mendelian) diseases, many of which are rare, has improved both diagnosis in symptomatic patients and risk prediction of future disease in asymptomatic individuals. Potential applications of genomic discoveries include: (1) development of carrier, screening and diagnostic tests for single-gene disorders; (2) evaluation of several genetic loci in an effort to construct disease susceptibility profiles for non-Mendelian diseases, based on multiple gene and/or gene–environment relationships; and (3) pharmacogenomic testing to predict drug–genome interactions [1]. It has been estimated that ~5% of the ~25,000 genes in the human genome are of diagnostic significance; therefore, the potential exists to develop ~1,500 gene-based tests [2]. With regard  to  dermatologic  conditions,  exciting  research  is  emerging  and  new  applications  are  now being incorporated into clinical practice. Molecular diagnostic tests are transforming laboratory medicine and patient care, and becoming indispensable for physicians involved in the management of skin diseases, including dermatologists and dermatopathologists. Nucleic acid-based testing is becoming a crucial diagnostic tool, not only in the setting of inherited disorders (i.e., genodermatoses), but also for a wide variety of cutaneous solid and hematopoietic tumors, inflammatory dermatoses, and infectious conditions. In view of the increasing numbers of molecular diagnostic articles published in the dermatology literature, and potential application of these methodologies in clinical practice, a basic knowledge of the principles of molecular diagnostics is now essential for the physician who specializes in the diagnosis and/or treatment of skin diseases. Figure 1.1 illustrates the integration of research and diagnostic strategies in the study of skin diseases. 

Essentially,  molecular  diagnostic  testing  involves  the  analysis  of  nucleic  acid  (DNA  and/or RNA), using a wide variety of technologies. Simplistically, this field can be divided into “disease diagnostics” (i.e., risk prediction, disease identification, and recurrence detection) and “companion diagnostics” (i.e., drug responders, titration of efficacy, and patient selection for clinical trials) [2]. 
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Fig. 1.1  Integration of research and diagnostic strategies in the study of skin diseases. Linkage studies facilitate an  understanding of genetic markers and susceptibility loci. Microarray-based gene expression analysis enables a more thorough understanding of gene–gene and gene–environment interactions that are involved in disease induction and pathogenesis. Identification of disease-specific genetic signatures should provide a better classification of disease at the molecular level, redefining both known and unknown subtypes of disease. Data is incorporated into molecular diagnostic strategies for risk prediction, identification of diagnostic and prognostic biomarkers, and discovery of therapeutic  targets  of  disease.  RFLPs  restriction  fragment  length  polymorphisms,  SNPs  single  nucleotide polymorphisms,  PCR polymerase chain reaction,  ISH in situ hybridization,  IHC immunohistochemistry (Courtesy of Dr. Zendee Elaba, department of Pathology, Hartford Hospital, Hartford, CT, USA: Adapted from Dudda – Subramanya et al. [3])

To  date,  nucleic  acid  amplification  methods  have  dominated  this  field;  with  the  most  readily recognizable of these being polymerase chain reaction (PCR). Newer technologies are now being incorporated and can facilitate parallel gene analyses (i.e., cDNA/oligonucleotide microarrays) and/

or correlation of genomic changes with morphological features of disease [i.e., fluorescence in situ hybridization  (FISH)].  A  list  of  laboratories  (including  academic  medical  centers,  community hospitals, and commercial reference facilities) offering clinical genetic testing services can be found on the GeneTests website [4]. Molecular diagnostic laboratories can either employ Food and Drug Administration  (FDA)-approved  kits  or  develop  “home  brew”  assays,  also  known  as  laboratory-developed tests (LDTs). There is now a trend toward more widespread use of commercially available kits,  and  away  from  in-house  assay  development,  largely  due  to  concerns  regarding  intellectual property infringements and gene sequence patents. Of note, ~20% of human gene DNA sequences are currently patented; although, a recent law court decision has thrown the validity of some patents into question [5]. FDA approval is generally reflective of high-volume tests, and commercial kits are  not  currently  available  for  all  potential  dermatologic  applications.  A  list  of  FDA-approved molecular diagnostic tests, including genetic, microbial and solid tumor/hematopathology assays, is available through the Association for Molecular Pathology (AMP) website [6]. Broader assays that screen for genetic variations are being developed in parallel with more specific diagnostic tests for individual diseases (Fig.  1.1 ). As we move forward, an increasing emphasis will be placed on point-of-care (POC) testing, as well as the integration of genomics with other “omic” strategies, such as proteomics  and  metabolomics,  and/or  strategies  that  combine  therapeutics  with  diagnostics (“theragnostics”)  [7].  Most  molecular  assays  consist  essentially  of  three  steps:  extraction  and 
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purification of nucleic acid, amplification of the “target” sequence, and detection of the amplified product.  The  goal  of  POC  testing  is  to  streamline  and  miniaturize  these  processes,  in  order  to develop  hand-held  devices  for  “bed-side”  testing  of  those  conditions  (such  as  life-threatening infections) where rapid diagnosis is necessary for initiation of appropriate therapy. 

The purpose of this book is to introduce the basics of molecular biology and molecular diagnostic methods most commonly used in the clinical laboratory, with an emphasis on the concepts and potential applications that are most relevant to dermatologic conditions. The contents of this book will be of particular interest to dermatologists and dermatopathologists, as well as anatomic pathologists and other physicians/scientists who have an interest in skin disorders. A broad range of cutaneous pathology is covered. In addition to chapters on infectious and inflammatory lesions, cutaneous lymphoproliferative  disorders,  melanocytic  tumors,  non-melanoma  skin  cancers  and  genodermatoses,  the book also includes discussions of other dermatologic conditions, including cutaneous sarcomas and soft tissue proliferations, metastatic tumors, wound healing disorders, and alopecias. The application of  pharmacogenetics  and  pharmacogenomics  in  patient  management,  and  some  of  the  regulatory, legal, coding, billing, reimbursement, and ethical considerations associated with molecular diagnostic testing in dermatology and dermatopathology are also outlined. The integration of newer diagnostic, staging, and prognostic molecular techniques with “traditional” clinical- and histopathological-based approaches is described, and a broad and comprehensive outline of current clinically relevant applications  of  these  methodologies  in  dermatologic  conditions  is  provided.  Molecular   studies  that primarily investigate the pathogenesis of skin diseases (and can be found in other texts) have been largely excluded or have minimal discussion, unless they also have direct diagnostic and/or prognostic relevance or the possibility of such use in the near future. 

Genetic Testing

There  are  a  small  percentage  of  individuals  with  common  diseases  who  have  rare,  but  inherited single  gene  mutations.  These  single  gene  mutations,  which  increase  disease  susceptibility,  may reach frequencies as high as 1% in some population groups. More common genetic variants (DNA polymorphisms)  are  also  associated  with  increased  risks  of  developing  common  conditions. 

Interestingly,  some  polymorphisms  can  actually  convey  resistance  to  disease.  Nonetheless,  other genetic and/or environmental factors must play a role prior to the onset of disease in individuals with either these predisposing rare variants or polymorphisms. Acquired (somatic) mutations have also  been  found  to  play  a  significant  role  in  many  human  malignancies,  including  skin  tumors. 

In addition, the functions of genes involved in the development of chronic inflammatory disorders (such  as  psoriasis  and  atopic  dermatitis)  are  being  elucidated  through  comparative  molecular genetic profiling of cells from diseased organs/tissues with corresponding normal cells. With such knowledge, interventions can be developed which either mitigate disease triggering events or facilitate early and effective therapy. 

Despite remarkable progress, there are still many issues that impact the utility of genetic testing. 

Importantly,  for  many  Mendelian  genetic  diseases,  a  “therapeutic  gap”  exists  (i.e.,  it  has  proven easier to diagnose or predict a condition than to find means to prevent or effectively treat it). A positive test result does not necessarily indicate that the disease will inevitably develop or indeed, predict  the  age  of  onset,  its  severity  and/or  therapeutic  response  in  those  individuals  in  whom  the condition does occur. In contrast, a negative test result may not definitively rule out future pathology. The disease could potentially occur even when tests fail to reveal predisposing polymorphisms or  inherited  susceptibility  mutations.  In  addition,  some  tests  may  not  detect  all  of  the  disease-causing mutations of a particular condition. 

According  to  the  National  Institutes  of  Health-Department  of  Energy  Task  Force  on  Genetic Testing, “the clinical use of a genetic test must be based on evidence that the gene being examined 
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 is associated with the occurrence of the disease in question, that the test itself has analytical and clinical validity, and that the test results will be useful to the people being tested (clinical utility)… Before a genetic test can be generally accepted in clinical practice, data must be collected to demonstrate the benefits and risks that accrue from both positive and negative results [8]. ” Analytical validity requires “establishing the probability that a test will be positive when a particular sequence (analyte) is present (analytical sensitivity), and the probability that the test will be negative when the sequence is absent (analytical specificity). 

 One key measure of analytical validity is accuracy, or the probability that the measured value will be within a predefined range of the true activity or concentration. Another measure of analytical validity is reliability, or  the  probability  of  repeatedly  getting  the  same  result.  Analytical  validation  of  a  new  genetic  test includes  comparing  it  to  the  most  definitive  or  gold  standard  method  [8].”  Clinical  validation involves “establishing several measures of clinical performance including: (1) the probability that the test will be positive in people with the disease (clinical sensitivity); (2) the probability that the test will be negative in people without the disease (clinical specificity); and (3) the probability that people with positive test results will get the disease [positive predictive value (PPV)] and that people with negative results will not get the disease [negative predictive value (NPV)]. Predictive value depends on the prevalence of the disease in the group or population being studied, as well as on the clinical sensitivity and specificity of the test… Two intrinsic features of genetic diseases, heterogeneity and penetrance, affect clinical validity [8].” In its narrowest sense, clinical utility refers to the ability of screening or diagnostic tests to prevent or mitigate an adverse outcome, such as disability, morbidity, or mortality through medical intervention and/or the institution  of  healthier  behavior, conditioned on the results of these tests [1, 8]. Of course, the clinical utility depends on a balance of benefits-to-risks of testing and access to appropriate interventions. More broadly, clinical utility encompasses  the  ability  to  inform  clinical  decision-making  and/or  impact  outcomes  (including psychological  and  economic)  that  are  important  to  individuals,  families,  and  society  [1,  8].  It  is necessary to understand the difference between screening and diagnostic tests. Diagnostic (confirmatory) tests are performed once clinical symptoms and/or signs of a disease are present. A potential benefit that comes with the identification of a disease-associated genetic aberration may be the ability to determine an individual’s risk of developing that disease (i.e., a screening test), prior to the onset of  symptoms  and/or  signs.  Hence,  early  intervention,  combined  with  increased  vigilance,  could reduce the risk of disease development or possibly prevent the disease from progressing to a more severe phenotype. 

Molecular Diagnostics Market

Molecular diagnostic tests are rapidly becoming the standard of care in many medical specialties. 

This largely results from a combination of technological advances, bioinformatics, the explosion of molecular  discoveries  and  biomarker  publications  in  the  scientific  literature,  FDA  regulatory approval, evolving professional association and practice guidelines, the shift to evidence-based medicine, a more educated public, consumer-directed healthcare, litigation concerns among physicians, reimbursement decisions, the shifting of costs to consumers, and, in view of the unsustainable health care expenditures in the USA (17% GDP), the potential savings that can come as a result of preventa-tive  and/or  more  accurate  testing  [2].  As  a  result,  both  the  growth  and  profitability  of  the  USA molecular  diagnostic  testing  market  continue  to  increase  exponentially.  In  2001,  only  ~5%  of  all laboratory testing was based on DNA or RNA analysis [9]. Between 2005 and 2007, annual billable molecular tests were reported to have increased by 36%, and it is estimated that ~65 million molecular  tests  were  performed  in  the  USA  in  2008  [2].  Based  on  the  Washington  G-2  Reports’  2008 

Molecular Diagnostics Market Strategic Outlook Survey [2], ~65% of medical laboratories now offer molecular diagnostic testing, with a further ~23% planning to offer such assays. Current reports value 
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the molecular diagnostics market in the USA at $5.5 billion; a small, albeit significant portion of the 

~$55 billion laboratory testing industry. In a 2005 survey, laboratories reported that molecular testing represented ~13% of total revenues [2]. By 2007, this had jumped to ~15.5% (an increase of 19.2%). 

Molecular  testing  now  accounts  for  ~19%  of  the  total  revenue  for  laboratories  which  offer  such assays, with an estimated growth of ~18% per year over the coming decade [2]. This percentage is expected to rise to 25% by 2014. Molecular diagnostics is predicted to represent 33% of laboratory revenues by 2018 [2]. In contrast, growth for most other areas of laboratory testing is predicted to be a modest ~5%. Currently, the molecular diagnostics market is dominated by infectious disease testing, which accounts for ~55% of all assays [2]. Some of the most commonly offered molecular-based tests are those for sexually transmitted diseases (i.e., chlamydia/gonorrhea, human papillomaviruses, and human immunodeficiency virus) and infections by other modes of transmission (i.e., hepatitis C 

virus).  Other  high-volume  tests  include  those  for  coagulation  screening  (Factor  II  and  Factor  V 

Leiden), cystic fibrosis screening, and breast cancer prognostication/treatment selection (HER-2/neu) 

[2]. In the future, the areas that are expected to show the largest growth in this market are infectious disease assays and predictive testing (i.e., pharmacogenomics/pharmacogenetics) [2]. This explosion in molecular diagnostics likely reflects the fact that laboratories now recognize that molecular-based assays are increasingly necessary in day-to-day medical practice and/or represent a lucrative revenue stream. Two important factors that laboratories must consider when deciding to integrate molecular-based tests are: (1) potential clinical impact and (2) apparent demand, as assessed by send-out data 

[2]. The number one reason for performance of molecular testing is the effect of potentially more sensitive,  more  specific,  and  expedited  test  results  on  patient  management  decisions.  Importantly, demand is now becoming more consumer-driven, coinciding with the advent of direct-to-consumer marketing and the development of less invasive sample procurement and testing procedures (i.e., “lab in a box”). Other issues include the time, personnel and resources required to develop such tests, FDA approval status, research applications, and cost data (i.e., cost per result performed in-house  vs.  send-out) [2]. For example, the average cost per molecular assay is ~$107 (median $57) compared with an average of ~$50 per non-molecular test (median $12) [2]. However, molecular-based assays generally have higher reimbursement rates than routine laboratory tests [2]. Coding, billing, and reimbursement issues  are  more  fully  explored  in  Chap.  23.  Savings  may  also  be  realized  through  decreased  test turnaround times and more accurate results, potentially impacting treatment selection and length of hospital stay. From a dermatological perspective, many surveyed laboratories currently offer molecular assays to detect herpes simplex virus and T- and B-cell surface receptor gene rearrangements (for work-up of cutaneous lymphoproliferative disorders), in addition to CYP450 genotyping (for drug  response/adverse  reaction  prediction)  [2].  Tests  for  methicillin-resistant   Staphylococcus aureus (MRSA) and Epstein-Barr virus (EBV) are among those planned by many laboratories [2]. 

According to a recent publication by Washington G-2 Reports entitled “Business Strategies for Molecular  Diagnostics  in  the  Lab  2009,  including  State  of  the  Market  Report” [2], the  field  of molecular diagnostics can be viewed as a continuous and codependent cycle of innovations based on research and test development. First, molecular markers and clinical implications are uncovered by research-based strategies. Test development is promoted, and with clinical demand comes the need to improve test effectiveness and efficiency. This, in turn, continues to drive research and the cycle begins again [2]. 

Molecular Diagnostics in Dermatology and Dermatopathology

The uptake of molecular diagnostic testing in the specialties of dermatology and dermatopathology has been relatively low compared with other medical fields. A number of interesting factors could potentially account for this finding. Firstly, most dermatology offices are not hospital-based practices, where 
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the majority of molecular laboratories are located. Therefore, dermatologists may not be aware of the availability and clinical applications of nucleic acid-based assays offered. Secondly, decisions to order such assays could be based on perceptions (real or imagined) of how useful the results would be for diagnosis and/or management of skin disorders. Thirdly, providers may be concerned about the legal implications  of  testing  or  third-party  coverage/reimbursement  issues.  With  regard  to  molecular  test development and usage, the practice of dermatology could potentially be viewed as a two-edged sword. 

In one respect, a distinct advantage of daily clinical practice is the accessibility of the skin, readily facilitating tumor screening strategies and early cancer detection. Nowhere is the necessity to correlate clinical and microscopic findings for diagnostic purposes more evident than in dermatology. However, the majority of skin disorders are easily diagnosed on the basis of morphological features, without the need for ancillary laboratory tests such as histochemical stains (i.e., PAS) or immunohistochemistry, let alone molecular studies. Physicians and insurance companies may be unwilling to stretch for that 

“unnecessary” test. Both the ability to remove relatively large pieces of tissue for histopathological review (compared with non-cutaneous sites) and, most importantly, the relative ease of repeating skin biopsies in instances of equivocal microscopic findings, have ensured that the burden of diagnosis and management  in  dermatology  remain  largely  based  on  clinical  features  and/or  microscopic  analysis. 

Another factor possibly reducing the use of molecular diagnostics in clinical practice is the perception that such testing often produces erroneous results [10]. However, studies demonstrate that more errors originate during the pre-analytic and post-analytic phases of testing than during the analytic process itself 

[10].  The  latter  is  tightly  regulated  by  the  Clinical  Laboratory  Improvement  Amendments  of  1988 

(CLIA) and College of American Pathologists (CAP) guidelines (emphasizing control procedures and proficiency testing). Problems may arise with specimen handling and analysis, but are reported in only 0.06–0.12% of tests studied [10]. More importantly, inappropriate test selection (i.e., unwarranted testing) underlies many of the pre-analytic errors. Post-analytic errors commonly reflect not only problems in preparing reports, but also the accurate assessment of results. Studies have shown that a major con-tributor  to  these  problems  is  poor  understanding  among  healthcare  providers  of  the  limitations  of molecular genetic assays and their proper interpretation. It is not enough for a physician to simply know that a test is positive or negative. Results must be interpreted in light of the patient’s personal and family history,  histopathological  data,  and  results  of  other  testing  strategies.  Many  recommendations  relate specifically to the molecular diagnosis of inherited diseases; largely a function of the dramatic increase in this form of testing. Of note, over the last 8 years, the number of screenings available has more than tripled from just over 400 to more than 1,300 [10]. However, guidelines are also applicable to molecular testing for other types of skin disorders. In the pre-analytic phase, laboratories should provide information about their tests to both healthcare professionals and patients, such as the intended use of the test, its  limitations,  appropriate  collection  of  samples,  and  handling  and  transport  of  the  specimens. 

Physicians should strive to provide important clinical data on the patient being tested. In some instances, relevant background information is also necessary. For example, in the case of inherited skin diseases, such as genodermatoses or familial melanoma, the patient’s race or ethnicity, family history, and pedigree will be required. In the post-analytic testing phase, a laboratory must provide an interpretation of the results, as well as additional information where appropriate, in order to ensure that the referring physician can also make an accurate assessment of the data. This would include a description of the methodology,  the  nucleic  acid  targets  of  the  test,  and  performance  specifications  and  limitations.  If required, the laboratory should make recommendations regarding repeat/additional testing. In the case of hereditary diseases, comments on follow-up genetic consultation or implications of test results for other family members may be appropriate. 

The following sections outline some of the recent commercial advances vis-à-vis molecular testing in  skin  diseases.  This  discussion  neither  endorses  nor  recommends  any  particular  company  or  its product(s). Instead, it is used to highlight the level of interest among commercial ventures for entry and  capture  of  segments  of  the  relatively  untapped  molecular  diagnostics  market  in  dermatology. 

Readers are directed to the respective websites in the reference list for additional information. 
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Melanoma

Between 5% and 10% of melanoma may be hereditary, with ~2% of all melanomas arising as a result of germline mutations in cyclin-dependent kinase inhibitor 2A (CDKN2A), the most significant high risk melanoma susceptibility gene identified to date [11]. The likelihood of melanoma by age 80 in a patient with a germline mutation in CDKN2A is 58% in Europe, 76% in the USA, and 91% in Australia [11]. CDKN2A mutations also predispose to pancreatic cancer with a 25% risk of developing this tumor by age 80. Genetic testing is widely employed to identify those individuals with, or at risk of developing, hereditary breast/ovarian and colorectal cancers. 

However, genetic testing of CDKN2A with regard to hereditary melanoma is not currently part of routine clinical practice. A recent review outlined selection criteria for the genetic assessment of patients with familial melanoma [11]. Based on current guidelines, the higher rate of CDKN2A mutation in individuals with three or more primary melanomas, and/or families with at least one melanoma and two or more other diagnoses of melanoma and/or pancreatic cancer among first- or second-degree relatives on the same side of the family, warrant referral for genetic work-up [11]. 

Other melanoma-predisposing genes include cyclin-dependent kinase 4 (CDK4), cyclin-dependent kinase inhibitor 2A/p14 alternate reading frame (CDKN2A/ARF), and melanocortin 1 receptor (MC1R). Guidelines for molecular assessment do report that risk estimates associated with these genes have wide confidence intervals, but testing may be considered in some cohorts [11]. Testing might help identify individuals at significant risk for developing melanoma, who would require intensive skin cancer screening, education, and genetic counseling referral. Molecular testing for germline mutations in melanoma-predisposing genes is discussed in Chap. 5, and information on familial melanoma is available through the Melanoma Genetics Consortium (GenoMEL) website 

[12]. There are obviously important considerations regarding the clinical use and potential implications of genetic testing for melanoma risk. According to the GeneTests website [3], there are now  five  hospital-based  and  commercial  laboratories  in  the  USA  offering  testing  for  germline mutations in CDKN2A and/or CDK4. A Canadian-based company now offers a commercial test for  MC1R  gene  variants  [13]. According  to  the  company  website  [13],  “the  Genescreen™ 

  consumer test is simple and noninvasive. The results of the test can assist consumers and help them to make decisions on their sun protection and sun lifestyle habits.” Such consumer-directed advertisement (in addition to the direct-to-consumer sales for some assays) can only enhance the profile of molecular testing. 

In addition to germline aberrations, the study of somatic mutations in melanoma may reveal frequent  cooperating  oncogenic  pathways  responsible  for  the  development  and  progression  of  this tumor. Subtypes of melanomas with common pathogenesis and clinical behavior may be identified, specific sites for targeted therapy may be revealed, and discovered genomic alterations may be used to  develop  diagnostic  assays.  In  this  regard,  a  California-based  molecular  diagnostics  company describes its proprietary, patent-pending technology as unique for evaluating melanocytic neoplasms 

[14]. According to the company, this novel technology includes a number of highly validated genetic markers that allow for discrimination between benign melanocytic nevi and melanoma, in addition to better characterization of the risk of melanoma progression and/or metastasis [14]. The test evaluates the immunohistochemical staining patterns (i.e., intensity and distribution of expression) of five markers (ARPC2, FN1, RGS1, SPP1, and WNT2), selected on the basis of prior gene expression profiling studies using cDNA microarrays [15]. Significantly greater expression of each of these protein markers is seen in malignant compared with benign lesions. Based on comparison with the actual histopathological diagnoses, this multi-marker assay is reported to show 95% specificity and 97% 

sensitivity for diagnosing melanomas arising in melanocytic nevi, 95% accuracy in identifying both Spitz nevi and dysplastic nevi, and 75% accuracy in correctly diagnosing previously misinterpreted melanocytic lesions [15]. The company expects its multi-marker assay kits to capture a significant 
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share of the target market within the first 2 years; estimating sales of over $150 million (~10% market penetration) annually in the USA alone, and over $300 million worldwide [14]. Interestingly, a group of researchers from the same company have reported that multi-marker assays based on three proteins (NCOA3, SPP1, and RGS1; also derived from results of cDNA microarray analyses) add independent prognostic data, with regard to sentinel lymph node involvement and outcomes, in patients with  melanoma  [16]. Another  California-based  company  is  offering  a  patented  combined  tape-stripping and GeneChip assay (MelDTect™) for the detection of melanoma [17]. With this test, RNA is harvested from the surface layer of the skin by a patented noninvasive EGIRTM (Epidermal Genetic Information Retrieval) technique and analyzed using a 17-gene classifier. This assay is purported to demonstrate a sensitivity of 100% and a specificity of 88% in discriminating melanoma from melanocytic nevi (S. Chang, personal communication, 2010) [17]. Finally, a Florida-based company is now in the final stages of validating and commercializing a fluorescence in situ hybridization (FISH)-

based test (MelanoSITETM) for the diagnosis of melanoma [18]. According to a recent press release, the  company  estimates  that  this  FISH  assay,  which  is  based  on  Abbott  Laboratories  4-probe  set (6p25, 6 centromere, 6q23, and 11q13), will represent a $50–$100 million annual revenue opportunity over the next ~5 years [18]. The development of this test stems largely from the groundbreaking studies  on  melanocytic  tumors  undertaken  at  the  University  of  California  at  San  Francisco  and Northwestern University in Chicago (see Chap. 5) [19–21]. 

Other Skin Disorders

Among common skin conditions, inflammatory diseases represent the group for which molecular diagnostics has had the least impact on to date. Many inflammatory disorders can be readily diagnosed on the basis of clinical–histopathological correlation, and current molecular studies of these entities are largely research-oriented. Yet, despite remarkable advances in our understanding of the pathogenesis of these diseases (particularly psoriasis and atopic dermatitis) and the availability of novel therapies, a significant number of patients defy accurate classification and/or do not respond to treatment. Of note, the EGIRTM platform, described above, has also been used to evaluate gene expression in a range of inflammatory dermatoses (psoriasis, allergic contact dermatitis, and irritant contact dermatitis), and could have a number of interesting future commercial applications in this setting, such as the selection and monitoring of therapy, as well as pharmaceutical/cosmeceutical research and development 

[17, 22–25]. In addition to both identifying specific genes associated with clinical response(s) in inflammatory skin diseases and promoting the development of novel therapeutic agents, molecular testing could be used to definitively categorize challenging cases and/or diagnose related conditions (see Chaps. 14 and 21). For example, it is estimated that between 20% and 40% of psoriasis patients will eventually develop psoriatic arthritis (PsA). Recently, a patent-pending commercial screening test for PsA was released, purportedly capable of identifying those at high risk for developing PsA before they experience arthritic symptoms, thus providing the opportunity to lessen joint damage through early medical intervention [26]. This assay determines the presence of a specific variation on the MICA (class I major histocompatibility complex chain-related gene A) immune response gene located on chromosome 6. According to the California-based company, an individual that tests positive for the MICA-A9 variant has ~60% chance of developing PsA, while an individual that tests negative for the MICA-A9 variant has ~70% chance of not developing PsA [26]. This company has  also  introduced  a  genetic  screening  test  for  male  and  female  pattern  baldness  (androgenetic alopecia), that is based on the identification of specific variations in the androgen receptor (AR) gene, including (a) the presence or absence of a S tu1 single nucleotide polymorphism (SNP) and (b) the number of CAG repeats [26]. According to the company website [26], “a positive test result means that a man has the high risk genetic variation. Men who test positive have approximately a 

1  Introduction to Molecular Diagnostic Testing in Dermatology and Dermatopathology 9

 70% chance of going bald. Men who test negative have approximately a 70% chance of not going bald.” The use of an additional genetic test to determine finasteride response would help “doctors  predetermine if patients will have a subtle, moderate, or great treatment response… allowing the physician to provide patients with the best treatment regimen to save their hair [26].” Another test purportedly  evaluates  the  risk  of  developing  frequent  outbreaks  of  genital  herpes  [due  to  herpes simplex virus-2 (HSV-2) infection], by analyzing for the presence or absence of specific mutations in  the  mannose-binding  lectin  (MBL2)  gene  [26].  A  screening  test  that  purportedly  assesses  a women’s risk for developing moderate to severe cellulite (gynoid lipodystrophy), based on the presence of a specific variation of the angiotensin I-converting enzyme (ACE) gene located on chromosome 17, is also being marketed by the same company [26]. Finally, a Canadian-based company reports the development of genetic tests which can determine ultraviolet radiation (UVR) genetic susceptibility and the level of sun-related DNA damage, with results “tailored into consumer friendly personalized recommendations for sun protection and treatment” and offering “new insight into diagnosis and new opportunities for selecting treatment regimes and monitoring strategies [13].” Another test offered by this company is purported to assess the ability of skin care products to prevent or repair UVR-induced DNA damage [13]. 

Metastatic Tumors

The classification of cancers, based on their genomic signatures, has been advocated as an objective means  to  determine  tumor  behavior,  identify  therapeutic  targets,  define  prognosis,  and  in  some cases,  assign  lineage.  With  regard  to  the  latter,  there  are  up  to  100,000  (metastatic)  cancers  of unknown primary (CUP) origin in the USA each year [2]. In addition, it is estimated that another 150,000 metastatic cancers require further differential work-up [2]. Global gene expression profiling-based molecular testing platforms, which employ quantitative reverse transcription (RT)-PCR and cDNA/oligonucleotide microarray technologies, are now being developed for this market by a number of USA and non-USA companies [27]. These assays are based on the premise that metastatic tumors retain the gene expression patterns of their respective primary lesions [27]. While a single test is expensive,  in  the  range  of  $3,000  per  assay,  the  overall  accuracy  of  genomic  cancer  classification appears to be high (~80–90%) [27]. In contrast, a recent study reported that the average combined cost  for  non-molecular  classification  techniques  (i.e.,  body  imaging  studies,  tissue  immunohistochemistry) for CUP is $18,000, with a success rate of only ~25% [2]. By extrapolation, a single successful identification with traditional approaches would cost in the region of $72,000 [2]. 

In dermatology, the ability to differentiate between a cutaneous metastasis and a primary skin tumor has obvious significance for prognosis, therapy, and survival outcome in individual patients, as well as implications for broader epidemiological studies. There are some anecdotal reports on the use of gene  expression  profiling  to  identify  the  organ/tissue  origin  for  metastatic  tumors  in  the  skin. 

However, commercially available assays have not yet been validated for routine testing of cutaneous specimens. The use of molecular tests to differentiate between primary and metastatic tumors in the skin is discussed in Chaps. 6 and 9. 

Pharmacogenetics and Pharmacogenomics

Pharmacogenetics and pharmacogenomics are now leading growth areas in molecular diagnostics. 

This is driven by the concept of “personalized medicine,” and the potential tailoring of therapy to an individual patient, as genetic factors are known to be important determinants of both drug efficacy and drug toxicity. Although the terms are often used interchangeably, pharmacogenetics refers to 
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the  study  of  variations  in  DNA  sequence  between  individuals  that  result  in  differential  drug responses; while, pharmacogenomics refers to the study of single or multiple genes using “omic” 

technologies, in an effort to guide drug selection and dosage, optimize efficacy, minimize adverse drug reactions (ADRs), and promote drug discovery and development [28]. The effects of treatment can be markedly heterogeneous among patients, and the average efficacy rate of many drug classes is just above 50% [28]. In addition, ~6% of hospitalizations occur as a result of ADRs [28]. The question that begs to be asked is: Can individualized drug dosing strategies be based on the results of gene  profiling  studies?  Yes,  is  the  simple  answer.  One  example  is  the  AmpliChip  CYP450  Test (Roche Diagnostics Corporation, Indianapolis, IN); the first FDA-cleared pharmacogenetic test for analysis  of  an  individual’s  metabolizing  pathways,  namely,  the  CYP2D6  and  CYP2C19  genes. 

These two genes, which are components of the cytochrome P450 system, can greatly influence drug bioavailability. The AmpliChip CYP450 Test identifies the patient’s genotype and provides a predicted phenotype (i.e., poor, intermediate, extensive or ultrarapid metabolizer) to the clinician for use in determining a therapeutic strategy. Furthermore, the molecular classification of a number of both  inflammatory  and  malignant  skin  disorders  is  leading  to  the  development  of  individualized therapies (i.e., PLX4032 for patients with metastatic melanoma harboring BRAFV600E mutations), in addition to providing insights into distinct clinical-histopathological features of particular diseases (i.e.,  age  of  onset,  disease  severity).  Pharmacogenetic  and  pharmacogenomic  data  on  a  variety  of major skin diseases, including discussions on susceptibility genes, personalized therapy, and genetic determinants of drug responses and ADRs, are provided in Chaps. 21 and 22. 

Personal Genomic Services and Direct-to-Consumer Tests

In most instances, it is required that licensed physicians submit molecular diagnostic test requisitions and receive the results. Therefore, the vast majority of current molecular assays are marketed to physicians and laboratories rather than to consumers. However, the trend is reversing with the ongoing acquisition of genomic data, the development of newer user-friendly and less expensive technologies, and public awareness. Patients are now more actively involved in the decision-making process with regard to the delivery of their healthcare options, and a growing number of firms are advertising personal genomic services directly to consumers. According to a recent publication by Washington G-2 Reports [2], “…personal genomics has come to the fore very rapidly with the help of the mainstream media… This area is directed to consumers. It has been very interesting to see the companies try to skate around exactly what they’re offering, whether it’s medical advice (i.e., predictive data) or recreational information about your own genome… It’s a complex interaction of technology, knowledge, health care products, and ethical implications of the human genome project and  science.”  Companies  involved  in  the  personal  genomics  market  include  deCODE  Genetics (Reykjavik,  Iceland),  23andMe  (Mountain  View,  CA),  Navigenics  (Redwood  Shores,  CA), SeqWright (Houston, TX), Knome (Cambridge, MA), and Personal Genome Project (Boston, MA). 

Most use microarray technology or full-genome sequencing to search for SNPs, with results often presented in terms of relative risk (i.e., chance of developing a particular disease compared to the average risk). SNPs are probably the most important category of genetic changes influencing common diseases; stemming from their ability to influence disease risk, in addition to drug efficacy and side effects. It is estimated that nine of the top ten leading causes of death have a genetic component, with one or more SNPs influencing disease risk [2]. Conceptually, the knowledge of any genetic risk will encourage individuals to reduce it by engaging in healthier behaviors and/or the adoption of efficacious therapy. However, genetic alterations are only one of a number of factors that influence an individual’s risk of disease. Risk assessment models must also take into account family history, lifestyle,  and  environmental  influences.  The  American  College  of  Medical  Genetics  states  that 
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problems with direct-to-consumer (DTC) testing can include “lack of informed consent, inappropriate testing, misinterpretation of results, testing that is inaccurate or not clinically valid, lack of follow-up  care,  misinformation,  and  other  adverse  consequences  [29]. ”  In  the  UK,  the  Human Genetics Commission has issued “A Common Framework of Principles” for DTC genetic testing services [30]. This wide-ranging set of principles, which companies must follow in order to protect consumers from potential harm, covers the purpose and scope of tests, advertising and marketing claims, regulatory data, information for consumers, including counseling, consent and test accuracy, provision and interpretation of results, sample handling and laboratory procedures, data protection and complaints [30]. According to the Human Genetics Commission, these principles promote the following: (1) purchasers of DTC tests must be made aware of possible outcomes and limitations of testing, such as information to be gained and how to act on it, in addition to other factors that might play a role in disease development, including lifestyle and environment; (2) tests for major hereditary diseases, such as cancer, should only be provided if counseling is available both pre- and post-testing;  (3)  test  claims  must  be  supported  by  scientific  evidence;  (4)  the  “consumer”  must  give consent for testing, and samples and genetic information must be keep secure; and (5) testing should only be performed by accredited laboratories [30]. Recent articles in the dermatology-focused literature have discussed the challenges of translating genetic tests for skin disorders into clinical and public health practice, in addition to highlighting concerns that the expanding market of DTC testing is beginning to blur the distinction between classic diagnostic assays and personal genomics services [29, 31]. It will take time for results and implications of genome-wide association studies and whole genome analyses to be fully appreciated, and therefore, it is necessary to educate both consumers and physicians on the utility and limitations of any information obtained from genetic testing.  Point-of-care  (POC)  genetic  education  resources  have  been  proposed  [31].  For  example, SNPedia is a Wikipedia, which shares information about the clinical effects of variations in DNA, citing peer-reviewed scientific publications [32]. Currently, it contains data on ~9,910 SNPs, with descriptions of genes, chromosomes, population diversity, and personal genomics companies offering tests [32]. 

The role of genetic and epigenetic changes in both benign and malignant skin disorders and their function  in  disease  susceptibility,  phenotype,  severity,  and  treatment  response  continues  to  be investigated. This ever-growing knowledge is beginning to provide us with avenues for the development of more accurate and specific diagnostic and prognostic assays, cancer staging tests, and safer, more effective, and targeted therapies, in addition to strategies for disease prediction and prevention. It is truly a brave new world in the realm of dermatology and dermatopathology. 
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Chapter 2

Principles of Molecular Biology

Jian Zhuge and Wenyong Zhang 

The rapid development of molecular biology in recent decades has dramatically changed the way we practice medicine. With the help of an impressive arsenal of new technologies, including high-throughput  sequencing  and  microarrays,  we  are  now  well-equipped  to  probe  into  the  molecular nature of diseases. Which set of genes are involved? What are the genetic and epigenetic alterations associated with these genes? In this chapter, we will describe the basic concepts of molecular biology, including genes, types of mutations, and gene expression. 

DNA

DNA  (deoxyribonucleic  acid)  is  the  genetic  material  of  cells.  It  is  composed  of  individual  units called nucleotides. A nucleotide is composed of three subunits: a five-carbon sugar (deoxyribose), a phosphate group, and a base. There are four types of bases in DNA: adenine (A), guanine (G), thymine  (T),  and  cytosine  (C).  Adenine  and  guanine  are  purines,  and  thymine  and  cytosine  are pyrimidines. A polynucleotide chain is formed by linking the adjacent nucleotides via 5¢→3¢ phos-phodiester bonds. In 1953, Watson and Crick solved the structure of DNA – demonstrating that a DNA molecule is composed of two complementary polynucleotide chains forming the double-helix structure [1]. The double-helix chains are stabilized by hydrogen bonds formed between the opposing A–T and C–G bases on the two complementary polynucleotide chains (Fig. 2.1). 

RNA

In contrast to DNA, RNA (ribonucleic acid) contains the sugar ribose instead of deoxyribose, and uracil (U) instead of thymine (T). An RNA molecule is single-stranded and less stable than a DNA molecule. Cellular RNA serves diverse functions, carried out by different families of RNA molecules, including messenger RNA (mRNA), ribosomal RNA (rRNA), transfer RNA (tRNA), small interfering RNA (siRNA), and microRNA (miRNA). Ribozymes are RNA molecules with catalytic W. Zhang (*) 
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Fig. 2.1  Double-helix structure of DNA. The double-helix structure of DNA is stabilized by the hydrogen bonds formed between A–T and C–G bases on the two antiparallel complementary strands.  A adenine,  T thymine,  G guanine, C cytosine

functions. Because RNA molecules have diverse functions, proponents of the “RNA world” theory suggest that RNA may have preceded DNA and protein in life’s long evolutionary journey [2, 3]. 

The Human Genome

The human genome is composed of slightly more than three billion base pairs of DNA, organized into 46  chromosomes  (22  pairs  of  autosomes  and  2  sex  chromosomes).  The  Human  Genome  Project (HGP) has taught us that there are approximately 20,000–25,000 protein-coding genes, representing only ~1.5% of the entire genome size [4]. The remainder of the human genome includes regulatory sequences,  RNA  genes,  pseudogenes,  repeat  sequences,  and  other  sequences  for  which  no  known functions are currently understood. 

Repeat DNA Sequences in the Genome

Much  of  the  so-called  “junk  DNA”  (noncoding  DNA)  in  the  human  genome  contains  repeat sequences.  There  are  two  types  of  repeat  sequences:  (a)  tandem  repeat  and  (b)  interspersed repeat. 
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Tandem repeats are two or more nucleotides repeated as a unit one after another in the same orientation. Examples of tandem repeats include microsatellites (2–6 nucleotides long) and minisatellites (longer than microsatellites, but shorter than 60 nucleotides in length). Microsatellites are useful markers for identity testing, bone marrow chimerism study, microsatellite instability (MSI) testing, and gene dosage studies, such as loss of heterozygosity (LOH) or gene duplication analyses. 

Interspersed  repetitive  DNA  sequences,  also  known  as  retrotransposons,  are  repeat  elements characterized  by  RNA  intermediates  [5].  In  mammals,  interspersed  repetitive  DNA  constitutes approximately half of the genome. There are two types of interspersed repeat: (a) LTR (long terminal repeat) retrotransposons and (b) non-LTR retrotransposons. Non-LTR retrotransposons are further divided into SINEs (short interspersed nuclear elements) and LINEs (long interspersed nuclear elements).  LINEs  bear  similarities  to  retroviruses,  in  that  they  encode  the  enzyme  reverse-transcriptase  which  transcribes  LINEs  RNA  into  many  DNA  copies  for  integration  into  new genomic loci, thus providing a mechanism for genomic expansion. However, LINEs do not have the LTRs found in retroviruses (i.e., they are not functional retroviruses). LINEs account for approximately 20% of the human genome. SINEs are typically less than 500 bases in length, and do not encode reverse-transcriptase. They constitute about 14% of the human genome. The most common SINEs in the human genome are Alu sequences. 

Eukaryotic Gene Structure and Function

A  gene  is  the  hereditary  unit  of  a  living  organism.  The  classical  concept  of  genes  is  centered around the notion that one gene encodes for one protein/enzyme. A classical eukaryotic gene is composed of exons, introns, and regulatory sequences. Exons are stretches of DNA sequences that are represented in the mature form of RNA, including mRNA and tRNA; while, introns are the intervening DNA sequences between exons that will be spliced from the maturing RNA molecule. 

An RNA transcript usually consists of multiple exons spliced together. A single gene may produce several  different  transcripts  by  alternative  splicing.  The  regulatory  sequences  of  a  gene  include promoters,  enhancers,  silencers,  insulators,  and  locus  control  regions  (LCRs).  A  promoter  is  a region  of  DNA  that  facilitates  transcription  by  binding  to  transcription  factors  (TFs)  and  RNA polymerase II. A gene can have several promoters, usually located upstream of the transcription start site. The location of the promoter is designated by counting back from the  transcription start site (i.e., −34 refers to 34 base pairs upstream). An enhancer is another type of gene regulatory element  that  is  located  either  upstream  or  downstream  of  the  gene,  and  which  regulates  gene expression from a greater distance. 

Large-scale genomic studies have begun to challenge the classical concept of genes [6]. Data from the International Encyclopedia of DNA Elements (ENCODE) project revealed that genes are surprisingly flexible in the sense that “genes know no borders” (i.e., when a gene is transcribed, the transcript often contains not only the gene itself, but also a portion of the next gene). Such fusion transcripts are estimated to constitute 4–5% of the traditionally recognized gene sequences. In addition, a large number of novel transcription start sites, many of which are located hundreds of thousands  of  bases  away  from  known  start  sites,  as  well  as  new  promoters,  have  been  identified. 

Surprisingly, nearly a quarter of the newly discovered promoters are located at the end of genes, rather than all at their beginning, as originally thought. 

Only 1–2% of human DNA sequences code for proteins. However, genomic studies have shown that much of this noncoding “junk DNA” is transcribed [6]. Among thousands of RNA molecules that are transcribed from the noncoding DNA, the family of functional noncoding RNA (ncRNA) continues to expand. This family now includes tRNA, rRNA, miRNA, siRNA, small nuclear RNA (snRNA), piwi-interacting RNA (piRNA), and long ncRNA. 
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Telomere

A chromosome is a thread-like structure composed of a long strand of DNA and associated proteins. 

The chromosomal ends in eukaryotes are sealed and stabilized by special regions called telomeres. 

DNA at the telomeric regions is characterized by tandem repeat sequences. For example, human telomeres consist of 2–50 kilobases of TTAGGG tandem repeat sequences. 

During DNA replication, the ends of chromosomes cannot be completely replicated, resulting in a shortened copy of DNA. Therefore, telomeric sequences can provide protection against the loss of vital DNA during this process. However, telomeres themselves are subject to shortening during DNA replication, unless they can be replenished by the action of telomerase, a modified RNA polymerase only active in the germ cells of most eukaryotes [7]. 

Somatic human cells lack telomerase, and therefore telomeres are shortened during each round of replication in these cells. In addition, oxidative stress can also result in telomere shortening. As telomeres are continuously reduced in length during replication, somatic cells will eventually reach the limit of their  replicative capacity and enter senescence. Cellular senescence is thought to play an important role in the suppression of cancer development [8]. The link between telomere and cancer  is  well   established.  Cancer  cells  have  found  ways  to  circumvent  the  replicative  limit imposed  by  shortened  telomeres.  In  fact,  most  cancer  cells  possess  telomerase  activity  that  can replenish and maintain their telomeres [9]. In addition, some cancer cells may employ an alternative lengthening of telomeres (ALT) pathway [10], which involves the transfer of telomere tandem repeats between sister chromatids. Telomeres are not only important in cancer research, but also for  aging  studies  [11].  Several  premature  aging  syndromes,  such  as  Werner   syndrome,  Bloom syndrome, and ataxia-telangiectasia, are characterized by an accelerated rate of telomere attrition 

[12]. Telomere shortening contributes to stem cell dysfunction and loss of tissue regeneration [13]. 

However, the use of telomere length or its attrition rate as aging biomarkers  in vivo remains to be established. 

Mitochondrial DNA

A  mitochondrion  contains  2–10  copies  of  mitochondrial  DNA  (mtDNA).  There  are  100–10,000 

copies of mtDNA in a human somatic cell. The human mitochondrial genome is a circular DNA molecule with 15,000–17,000 bases, encoding 13 proteins, 22 tRNAs, and one each of the small and large subunits of rRNA. The 13 protein-coding genes of the mitochondrial genome are primarily involved in energy metabolism: subunits 1, 2, and 3 of the cytochrome c oxidase complex; cytochrome b; subunits 6 and 8 of the ATP synthase complex; and six subunits of NADH dehydrogenase.  Because  human  sperms  contain  far  fewer  copies  of  mtDNA  than  ova,  mtDNA  typically follows a maternal line of inheritance. 

Even though a mitochondrion contains its own DNA, it is nuclear DNA that encodes the majority of its approximate 1,500 proteins, which are transported into the mitochondrion following assembly in the cytoplasm. Therefore, genetic disorders affecting mitochondria can show Mendelian inheritance patterns. Pure mitochondrial genetic disorders show only a maternal pattern of inheritance. 

Because  mitochondria  are  the  “power  plants”  of  the  cell,  mitochondrial  diseases  tend  to  affect organs with high energy requirements, such as muscle, heart, brain, and nerve. Some of the notable mitochondrial diseases include Leber hereditary optic neuropathy (LHON),  mitochondrial encepha-lomyopathy,  lactic-acidosis  with  stroke-like  symptoms  (MELAS),  and  myoclonic  epilepsy  and ragged red fibers (MERRF). Mitochondrial diseases are characterized by considerable  heterogeneity, 
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due to variable distribution of defective mtDNA from organ to organ. Of note, frequent mutations in the mitochondrial genome have been reported in both melanoma and non-melanoma skin cancers 

[14, 15]. Mutant mtDNA in tumor cells might alter mitochondrial-mediated apoptotic pathways to prevent cell death and/or confer a selective growth advantage [14, 15]. 

MicroRNA

MicroRNAs  (miRNAs)  are  a  family  of  19-  to  22-nucleotide,  noncoding  small  RNAs  that primarily function as gene regulators. It is estimated that there may be 1,000 unique miRNAs in the human genome. Pri-miRNAs are transcribed from miRNA genes by RNA polymerase II or III.  Transcription  from  these  miRNA  genes  is  most  likely  regulated  by  TFs  that  respond  to multiple signals and/or are epigenetically controlled. The pri-miRNAs are processed by RNAase III enzyme Drosha complexed with DGCR8 (DiGeorge syndrome critical region gene-8) to form pre-miRNAs, which are ~70-nucleotide RNAs with an imperfect RNA duplex structure. A small number  of  pre-miRNAs  are  derived  from  introns  via  RNA  splicing,  and  not  processed  by  the Drosha-DGCR8 complex. These alternatively processed miRNAs are called “mirtrons” [16]. The pre-miRNAs are transported from the nucleus to the cytoplasm, and further processed by Dicer to generate an imperfect double-stranded RNA duplex called miRNA/miRNA*. The mature miRNAs contained in RISC (RNA interference silencing complex) bind to specific sites in the 3¢-untranslated region of the target mRNA. If base-pairing between the miRNA and its target is perfect, the mRNA will be cleaved. Imperfect pairing between the miRNA and its target can elicit translational repression or mRNA destabilization by deadenylation (Fig. 2.2). 

miRNAs can potentially regulate thousands of human genes, many of which are involved in transcriptional regulation or other basic cellular functions, such as cell differentiation, proliferation, and apoptosis. Deregulation of miRNA gene transcription may result from alterations in miRNA gene copy number, epigenetic mechanisms, or activity of the TFs that control transcription. A number of studies have shown that miRNAs may be useful biomarkers for cancer classification and prognostication, and represent potential therapeutic targets [17]. 

Replication, Transcription, and Translation

 Replication

Replication of DNA is required to ensure that an exact copy of DNA will be passed down from the maternal cell to its progeny (Fig. 2.3). Watson and Crick first solved the double-helix structure of DNA, and suggested a copying mechanism for DNA replication. Each strand of DNA can serve as a template for the production of a new strand (semiconservative replication). DNA replication in eukaryotes is a parallel process, whereby many chromosomal sites are replicated simultaneously. 

A new strand of DNA is synthesized in the 5¢→3¢ direction, because nucleotides can only be added to the 3¢ end of the growing nucleotide chain. Replication begins with helicase-mediated unwinding of the double-helix, producing the replication fork and allowing the two existing DNA strands to serve as templates for new strand formation. Only one of the two new strands can be synthesized continuously in the 5¢→3¢ direction as the replication fork opens. This is called the leading strand. 

The other strand, which is called the lagging strand, is formed by the joining of many discontinuous 

[image: Image 5]
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Fig. 2.2  Biogenesis of miRNA. Pri-miRNAs are transcribed from miRNA genes by RNA polymerase II or III, under  the  influence  of  transcription  factors  (TF).  The  pri-miRNAs  are  processed  by  Drosha-DGCR8  to  pre-miRNAs.  In  an  alternative  pathway,  miRNAs  encoded  in  the  intronic  regions  (“mirtrons”)  form  pre-miRNAs directly via RNA splicing. The pre-miRNAs are transported from the nucleus to the cytoplasm, and further processed  by  Dicer  to  generate  an  imperfect  double-stranded  RNA  duplex  called  miRNA/miRNA*.  The  mature miRNAs contained in RISC (RNA interference silencing complex) bind to specific sites in the 3¢-untranslated region  of  the  target  mRNA.  If  base-pairing  between  the  miRNA  and  its  target  is  perfect,  the  mRNA  will  be cleaved. Imperfect pairing between the miRNA and its target can elicit translational repression or mRNA destabilization by deadenylation

small segments (Okazaki fragments) that are synthesized along the lagging strand template. The DNA polymerases involved in lagging and leading strand synthesis also have proof-reading 3¢→5¢ 

exonuclease activity. 

[image: Image 6]
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Fig. 2.3  DNA replication. DNA is unwound by helicase to form the replication fork. The leading strand is synthesized continuously in the 5¢ to 3¢ direction. The opposite strand (lagging strand) is formed by joining many discontinuous Okazaki fragments. DNA replication is semiconservative, in that each of the two newly formed DNA copies contains one old strand and one new strand

Fig. 2.4  Transcription and translation. These are two processes that decode genetic information carried by DNA. 

In transcription, an RNA molecule is synthesized based on its DNA template. The so-called pre-mRNA is processed by addition of a 5¢ “cap,” addition of a 3¢ polyA tail, and RNA splicing which removes intronic sequences. The mature messenger RNA, which is called mRNA, is then transported to the cytoplasm. In the cytoplasm, the mRNA sequence dictates the synthesis of a polypeptide chain on ribosomes

 Transcription

The information encoded in DNA dictates RNA synthesis and subsequent protein production. The direc-tional information flow from DNA to RNA, and finally to protein has been called the “central dogma of molecular biology” (Fig.  2.4). The transcription of DNA into RNA is a highly regulated process, involving interactions between TFs, promoters and other regulatory elements. Transcription begins at the transcriptional “start site”, which lies just upstream of the first coding sequence. From the 
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DNA template, the primary RNA transcript is synthesized in a 5¢→3¢ direction, catalyzed by RNA polymerase II. The primary RNA transcript contains both intron and exon sequences, and is processed in the nucleus by “capping” at the 5¢ end and addition of a polyA tail to the 3¢ end. The RNA transcript is then further processed by removal of its intronic sequences (RNA splicing). The fully processed  RNA,  now  called  mRNA,  is  transported  into  the  cytoplasm  where  translation  takes place. 

 Translation

Translation is the process by which a polypeptide chain is synthesized on the basis of the mRNA nucleotide sequence. Translation occurs on ribosomes in the cytoplasm. Eukaryotic ribosomes are composed of large (60S) and small (40S) subunits. The 60S subunit contains 5S, 5.8S, and 28S RNA, and associated proteins. The 40S subunit contains 18S RNA and associated proteins. Translation is mediated by tRNAs, adaptor molecules that have the dual functions of (a) carrying specific amino acids and (b) deciphering the correct codon sequences on mRNA though their anticodon regions. The first translated codon AUG corresponds to the amino acid methionine. The synthesis of a protein involves  the  successive  addition  of  correct  amino  acids  to  the  growing  polypeptide  chain,  using mRNA as a template and based on the pairing of the anticodon region of tRNA to a specific codon of mRNA. Translation stops when a stop codon (UAG, UGA, UAA) is reached. A codon is a three-base combination that holds the instructions for translation, either indicating that a particular amino acid should be added or signaling translation initiation or termination. Since there are four different bases (A, T, C, G), the number of possible codons is 43, or 64. However, there are only 20 amino acids. Therefore, more than one codon may encode for one specific amino acid. In such cases, the codon is described as degenerate. Different degenerate codons have identical first two bases, varying only in the third base position. 

Common Types of Mutations

Mutations are changes in DNA sequences (Table 2.1). At the nucleotide level, common mutations include point mutations, which can be further defined as silent mutations, nonsense mutations, missense  mutations, deletions, and insertions. At the genomic level, mutations include amplifications  (gene  duplication),  interstitial  deletions,  and  chromosomal  translocations,  or inversions. 

Copy Number Variation

The development and use of new genomic technologies, such as comparative genomic hybridization and microarrays, have resulted in increased recognition of copy number variation (CNV) as a common type of human genetic mutation. Studies of humans from different ethnic backgrounds have shown 1,447 CNV regions, covering ~12% of the human genome [18]. CNVs can involve a single gene  or  a  contiguous  set  of  genes.  Variation  in  the  copy  number  of  dosage-sensitive  genes  may contribute to human phenotypic variability and disease susceptibility. 
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Table 2.1  Common types of mutations

Type of mutations

Characteristics

Nucleotide level

Silent

No change in amino acid

Missense

Change in amino acid

Nonsense

Introduction of a stop codon causing premature termination of translation

Insertion, deletion

Insertion or deletion of nucleotides may result in frameshift

Genomic level

Amplification

Multiple copies of a chromosomal region; cause increased gene dosage

Interstitial deletion

Intrachromosomal deletion; may cause gene fusion or loss of 

heterozygosity

Translocation

Interchange of genetic material from nonhomologous chromosomes

Inversion

Reversing the orientation of a chromosomal segment

Copy number variation (CNV)

Changes in the copy number of a chromosomal segment; can be caused by 

deletion or duplication

Single Nucleotide Polymorphism

Single nucleotide polymorphism (SNP) refers to a variation in the nucleotide sequence among different  individuals  of  a  species.  SNP  is  the  most  common  type  of  genetic  variation,  occurring every  100–300  bases  in  the  human  genome.  The  distinction  between  an  SNP  and  a  mutation  is rather artificial. In general, if the allele frequency is at least 1%, it is called an SNP; otherwise, it is referred to as a mutation. However, the National Center for Biotechnology Information (NCBI) SNP 

database (dbSNP) contains SNPs that have allele frequency less than 1%. SNPs can occur in both coding and noncoding regions of the genome. If an SNP is located in the coding region, and it does not change the sequence of the polypeptide chain, it is called synonymous; otherwise, it is termed nonsynonymous. 

The study of SNPs will lead to a better understanding of the genotype-phenotype relationship, and help determine an individual’s predisposition to common diseases, and their response to the medications used to treat them. For example, studies in methotrexate-treated psoriasis patients suggest that functional SNPs in genes relevant to methotrexate metabolism may influence both the  efficacy  and  toxicity  of  this  drug  (see  Chaps.  21  and  22).  In  addition,  geneticists  can  use detailed  SNP  maps  and  genome-wide  association  studies  (GWAS)  to  identify  disease-causing genes (genetic regions) [19]. 

DNA Methylation

DNA methylation is one form of epigenetic regulation, an inheritable influence on gene expression without changes in the DNA sequence. During this process, a methyl group is added to the C5 position of a cytosine pyrimidine ring. In human cells, DNA methylation typically occurs on a cytosine that is followed by a guanine (i.e., CpG dinucleotide). It is estimated that 70% of all CpG sites are methylated in mammals. The unmethylated CpG sites are concentrated in the 5¢ upstream region of genes, including the promoter region, forming so-called “CpG islands.” Methylation of CpG islands at  the  promoter  region  can  negatively  impact  gene  expression  by  blocking  the  access  of  TFs (Fig. 2.5). Promoter methylation may play an important role in carcinogenesis. More than half of all known human tumor suppressor genes, including retinoblastoma  (RB) and  CDKN2A/ p16, are 
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Fig. 2.5  Model of gene expression silencing by promoter methylation. In the unmethylated state, transcription factor (TF) can bind to the promoter region and activate transcription. If the promoter region is methylated, the methylated CpG site recruits methyl-binding proteins (MBPs), which further recruit other transcription repressors. TF access to the promoter is blocked and transcription is prevented

subject to promoter methylation in cancer [20]. Promoter methylation status of a select group of genes may serve as biomarkers for disease diagnosis, prognostication, and treatment response prediction. For example, methylation of the  MGMT promoter is associated with a favorable response to  temozolomide  chemotherapy  [21]. There  is  evidence  to  suggest  that  epigenetic  dysregulation may be associated with not only skin cancers, but also other dermatologic disorders, such as psoriasis, atopic dermatitis, and cutaneous involvement by systemic lupus erythematosus [22]. 

Oncogenes and Tumor Suppressor Genes

An  oncogene  encodes  a  protein  that  is  capable  of  transforming  cells  in  culture  or  inducing cancer in animals. Oncogenes are derived from proto-oncogenes, normal cellular genes that provide pro-growth signals to cells. However, “gain-of-function” mutations or altered regulation of a proto-oncogene can transform it into an oncogene, resulting in excessive cellular  growth. Oncogenes  are classified according to their cellular functions. Common oncogenes that are associated with dermatologic neoplasms are listed in Table 2.2. 

Tumor  suppressor  genes  encode  proteins  that  control  cell  cycle  progression,  repair  damaged DNA, and regulate apoptosis. They function as “brakes,” preventing uncontrolled cell growth and ensuring genomic integrity. Inactivation of tumor suppressor genes by mutations can tip the balance toward uncontrolled cell growth or unrepaired DNA damage, which may lead to cancer. An important difference between oncogenes and tumor suppressor genes is that typically both alleles of a tumor suppressor gene need to be inactivated in order to show a pro-cancer phenotype, whereas for oncogenes, an activating mutation residing on one of the two alleles is often sufficient to drive carcinogenesis. Another distinction is that oncogene mutations are often acquired, while mutations of tumor suppressor genes can be both acquired and inherited. A classic example of biallelic mutation in a tumor suppressor gene is provided by Knudson’s study of the  RB gene [23]. He proposed the 

“two-hit hypothesis” to explain that in familial retinoblastoma only one additional somatic mutation (“hit”) is sufficient to cause disease, because one “hit” has been already inherited [23]. However, in the case of non-familial retinoblastoma, two separate somatic mutations are required to cause disease 

[23]. Examples of tumor suppressor genes associated with dermatologic neoplasms are provided in Table 2.3. 
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Table 2.2  Common oncogenes associated with dermatologic neoplasms

Functional groups

Mode of activation

Human skin tumors

Transcription factor

 MITF

Amplification

Melanoma [24]

 STAT3

Activation

Mycosis fungoides [25]

Growth factor

 FGF2

Overexpression

Melanoma [26]

Growth factor receptors – tyrosine 

kinase

 KIT

Overexpression/point mutation

Melanoma [27]

 c-MET

Overexpression/point mutation

Melanoma [28]

Cytoplasmic serine/threonine kinase

 mTOR

Activation

Melanoma [29]

G-protein

 K-RAS

Point mutation

AK [30], BCC [31], SCC [31]

 N-RAS

Point mutation

Melanoma [32], congenital  

nevus [33]

 H-RAS

Point mutation

Spitz nevus [34], SCC [35], BCC 

[31]

 BRAF

 V600E point mutation

Melanoma [36], benign nevus [36]

Cell cycle regulator

 CDK4

Amplification/point mutation

Melanoma [37], SCC [38]

 CCND1

Amplification

Melanoma [39]

Apoptosis regulator

 BCL2

Translocation, amplification

Melanoma [40]

 AKT3

Activation, amplification

Melanoma [41]

Wnt pathway

 b-catenin

Point mutation/activation

Melanoma [42], BCC [43]

Shh pathway

 SMO

Point mutation

BCC [44]

 AK actinic keratosis,  SCC squamous cell carcinoma,  BCC basal cell carcinoma Table 2.3  Common tumor suppressor genes associated with dermatologic neoplasms Genes

Inherited tumor/syndrome

Non-inherited skin tumors

 RB

Retinoblastoma

Many, including melanoma [45]

 TP53

Li Fraumeni Syndrome

Many, including SCC, AK [46], BCC [44]

 CDKN2A (p16INK4a and p14ARF) Familial melanoma

Many, including melanoma [37], MF [47], SCC [48]

 XPA through XPG

Xeroderma pigmentosum

BCC, SCC [49]

 NF1, NF2

Neurofibromatosis 1 and 2

Melanoma [50, 51]

 PRKAR1A

Carney complex

Pigmented epithelioid melanocytoma [52]

 PTEN

Cowden syndrome

Melanoma [37], MF [53]

 PTCH1

Basal cell nevus syndrome

BCC [54]

 SCC squamous cell carcinoma,  AK actinic keratosis,  BCC basal cell carcinoma,  MF mycosis fungoides References
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Chapter 3

Technologies in the Molecular Diagnostics Laboratory

Zendee Elaba, Michael J. Murphy, and Laila Mnayer 

Molecular  techniques  are  being  increasingly  employed  in  the  field  of  dermatology,  significantly enhancing  the  management  of  cutaneous  disorders.  These  applications  have  become  important diagnostic tools, not only in the setting of genodermatoses, but also in a wide range of cutaneous malignancies and infectious diseases. In addition, molecular testing has been used to select treatment, assess therapeutic response, and predict prognosis. This chapter provides an overview of the principles and applications of the molecular technologies most frequently used for the diagnosis and study of cutaneous diseases (Table 3.1). 

Southern Blot Analysis

Developed in 1975, Southern blot analysis (SBA) is one of the oldest nucleic acid–based methods for quantitative detection of specific DNA sequences [1]. DNA to be analyzed is first digested by a restriction enzyme – a bacterial enzyme that recognizes specific DNA sequences (approximately 4–6 nucleotides long) and cuts the DNA at these restriction sites [2]. The digest is then run on a gel matrix, where the nucleic acid is denatured with NaOH in order to separate double-stranded DNA (dsDNA) into single-stranded DNA (ssDNA). The denatured DNA fragments, retaining their pattern of separation on the gel, are transferred to a nitrocellulose or nylon blotting membrane through capillary action, electrophoresis or vacuum transfer [3]. The blot is then incubated with a radiola-beled  ssDNA  probe  that  hybridizes  with  the  complementary  DNA  sequence  of  interest,  thereby forming a new dsDNA molecule. The position of the radioactively labeled target sequence is then visualized with the use of an x-ray film (autoradiography). Northern blot analysis is a variation of SBA that employs RNA, instead of DNA, as the test template. 

SBA has long been considered the gold standard for detection of clonality in lymphoproliferative disorders, and can be used in the diagnosis and staging of patients with cutaneous T-cell lymphoma (CTCL) (see Chap. 10). However, while SBA readily detects monoclonal T-cell receptor gene rearrangements (TCR-GRs) in advanced stages of this disease, the lower sensitivity of this technology for detection of T-cell monoclonality is most evident in early patch and limited plaque skin disease. 

Monoclonal TCR-GRs can also be identified by SBA in the lymph nodes of patients with CTCL, predicting a poor clinical outcome and reduced probability of survival. Of note, SBA can detect identical  TCR-GRs  in  the  skin,  lymph  nodes,  and  peripheral  blood  of  individual  patients  with Z. Elaba (*) 
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Fig. 3.1   Monoclonal Merkel cell polyomavirus (MCPyV)  integration in Merkel cell carcinoma (MCC)  cell lines. 

Southern blot for MCPyV genomic DNA in MCC cell lines: (1) MKL-1 and MCCL-12, both MCPyV-positive; and (2) MCCL-6 and MCCL-9, both MCPyV-negative. F29 represents feeder cells used to subculture MCCL-6, -9 and -12 

cells. 30 mg of genomic DNA was digested with EcoRI, separated on a 1% agarose gel, transferred to a nitrocellulose membrane  and  probed  with  MCPyV-specific  sequences.  Similar  to  previously  observed  MCPyV  integration  patterns, the observed bands likely represent concatameric integrates digested to the unit size of viral genomes ( open arrowheads), or virus/host junctions ( closed arrowheads) (Courtesy of Drs. Nicole Fischer and Ingrid Moll, Institute of  Medical  Microbiology,  Virology,  and  Hygiene;  and  Department  of  Dermatology  and  Venerology,  University Medical Center Hamburg-Eppendorf, Hamburg, Germany)

CTCL (see Chap. 10). SBA has also been used to determine  human T-cell lymphotropic virus type 1 

(HTLV-1) integration patterns in cases of cutaneous adult T-cell leukemia/lymphoma (Fig. 11.6). 

In addition, SBA can identify the presence of a novel polyomavirus, known as  Merkel cell polyomavirus (MCPyV), in Merkel cell carcinoma tumor samples (Fig. 3.1) [4]. 

A major limitation of SBA is its requirement for fresh or frozen tissue, in addition to the need for a large amount of high quality DNA (~10 mg in most standard protocols) [1]. Although SBA of DNA extracted from formalin-fixed, paraffin-embedded (FFPE) tissue is feasible, degradation of DNA  in  such  samples  is  a  major  problem  that  compromises  testing  [5]. As  it  is  also  both  time-consuming and labor-intensive, SBA has now been largely relegated to research applications, and replaced by high-throughput target and signal amplification methods. 

Target Amplification Methods

Nucleic acid target amplification is one of the most extensively used diagnostic molecular methods. 

It  can  be  carried  out  by  means  of  several  different  technologies,  all  of  which  aim  to  generate  a detectable amount of amplicon from a small starting sequence (template) [6]. The polymerase chain reaction (PCR) is the most widely used DNA amplification technique. Other target amplification assays include: ligase chain reaction (LCR), transcription-mediated amplification (TMA), nucleic acid sequence-based amplification (NASBA), strand displacement amplification (SDA), helicase-dependent amplification (HDA), and multiplex ligation-dependent probe amplification (MLPA). 

[image: Image 10]
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 Polymerase Chain Reaction

PCR is a rapid, sensitive, and specific methodology that permits the synthesis of multiple copies of a target nucleic acid sequence. Introduced in 1986 by Mullis et al. [7], it is one of the most universally  utilized  applications  for  detecting  DNA  (and  RNA)  from  a  wide  variety  of  tissue  sources. 

Target nucleic acid can be extracted from fresh/frozen or FFPE tissue, blood and other bodily fluids, mucosal scrapes, and fine needle aspirates [3]. 

The basic ingredients of a PCR mixture include the target DNA, DNA primers, free nucleotides, and the enzyme Taq polymerase. Each PCR cycle consists of three steps: denaturation, annealing, and elongation (Fig. 3.2) [8]. The reaction mixture is initially heated to separate the two strands of target DNA (denaturation). After strand separation, the temperature is lowered to allow the primers Fig. 3.2   Polymerase Chain Reaction (PCR). A regular PCR cycle usually commences with denaturation of the DNA template at high temperature (~92°C), after which the temperature is lowered (in this example to 55°C) in order to allow annealing of primers. This is then followed by a standard elongation step usually at 72°C. Pol, DNA polymerase enzyme

[image: Image 11]
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Fig.  3.3   Pan-dermatophyte  and   Trichophyton  rubrum   multiplex  PCR  performed  with  DNA  extracted  from  pure cultures  of  dermatophytes.  Lane  1:  DNA  marker,  2:   Microsporum  canis,  3:   Epidermophyton  floccosum, 4:  Trichophyton mentagrophytes, 5:  Trichophyton interdigitale, 6:  Trichophyton tonsurans,  7:  Trichophyton violaceum, 8:  Trichophyton rubrum.  Figure demonstrates (1) the pan-fungal band present for all dermatophytes and (2) the smaller  band  present  for   T.  rubrum  only  (Courtesy  of  Drs.  Anne  Brillowska-Dabrowska  and  Maiken  Cavling Arendrup, Statens Serum Institut, Copenhagen, Denmark)

to hybridize to complementary sequences (annealing) on template strands flanking the region of interest. 

Taq polymerase, which is a temperature-resistant DNA polymerase that is derived from the bacterium Thermus aquaticus, then initiates polymerization, adding nucleotides to the 3¢ end of each growing DNA strand (elongation) [1]. At the end of each cycle, the PCR products are theoretically doubled, such that after  n number of PCR cycles, the target sequence is logarithmically amplified to 2 n. The whole procedure takes place in an automated programmable thermocycler, in order to control: (1) the temperature at which each step occurs; (2) the length of time at each step; (3) the number of steps per cycle; and (4) the total number of cycles [9]. The resultant amplicons (double-stranded amplified target regions) are detected by means of either gel or capillary electrophoresis (Fig. 3.3) (see Section on “Analysis of PCR Products”). 

Because it is highly sensitive, fast, inexpensive, and applicable to DNA extracted from virtually any sample source, PCR has revolutionized the science of DNA detection. Its applications extend to most areas of molecular testing (i.e., detection of infectious agents, identification of gene mutations, translocations and amplifications, and forensic identity testing) [10]. In dermatology, PCR is widely employed, both as a research application and a clinically directed tool [11, 12]. PCR-based assays have been used for the evaluation of melanocytic and non-melanocytic skin tumors, lymphoid neoplasms, and infectious diseases [12]. 

 Reverse Transcription-Polymerase Chain Reaction

The original PCR method has been extended to measure messenger RNA (mRNA), in a process referred to as reverse transcription-polymerase chain reaction (RT-PCR) (not to be confused with real-time PCR). This procedure can be broken down into two major steps: reverse transcription and PCR amplification. The mRNA isolated from cells or tissue is first reverse transcribed into complementary DNA (cDNA) using reverse transcriptase (RT) enzyme, a retroviral RNA-directed DNA 

[image: Image 12]
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Fig. 3.4   RT-PCR. In the initial reverse transcription reaction, the RNA template, deoxyribonucleotide triphosphates (dNTPs), reverse primer, and reverse transcriptase ( RT) enzyme are incubated at 45°C for 60 min in order to synthesize the first cDNA strand. The activity of RT is then terminated by heating to 92°C for 10 min. The forward primer, PCR buffer, dNTPs, and DNA polymerase enzyme (Pol) are then added, and the reaction is allowed to cycle in a regular  PCR  program  that  includes  denaturation  at  92°C,  annealing  of  primer  (55–60°C,  depending  on  primer sequence), and elongation at 72°C

polymerase (Fig.  3.4) [1]. The resulting cDNA is then used as template for subsequent classic PCR 

amplification, with the remainder of the reaction proceeding as described previously for PCR. 

 Real-Time Polymerase Chain Reaction

Gel-based analyses of DNA and RNA, while effective, do not allow accurate quantification of PCR 

amplicons. The final (end-point) product may vary from sample to sample, and the ethidium bromide (EtBr) dye used for visualizing DNA in gel electrophoresis cannot resolve these subtle yield differences. This need for quantitation led to the development of real-time PCR in 1996 [13]. As its name suggests, real-time PCR quantifies the reaction products as the reaction proceeds. The instrumentation platform of real-time PCR includes a thermocycler, an optical system for fluorescence excitation and emission collection, and a computer equipped with data acquisition and analysis software. 

There are two methods of molecule labeling in real-time PCR: (1) fluorescent dyes and (2) fluorescent probes. The simplest real-time PCR techniques utilize intercalating dyes (i.e., SYBR Green, EtBr), that insert into bases of DNA products, and fluoresce when bound [1]. After each cycle, the amount of fluorescence emitted from the dye is measured, with the degree of fluorescence corresponding to the number of copies of the target sequence [14]. The amount of fluorescence surges exponentially when a particular copy number is reached (Fig. 3.5). Sequence-specific probes are considered more specific than intercalating dyes. Examples of such fluorescent probes include the molecular beacon, TaqMan and fluorescence resonance energy transfer (FRET) probes [1]. In addition to delivering quantitative results, real-time PCR assays have the advantage of speed, since the analysis  can  be  completed  rapidly  and  no  post-amplification  manipulation  is  required.  With  the entire procedure performed in a single closed system, it is also less predisposed to contamination. 

Real-time PCR has been applied to the diagnosis of cutaneous infections (see Chaps. 15 and 16). 

[image: Image 13]
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Fig.  3.5   Amplification  curve  derived  from  real-time  Trichophyton   mentagrophytes- specific  PCR  assay  of  a  skin scraping lesional specimen.  The  x-axis shows the cycle number and the  y-axis indicates the fluorescence units. An increase in fluorescence above the threshold ( horizontal orange line) indicates detection of PCR products after 27–28 

cycles (Courtesy of Dr. Michael Arabatzis, Medical School, University of Athens, Greece)

 Ligase Chain Reaction

Similar  to  PCR,  ligase  chain  reaction  (LCR)  accomplishes  amplification  of  genetic  material. 

However, it differs in that it amplifies the probe rather than the target DNA [15]. The procedure begins by heating the template DNA to separate the strands. For each DNA strand, a pair of oligonucleotide probes that are complementary to adjacent regions are used. When cooled to the annealing temperature, the two probes bind to each template strand and are subsequently joined together by a thermostable ligase. Insertions, deletions, or even single base pair (bp) alterations in the target sequence will prevent ligation, since the two probes must lie directly next to each other to be ligated 

[16]. In the following round of LCR, the original template strand and the newly ligated oligonucleotides are functionally equivalent to two new target strands that can each bind with complementary probes [17]. This leads to an exponential yield of products after repeated cycles. Detection of products is a multistep process involving: (1) a capture antibody that binds to the ligated product; (2) a second fluorescently labeled antibody that binds to this ligated probe-antibody conjugate; and (3) a substrate added to produce measurable fluorescence [15]. Like PCR, LCR can be used for RNA detection by incorporating reverse transcription prior to amplification. In dermatology, its utility lies mainly in the diagnosis of cutaneous infections (see Chap. 16). 

 Transcription-Mediated Amplification and Nucleic Acid  

 Sequence-Based Amplification

Isothermal techniques involve reactions that proceed at a constant temperature, thereby eliminating the  need  for  thermocyclers  [18]. Transcription-mediated  amplification  (TMA)  and  nucleic  acid sequence-based amplification (NASBA) are two isothermal nucleic acid amplification methods that operate on similar principles and are jointly described. 
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Both  procedures  begin  with  an  RNA  target.  Heat  denaturation  results  in  the  production  of single-stranded RNA (ssRNA). This is followed by the addition of a ssDNA primer, which demonstrates  a  3¢  end  complementary  to  the  target  RNA  and  a  5¢  end  that  contains  the  promoter  for  T7 

bacteriophage polymerase. A RT enzyme elongates the primer producing a cDNA copy of the RNA template and forming an RNA/DNA heteroduplex [19]. There is one major difference between TMA and NASBA methods. Following reverse transcription in TMA, the initial RNA template is hydrolyzed by the RT enzyme, while in NASBA, a separate enzyme, RNase H, degrades the RNA component of the  heteroduplex,  leaving  the  single-stranded  cDNA  [20, 21]. After  RNA  degradation,  the  single-stranded cDNA binds to a second primer at its 3¢ end, and is extended by the RT to synthesize dsDNA molecules with an intact T7 promoter at one end. Recognizing this transcriptionally active promoter, T7 RNA polymerase produces numerous copies of RNA transcripts, with the dsDNA serving as template. The entire amplification reaction is performed at a constant temperature of 41°C [19], and with repeated cycles, exponential amplification up to 109-fold can be achieved within 90 min [21]. TMA and NASBA are most suited for RNA amplification, but can also be adapted to amplify DNA [17]. 

Both techniques have been successfully utilized for the detection of viral, bacterial, and mycobacterial pathogens in a variety of specimen types, including skin biopsies, blood, and amniotic fluid [19, 21]. 

 Strand Displacement Amplification

Strand  displacement  amplification  (SDA)  is  another  isothermal  amplification  technique  that  is based  on  the  combined  action  of  a  restriction  enzyme  and  a  DNA  polymerase.  The  restriction enzyme nicks one strand of its corresponding double-stranded recognition site, and the DNA polymerase begins synthesis at the site of the nick, displacing the downstream DNA strand [22]. It is divided into two discrete phases: (1) a target generation phase that produces copies of the target sequences flanked by restriction sites, and (2) the exponential amplification phase brought about by serial nicking, strand displacement, and primer hybridization to displaced strands [23]. 

An advantage of SDA is its operation at a constant temperature (~40°C), which removes the need for thermocycler use [24]. However, a limitation of this method is its inability to amplify long target sequences. Another shortcoming of SDA is that by operating at a relatively low temperature, nonspecific background reactions through inconsistent primer hybridization can occur [24]. Clinical applications  of  SDA  include  the  direct  detection  of  infectious  agents,  such  as   Mycobacterium tuberculosis,  Chlamydia trachomatis, and  Neisseria gonorrhoeae [25]. Recently, RT-SDA (modified with the addition of a reverse transcription step) has been used to measure human immunodeficiency virus (HIV) viral loads [26]. 

 Helicase-Dependent Amplification

Helicase-dependent amplification (HDA) is another isothermal nucleic acid amplification technique that is unique in its use of a DNA helicase enzyme, instead of heat, to denature dsDNA [27]. The use of DNA helicases to unwind the double helix allows multiple cycles to be performed at a single incubation temperature, and eliminates the requirement for thermocycling [28, 29]. The remainder of the reaction proceeds essentially as for classic PCR, with DNA polymerases extending the primers annealed to the nucleic acid templates. The resultant dsDNA products are again used as substrates by DNA helicases, and following multiple reaction rounds, exponential amplification of the target sequence is achieved [30]. This platform is suited to both DNA and RNA amplification, and has been applied to the detection of  Clostridium difficile,  Staphylococcus aureus, and various RNA viral pathogens (i.e., HIV, West Nile virus, and enterovirus) [27, 31]. 
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 Multiplex Ligation-Dependent Probe Amplification

Multiplex  ligation-dependent  probe  amplification  (MLPA)  is  a  PCR-based  method  that  is  used  to determine copy number variations (CNV), or losses and/or gains of DNA sequence, in a test sample 

[32]. The MLPA probe is composed of two oligonucleotides (half probes), that are designed to recognize adjacent sites on the target sequence. Each half probe contains a universal PCR primer sequence and a sequence complementary to the target, known as the hybridization sequence [33]. When correctly hybridized to their respective target loci, they are ligated using a thermostable DNA ligase [34].  

The ligated probes are subsequently amplified with universal primers (one of which is fluorescently labeled for detection) in a multiplex PCR. Multiplex PCR refers to a reaction that uses more than one pair of primers, with the goal of amplifying several segments of target DNA simultaneously. The PCR 

products are then quantified and resolved using electrophoresis [34]. The various probes are designed to  differ  in  length/number  of  base  pairs,  by  inserting  stuffer  sequences  or  extending  the  length  of hybridizing sequences, such that each product has a distinct size, thereby facilitating separation [35].  

The copy number of each target region is measured as a function of peak intensities of the MLPA products [33]. The relative quantity of each amplicon can be determined by comparing the peak pattern obtained on a given sample with known patterns from reference samples (Fig. 3.6). 

Compared to other techniques, MLPA is high-throughput, requires only small amounts of starting DNA (unlike SBA), does not require cell culture for metaphase chromosome spread preparation (as in fluorescence in situ hybridization), and can be used to target any genomic sequences for copy number analysis, regardless of their size or proximity to each other [34]. MLPA has been used in Fig. 3.6   Molecular analysis of chromosome 9p21 in a Spitzoid melanocytic lesion. (a) Spitzoid tumor from the ear lobe of a 23-year-old female. (b) Fluorescence in situ hybridization (FISH) analysis of the case showing deletion of 9p21;  red spot-9p21 locus;  green spot-centromere of chromosome 9. (c) Multiplex ligation-dependent probe amplification  (MLPA)  analysis  of  the  same  case  exhibiting  deletion  of   CDKN2A  and   CDKN2B  at  9p21  locus  ( bottom panel)  in  comparison  with  the  negative  control  ( top  panel)  (Courtesy  of  Dr.  Anna  M.  Cesinaro,  University  of Modena-Reggio Emilia, Modena, Italy)
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dermatology as an adjunctive tool in the evaluation of melanocytic tumors. For example, copy number changes have been found to involve multiple genes in melanomas, but only one to two gene loci in Spitz nevi and common melanocytic nevi (Fig.  3.6) [36]. MLPA has also been used to demonstrate that loss of chromosomal region 9p21.3, and specifically inactivation of the CDKN2A gene that resides there, is associated with an unfavorable prognosis in primary cutaneous diffuse large B-cell lymphoma, leg type [37]. 

Analysis of PCR Products

The fundamental value of PCR in molecular testing is its ability to amplify targeted sequences from complex mixtures and provide adequate template for downstream applications. PCR products consist of DNA fragments, of defined length and sequence, which can be further mined for information ranging from basic genetic composition to unique mutations. The following discussion enumerates a number of methods employed for analysis of PCR products. 

 Electrophoresis

Analyses of PCR amplicons most commonly employ the process of electrophoresis, a molecular separation technique that uses an electric field to drive the migration of charged molecules through either a liquid- or gel-based medium. The movement of a molecule through the medium is dictated by  the  size  and  conformation  of  the  molecule,  the  net  charge  of  the  molecule,  the  electric  field strength or voltage, the pore size of the gel matrix, and the temperature [38]. By virtue of its phosphate groups, which carry negatively charged oxygen, the DNA molecule has an overall negative charge. Accordingly, it migrates to the positive pole (anode) when an electric field is applied. The two basic formats of electrophoresis are: (1) slab gel electrophoresis (i.e., electrophoresis through flat agarose or polyacrylamide gels) and (2) capillary electrophoresis (i.e., electrophoresis in tubular gels  within  capillary  glass  tubes).  Electrophoretic  methods  are  widely  used  in  the  evaluation  of dermatologic disorders. 

Agarose and Polyacrylamide Gel Electrophoresis

In both agarose gel electrophoresis (AGE) and polyacrylamide gel electrophoresis (PAGE), the gel matrix serves as a molecular sieve that separates DNA as a function of its size, with the smallest fragments migrating fastest and farthest (Fig. 3.3). A slab of gel is molded to contain wells, covered with buffer solution, and connected to positive and negative electrodes. Test PCR products, including positive and negative controls, and sizing standards are then pipetted into these wells. Size standards, also called DNA or RNA ladders, are nucleic acids of known fragment lengths that serve as controls for size determination [38]. A dye to visually track migration in the gel is also added [1]. Voltage is then applied to drive the movement of DNA molecules through the pores of the gel matrix. 

Agarose  gels,  which  are  made  from  a  seaweed-derived  polysaccharide,  have  a  large  pore  size (averaging 100–300 nm3), with the degree of resolution dependent on the percentage of agarose in the gel [39]. For example, a 2% agarose gel can analyze products in the range of 50–2,000 bp [10]. On the other hand, polyacrylamide gels, which are made from a synthetic monomer, can be adjusted to provide smaller pores by manipulating both the acrylamide and cross-linking agent concentrations (i.e.,  a  12%  polyacrylamide  gel  can  analyze  products  in  the  range  of  40–400  bp)  [10].  Pore  size 
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decreases with higher acrylamide concentration [19]. Accordingly, PAGE offers a higher resolving power than AGE, with the capacity for differentiation of smaller fragments down to a single base pair in length [39]. To visualize the bands separated by AGE and PAGE, the gel is soaked in EtBr solution (or EtBr is added to the gel prior to molding) and viewed with an ultraviolet (UV) transilluminator. 

Photographs are taken immediately as DNA molecules will diffuse throughout the gel over time. 

Capillary Electrophoresis

Capillary electrophoresis (CE) operates on the same principle of molecular separation as gel electrophoresis (i.e., based on differences in charge, size, and hydrophobicity), but differs in that the separation occurs in a narrow-bore fused-silica capillary tube (~20–100 µm in internal diameter)  

[40, 41]. The tube is coated with polyimide, except for a section at the cathodic end of the tube that is left transparent as a window for photometric detection [42]. The ends of the capillary are placed in buffer reservoirs, and a low-viscosity polymer serves as the matrix that conducts current within the tube. The test sample is introduced into the tube either electrokinetically (with low voltage) or hydrodynamically (with pressure or suction) [43]. Application of high voltage (10–30 kV) causes the  DNA  fragments  to  migrate  through  the  capillary  tube  [41].  Molecular  transport  through  the matrix is primarily driven by two forces: (1) electrophoretic mobility of the molecule (i.e., rate of movement  in  solution  when  subjected  to  an  electric  field,  generally  determined  by  charge  and mass), and (2) electro-osmotic flow of the buffer solution (i.e., motion of ions in a solvent) [43]. 

A variety of detection methods are available, based on UV absorbance, fluorescence, and conductivity. 

Newer high sensitivity detection systems include laser-induced fluorescence and electrochemical detection [44]. The data is processed and displayed as an electropherogram, which shows nucleic acids as peaks with different retention times (Figs. 10.2–10.5, 11.4, and 12.2) [45]. 

CE is widely used for the analysis of proteins, carbohydrates, chemicals, and pharmaceuticals. 

In the clinical molecular laboratory, the most common applications are (1) DNA fragment sizing or quantitation and (2) DNA sequencing. Compared to slab electrophoresis, which generally requires 3–4 hours procedure time, CE demonstrates significant time-saving, taking approximately 60 min to complete a run [1]. In addition, CE requires minute amounts of test sample, consumes limited quantities of reagents, and is easily automated for precise quantitative, high-resolution analysis. CE 

is  now  commonly  employed  for  the  evaluation  of  T-cell  and  B-cell  monoclonality  in  cutaneous lymphoproliferative disorders (see Chaps. 10–12). 

Restriction Fragment Length Polymorphism

Restriction analysis of PCR amplicons, initially described in 1985, is one of the oldest techniques used  to  analyze  amplification  products  [46]. Restriction  fragment  length  polymorphism  (RFLP) refers  to  length  variations  in  DNA  sequences  after  digestion  of  the  DNA  samples  with  specific restriction  endonucleases  [47,  48].  There  are  multiple  restriction  sites  throughout  any  region  of DNA.  Following  digestion  of  the  PCR  product(s)  with  restriction  enzyme(s),  DNA  fragments are separated by electrophoresis. The number of fragments and their relative sizes are reflected in (1) the banding patterns on PAGE or (2) fluorescence peak patterns on CE. 

Single-Strand Conformation Polymorphism

Single-strand conformation polymorphism (SSCP) analysis is a PAGE-based technique, which operates on the premise that a single nucleotide substitution in a fragment of ssDNA is sufficient to cause a 
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mobility shift [49]. PCR products are heat-denatured to separate the strands and then electrophoresed through  a  non-denaturing  polyacrylamide  gel  [50]. Each  ssDNA  assumes  a  folded  configuration depending on its nucleotide sequence [51]. Without a complementary strand, the single strand is unstable and may undergo self-annealing (intra-strand base pairing) in order to achieve the most thermodynamically  stable  conformation.  The  resulting  three-dimensional  structure  determines  its migration  rate  through  the  gel  matrix  [52].  If  the  wild-type  and  mutant  PCR  products  vary  in sequence, even by as little as one nucleotide, they will be represented by two distinct bands corresponding to the two strands of the amplified molecule [39]. Developed in 1989 by Orita et al. [52], SSCP is a simple, inexpensive, and sensitive method for identification of unknown sequence variations, and has been used extensively to characterize polymorphisms in a variety of genes [52, 53]. 

Heteroduplex Analysis

Heteroduplex analysis is a gel electrophoresis-based mutation scanning method that distinguishes dsDNA.  It  is  based  on  the  differential  mobility  of  DNA  fragments  containing  one  or  more  mismatched base pairs [54]. It requires (1) PCR-amplified DNA from a person with a presumed mutation in the gene of interest (test DNA) and (2) the same PCR-amplified region from a known normal control (reference DNA). The test and reference DNA are mixed, heated to denature the dsDNA, and then cooled to allow for reannealing of the single strands. This leads to the formation of a hybrid DNA molecule containing one strand from the test DNA and the other from the reference DNA. 

A DNA heteroduplex is formed if the two DNA strands have one or more mismatched base pairs, thereby making them focally unable to anneal and resulting in partially open DNA sequences [54]. 

By forming “bulges” and “bubbles” in the regions of base mismatch, these heteroduplexes lag in migration compared to their fully annealed homoduplex counterparts and are seen as separate bands on the gel (Fig. 10.1) [55]. 

Denaturing Gradient Gel Electrophoresis and Temperature Gradient Gel Electrophoresis Denaturing  gradient  gel  electrophoresis  (DGGE)  and  temperature  gradient  gel  electrophoresis (TGGE) are parallel methods of separating DNA molecules as a function of base composition and sequence-related properties, instead of according to size [56]. The principle behind these techniques is that different dsDNA molecules have unique melting properties, depending on the specific nucleotide composition of the DNA sequence [57]. Accordingly, they will have differences in mobility when subjected to a gradient of denaturing conditions. In the case of DGGE, the gradient is supplied by the inclusion of denaturing agents, usually urea and formamide [57]. For TGGE, conformational changes are induced by variations in temperature, brought about by water baths and cooling plates 

[58]. Denatured or partially unwound molecules will migrate more slowly, and differences in mobility can be visualized as distinct bands in the polyacrylamide gel [59]. 

Signal Amplification

Signal amplification techniques increase or amplify the signal generated by a probe molecule that has  hybridized  to  the  target  sequence,  instead  of  amplifying  the  actual  target  genetic  material itself. In the process, these techniques minimize the possibility of contamination that is commonly associated  with  target  amplification  methods.  Signal  amplification  technologies,  relevant  to  the practice of dermatology, include in situ hybridization (ISH) and the hybrid capture assay. 
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 Fluorescence In situ Hybridization

Fluorescence in situ hybridization (FISH) involves specific annealing of fluorescently labeled nucleic acid  probes  with  complementary  DNA  or  RNA  sequences,  and  the  subsequent  detection  of  these labeled probes within fixed cells [60]. Slides can be prepared from fresh, frozen or FFPE tissue, as well as from cytologic preparations [61]. Nucleic acid probes are applied to the slide, and incubated at  both  high  temperature  and  high  humidity,  in  order  to  facilitate  hybridization  of  the  probe  to  its complementary sequence. Excess probe is washed away and the slide is read by fluorescence microscopy. A discrete fluorescent signal at the site of the bound probe is visualized. Results may be analyzed by a digital imaging system [62]. The number of spots per nucleus indicates the copy number of the chromosome locus analyzed. There are three primary types of FISH probes which outline: (1) the entire chromosome length (whole chromosome probes); (2) the centromeric region (alphoid or centromeric repeat probes); or (3) a specific region of a chromosome (locus-specific probes) [63]. 

With the probe hybridizing to the target sequence directly in the cells (“in situ”), FISH highlights the location of the sequence within the context of the cell or tissue of interest. This provides a link between cytogenetics and histology, allowing the observer to correlate genetic alterations with morphological features [64]. Its applicability to FFPE tissues is also an added benefit, since most skin biopsies are routinely processed in this way. In addition, the FISH technique can be performed on both metaphase and nondividing interphase cells, offering an advantage over G-banding, which is limited to analysis of metaphase spreads. FISH is useful in detecting gene amplifications, translocations [i.e., t(11;22)(q24;q12)  in  Ewing  sarcoma/peripheral  neuroectodermal  tumor  (Fig.  8.2)],  microdeletions, and chromosomal duplications, in addition to viral infections [i.e., human papillomavirus (HPV)] [60,  

65]. FISH protocols are employed in the diagnosis of cutaneous B-cell lymphomas and rarely T-cell lymphomas and leukemias (Figs. 3.7, 11.2, 12.4, 12.5, 13.1, 13.2, and 13.4). Recently, FISH has been reported  to  be  a  useful  adjunct  in  the  diagnosis  and  prognostication  of  melanoma  and  ambiguous melanocytic tumors (Figs. 3.6, 5.3, 5.5–5.8, 6.4, and 9.1) [66–68]. 

Variations of FISH

The two main strategies for detection of chromosomal translocations employ either (1) dual-color, dual-fusion  probes  or  (2)  dual-color,  break-apart  probes.  Dual-fusion  FISH  (dFISH)  utilizes  two fusion probes with different fluorescence wavelengths in order to label structural chromosomal rearrangements. Each probe has a unique color by itself, and a third color is produced when the two probes are combined (fusion signal). This fusion signal can be used to identify reciprocal translocations  that  are  known  to  involve  two  partner  genes,  for  example,  IGH/BCL2  (Fig. 3.7a). Normal alleles will display their respective single-color signal, while nuclei containing the translocation will show  a  fused  signal.  Break-apart  FISH  detects  translocations  using  differentially  labeled  DNA probes that are complementary to sequences proximal and distal to the breakpoint within a target gene (Fig.  3.7b). In normal nuclei, the signal of the selected gene appears fused. In nuclei containing a translocation, the gene in question will be represented by (a) one fusion signal for the normal allele and (b) two separated single-color signals due to disruption of the other allele. 

 Chromogenic In situ Hybridization

Some of the disadvantages of FISH include a requirement for fluorescence microscopy and the fading of fluorescence signals over time (often within a number of weeks) [69]. The method also poses 
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Fig. 3.7   FISH dual-color, dual-fusion and dual-color, break-apart probes. (a) In the abnormal cell, the  IGH/BCL2 

fusion probe shows an extra set of fused red/green signals, in addition to the normal two signals, indicating the presence of the t(14;18) translocation in a follicular lymphoma. The normal cell contains two sets of separate red and green signals. (b) The MYC break-apart rearrangement probe for Burkitt lymphoma hybridizes to chromosomal band 8q24. The normal cell has two fused signals, while the rearranged cell shows the probe being split into its 5¢ and 3¢ 

portions  that  are  labeled  with  Spectrum  Orange  and  Spectrum  Green,  respectively  (Courtesy  of  Lauren  Wilson, Hartford Hospital, Hartford, CT, USA)

some difficulty in discerning tissue morphological features, because of the use of fluorescence and not light microscopy [70]. These practical limitations have been overcome through the introduction of chromogenic in situ hybridization (CISH), a modification of conventional FISH that uses probes labeled with different chromogenic substrates, hence eliminating the need for a fluorescent microscope.  CISH  detects  DNA  probes  by  employing  peroxidase  or  alkaline  phosphatase  enzymatic reactions akin to simple immunohistochemistry (IHC) [71]. The use of hematoxylin counterstain makes histologic evaluation of a tissue section relatively straightforward. The hybridization signals of  CISH  appear  as  intracellular  peroxidase-positive  dots  that  are  easily  visualized  with  the  40× 

objective  [72].  The  signals  and  tissue  morphology  can  be  simultaneously  evaluated  by  standard light microscopy, without having to consider storage conditions and time elapsed from test performance. CISH has been used to show loss of the melanocyte-specific gene melastatin (MLSN) in aggressive metastatic melanoma (Fig.  3.8) [73]. ISH can also be used to demonstrate immunoglobulin light chain restriction in cutaneous B-cell lymphomas (Fig. 12.3). In addition, ISH for detection of Epstein-Barr virus-encoded mRNA (EBER-ISH) is used in the work-up of subtypes of CTCL 

(Figs. 11.3 and 11.5). 

 Hybrid Capture Assay

The  hybrid  capture  assay  is  a  signal  amplification  technique  that  involves  antibody  capture  and chemiluminescent signal detection [74]. This method uses an RNA probe to hybridize with denatured 
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Fig. 3.8   Chromogenic in situ hybridization (CISH)  for melastatin (MLSN)  expression, a marker of disease progression/

 aggressiveness in melanoma. (a) Nodular melanoma of the back, 1.8 mm in Breslow thickness and ulcerated, that (b) demonstrated partial loss of MLSN mRNA ( inset: half of the cells showed strong MLSN expression, whereas the remainder showed partial to almost complete loss of MLSN mRNA). The patient died of metastatic melanoma 2.5 years after diagnosis (Courtesy of Dr. J. Andrew Carlson, Albany Medical College, Albany, NY, USA) Fig. 3.9   Hybrid capture assay. RNA probe is hybridized to target DNA and the resultant hybrid is captured with an antibody. The hybrid is then detected by a second antibody conjugated to an enzyme. The addition of a chemiluminescent substrate generates light emission

target ssDNA. The generated DNA/RNA hybrid is captured through an antibody that is immobilized to  the  wall  of  a  microtiter  plate.  This  antibody  specifically  detects  DNA/RNA  duplexes,  but  not ssDNA  or  ssRNA.  A  second  labeled  antibody,  conjugated  to  alkaline  phosphatase  and  likewise designed to recognize DNA/RNA hybrids, is added in order to detect the bound primary antibody. 

This is followed by the addition of a chemiluminescent substrate which, after cleavage by the alkaline phosphatase, emits light that is measurable with a luminometer (Fig. 3.9) [75]. The light emitted is proportional to the number of copies of the target in the sample, and the concentration of DNA is determined  from  a  standard  curve  [76]. Hybrid  capture  technology  has  been  used  to  develop diagnostic  tests  for  HPV,  Chlamydia  trachomatis,  Neisseria  gonorrhoeae,  hepatitis  B  virus,  and cytomegalovirus [77]. 
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Other Molecular Techniques

 G-Banding

G-banding is a cytogenetic staining technique that is designed to identify chromosomes on the basis of their unique banding patterns [78]. Prior to staining, the enzyme trypsin is applied to metaphase chromosomes in order to partially digest histones (i.e., the proteins that hold chromosomes  together)  and  weaken  DNA-protein  interactions.  A  defined  pattern  of  alternating light and dark bands is produced after application of Giemsa stain [79]. In addition to a distinct banding pattern, individual chromosomes are identified according to their size and centromere position. The chromosomes are then counted and characterized in a karyotype analysis, where any abnormality in chromosome number and/or structure would become apparent (Fig. 3.10). 

Karyotype–phenotype  correlations  have  been  documented  for  many  hematopoietic  and  soft tissue neoplasms. In dermatology, G-banding studies have been used to identify chromosomal aberrations  in  CTCL  and  parapsoriasis  [79–81]. G-banding  is  an  easy  and  inexpensive  technique which allows screening of the entire genome for chromosomal abnormalities. Its obvious limitation in dermatology is the requirement for dividing (metaphase) cells and hence, the need for cell cultures. However, skin biopsies are almost always received in formalin fixative. Even if fresh  skin  tissue  is  obtained,  for  example,  in  primary  CTCL,  it  may  be  difficult  to  produce high-quality metaphase chromosomes because of the limited ability of skin lymphoma cells to proliferate  in vitro [82]. For these reasons, other molecular cytogenetic methods, such as FISH 

and comparative genomic hybridization (CGH), are favored for dermatologic applications. 

Fig. 3.10   G-banding. Follicular lymphoma demonstrating (1) loss of chromosome Y; (2) an unbalanced translocation involving chromosome 12; and (3) deletion of the short arm of chromosome 17 (Courtesy of Lauren Wilson, Hartford Hospital, Hartford, CT, USA)

[image: Image 19]
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 Spectral Karyotyping

Spectral karyotyping (SKY) is a chromosome painting technique that labels all the chromosomes at the same time, providing a comprehensive screening test for cytogenetic changes [83]. Based on the technology of multicolor-FISH (M-FISH), 24 DNA probes (for the 22 autosomes, chromosome X, and chromosome Y) are prepared by flow-sorting human chromosomes and assigning each with a different fluorophore combination in order to arrive at a unique signature color [84]. 

The probes are then hybridized with a metaphase chromosome preparation, producing a multicolor  karyotype,  in  which  each  homologous  chromosome  pair  assumes  its  own  distinct  color (Fig.  3.11) [85]. This color-coding scheme efficiently highlights chromosomal translocations and rearrangements (i.e., in translocations, when a piece of a chromosome breaks off and attaches to another  chromosome,  SKY  analysis  would  show  a  chromosome  painted  in  one  color  with  a smaller  fragment  of  a  different  chromosome  in  another  color  attached  to  it).  This  technique expands on the diagnostic potential of FISH by facilitating the simultaneous visualization of all chromosomes and their abnormalities. 

SKY  has  been  used  to  demonstrate  both  numerical  and  structural  aberrations  in  skin-homing T-lymphocytes in CTCL, and to illustrate the disappearance of these cells after treatment, raising a potential role for this technology in disease monitoring [86]. In analyses of mycosis fungoides (MF) and  Sézary  syndrome  (SS)  cell  cultures,  SKY  has  been  used  to  identify  several  abnormalities (i.e., insertions and derivative chromosomes resulting from multiple rearrangements), which are not Fig. 3.11   Spectral karyotyping (SKY) analysis of peripheral blood lymphocytes from a patient with Sézary syndrome.  

The  top panels show the same metaphase spread in (from left to right): display color, inverted DAPI, and classification spectral color. The  bottom panel displays the karyotype with each chromosome shown in the same order (display color, inverted DAPI, and classification spectral color). The karyotype is as follows: 47,XY,t(1;6)(p32;q25),der(1) t(1;9)(q42;p22),t(4;9)(q12;p22),der(9)t(4;9)(q31;p22)t(9;14)(q31;q24),der(10)t(9;10)(?p24;q26)ins(10;14) (q26;q11.2q32),del(14)(q11.2q32),der(14),t(?7;14)(p21;q13),der(21)t(X;21)(p11.2;p11.2),+der(21)t(X;21)

[20]/46,XY[14] (Courtesy of Dr. Denise Batista, Johns Hopkins University, Baltimore, MD, USA)
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detectable  by  G-banding  alone  [87].  SKY  has  also  been  applied  to  the  study  of  HPV-associated squamous cell carcinoma (SCC) [88] and malignant fibrous histiocytoma [89]. Similar to G-banding, limitations  of  the  technique  include  its  requirement  for  cell  cultures  and  its  inability  to  detect smaller intrachromosomal alterations, such as inversions and deletions [84]. 

 Loss of Heterozygosity Analysis

Loss of heterozygosity (LOH) is a genetic alteration in which a heterozygous somatic cell (i.e., two different alleles at a single locus) becomes homozygous (i.e., two identical alleles at a single locus) or hemizygous (i.e., only one copy of the allele present, due to loss of the corresponding wild-type allele). 

This mechanism can lead to cancer through the loss of tumor suppressor genes, and is recognized as a key event in the evolution of tumors [90]. The classic pathway of tumor suppressor gene inactivation is described by the two-hit model, in which one allele is mutated and the other allele is lost, resulting in LOH at multiple loci [91]. This allelic imbalance (AI) causes disruption of normal cellular function and loss of regulatory mechanisms, leading to malignant neoplasia [92]. Mutational events that give rise  to  LOH  include  deletion,  point  mutation,  mitotic  recombination,  gene  conversion,  and  non-dysjunction [93]. Originally based on SBA and RFLP analysis, LOH studies are now largely carried out by microsatellite PCR-based methods, requiring significantly less DNA and permitting analysis of FFPE tissues [94, 95]. Among cutaneous malignancies, melanoma and various non-melanoma skin cancers [SCC, basal cell carcinoma (BCC), and Merkel cell carcinoma] have been shown to arise as a consequence of LOH [96]. However, AI analysis is not routinely employed in the study of melanocytic lesions, because of the need for DNA from peri-lesional non-tumor cells, which are often present in insufficient amounts in limited skin biopsy specimens [64]. 

 Microsatellite Instability Analysis

Microsatellites [also called simple sequence repeats (SSR)] are repeated sequences of DNA, usually less than 10 bp in length and distributed over the entire genome [97]. The term microsatellite instability (MSI) refers to an abnormal increase or decrease in the number of tandem repeats at various microsatellite loci in DNA, due to defects in mismatch repair (MMR) proteins [98]. MMR proteins preserve genomic integrity. Their primary function is the elimination of mismatches of single nucleotide bases, that are caused by small insertions or deletions during DNA replication [99]. The MMR 

defect develops at the somatic level when the corresponding wild-type allele of a germline mutated DNA MMR gene undergoes an inactivating “second hit” [100]. This leads to the accumulation of replication errors and tumorigenesis [101]. 

MSI testing involves the comparison of allelic patterns within normal and tumor DNA. From unstained sections of FFPE tissue specimens, selected foci that represent the tumor to be tested and non-neoplastic/normal areas are microdissected for DNA extraction [98]. PCR amplification with sets of primers targeting the microsatellite regions is performed on the matched samples of tumor and  normal  reference  DNA  [102].  In  1998,  the  National  Cancer  Institute  (NCI)  recommended  a panel of five microsatellite markers for the evaluation of MSI status in tumors. Using this panel, tumors can be classified as: (1) MSI-High (MSI-H), when MSI is detected in at least two of the five markers; (2) MSI-Low (MSI-L), if MSI is detected in only one marker; and (3) microsatellite stable (MSS), when none of the five markers shows MSI [103]. 

The  prototypic  skin-related  disorder  associated  with  MSI  and  MMR  abnormalities  is  the Muir–Torre Syndrome (MTS). This is a rare autosomal dominant genodermatosis, characterized by sebaceous gland neoplasms and/or keratoacanthomas, associated with visceral malignancies [101]. 

Based on clinical and molecular evidence, it has been suggested that there are 2 types of MTS. 
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The most common subtype is considered a variant of hereditary non-polyposis colorectal cancer (HNPCC) and is characterized by early-onset tumors and germline mutation(s) in DNA MMR genes (i.e., MSH - 2, MLH - 1, MSH - 6). A smaller subset of MTS, the pathogenesis of which remains unde-fined,  presents  with  late-onset  tumors  and  does  not  show  MMR  defects  [104–106].  Skin  lesions precede visceral malignancies in 22–60% of cases [107–109], highlighting the crucial role of dermatologists and dermatopathologists in the early identification of patients and their families, who stand to benefit from molecular testing and close clinical follow-up. Current evidence supports the use of IHC for loss of MMR protein expression as the initial screening test, followed by MSI testing [109, 110]. When IHC  staining and MSI analyses are suggestive of MMR gene mutation, germline mutational analyses may be performed for confirmation [103]. 

 Comparative Genomic Hybridization

Developed primarily as a tool for tumor cytogenetics, CGH is a FISH-based technology that facilitates the evaluation of genetic gains and/or losses over the whole genome [11]. 

Metaphase CGH

With this technique, equal amounts of tumor DNA (typically labeled with a green fluorochrome) and normal reference DNA (labeled with a red fluorochrome) are co-hybridized onto human metaphase chromosome spreads. During the hybridization process, the two DNA populations compete for their equivalent sequences on the substrate chromosomes [111]. The relative amount of tumor and reference DNA bound to a given chromosomal region reflects the relative abundance of these sequences in both samples. Therefore, differential fluorescence signals emitted by the metaphase spread indicate chromosomal gains or losses (copy number changes) in the tumor DNA relative to the  reference  DNA.  The  signals  are  read  by  fluorescence  microscopy  and  quantified  by  image analysis to generate a green-to-red ratio profile [112, 113]. Increased green fluorescence intensity or high green-to-red ratio (>1.0) would represent DNA gain at a particular locus in the tumor, while increased red fluorescence intensity or low green-to-red ratio (<1.0) indicates DNA deletion at a particular locus in the tumor [114]. A chromosomal region with no copy number change (ratio of 1.0) will “stain” equally for both green and red, producing a yellow fluorescence signal. 

Array CGH

In  microarray-based  CGH,  the  differentially  labeled  tumor  and  reference  DNA  samples  are  co-hybridized to an array containing genomic DNA targets or probes [115]. Replacing the metaphase spread, the target DNA fragments are spotted on glass slides as precise chromosome coordinates in order  to  provide  a  locus-by-locus  measure  of  DNA  copy  number  changes  [116].  Chromosomal imbalances can be quantified and positionally defined. After hybridization and washes, microarray images are acquired on an array scanner. Test and reference fluorescence intensities are measured for each spot position, and intensity ratios are calculated (Fig. 3.12) [117]. Genomic gains in the tumor would be represented by green spots, while genomic losses are identified by red spots (if the tumor sample is again labeled with a green fluorochrome, as for metaphase CGH above). 

Compared to conventional cytogenetic techniques, CGH does not require culture of target cells to obtain test DNA and can be performed on archival FFPE tissue. However, CGH only determines genomic aberrations that result in DNA copy number changes. Balanced translocations and point 
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Fig. 3.12   Array-based CGH of early-stage Mycosis Fungoides. Chromosome 12 array-CGH profile ( left) and detail of recurrent deletion at 12q24.31 region ( right).  Blue vertical line represents the deleted area as calculated by the ADM-2  algorithm  (DNA  Analytics  software;  Agilent  Technologies)  (Courtesy  of  Dr.  Angelo  Carbone,  Catholic University  of  the  Sacred  Heart,  Rome,  Italy;  and  Dr.  Laura  Bernadini,  San  Giovanni  Rotondo  and  CSS-Mendel Institute, Rome, Italy)

mutations are not detected [111]. CGH has been employed in the differentiation of melanoma from benign melanocytic lesions (Figs. 5.2–5.4) [118], as well as in the characterization of chromosomal changes in a number of genodermatoses [119, 120] and cutaneous lymphoma/leukemia (Fig. 10.11) 

[121–123]. 

 DNA Microarrays

A DNA microarray is composed of thousands of DNA sequences, each representing a specific gene,  spotted  in  a  grid-like  fashion  on  a  glass  microscope  slide  [124]. These  DNA  sequences, arranged in defined positions on the slide, function as probes and are complementary to genes of interest [125]. A genomic DNA or cDNA sample labeled with a fluorescent or chemiluminescent tag  is  hybridized  to  the  array.  The  presence  of  bound  DNA  is  exhibited  by  fluorescence  or 

[image: Image 21]
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Fig. 3.13   cDNA Microarray analysis. Total RNA was extracted from a cultured melanoma cell line, transcribed into cDNA, and hybridized with a customized cDNA microarray (GEArrayTM Human Apoptosis and Cell Cycle Gene cDNA Microarray). Gene expression was measured by chemiluminescent detection and normalized against housekeeping genes on the microarray

chemiluminescence  [126]. The  array  is  laser  scanned  and  the  image  analyzed  for  pattern  and intensity of signal. Fluorescence or chemiluminescence intensity is displayed as one colored dot per gene location, with a single experiment capable of simultaneously profiling hundreds to thousands of genes (Fig. 3.13) [127]. Microarrays are being used to assess patterns of gene expression in order to derive disease-associated signatures and identify possible therapeutic targets [128]. 

Melanoma was one of the first skin tumors analyzed using DNA microarray technology (Fig. 6.2) 

[129,  130]. Non-melanocytic  tumors,  such  as  BCC  and  SCC  [131,  132],  in  addition  to  CTCL 

(Fig. 10.10) [133], have also been subjected to gene expression profiling. DNA microarrays have been used to (1) illustrate differences in cytokine elaboration in a number of inflammatory skin diseases (i.e., psoriasis and atopic dermatitis), and (2) correlate these changes with disparities in the pathophysiology and propensity for superimposed microbial infection between these disorders [134, 135]. 

 DNA Sequencing

The method developed by Sanger, Nicklen, and Coulson in 1977 forms the basis for most current DNA sequencing studies [136]. With Sanger sequencing, also known as the dideoxy sequencing reaction, an oligonucleotide primer is annealed to a ssDNA template. This is extended by DNA polymerase  in  the  presence  of  four  deoxyribonucleotide  triphosphates  (dNTPs),  which  serve  as DNA  building  blocks.  One  of  the  dNTPs  is  fluorescently  tagged  so  that  the  growing  DNA strand  is labeled. Also added to the reaction is one of four dideoxyribonucleotide triphosphates (ddNTPs), which serves as a base-specific chain terminator [137]. The ddNTPs are similar to the dNTPs, except that they lack a hydroxyl group at the 3¢ end, which is required to form linkage with an  incoming  nucleotide  [138].  In  the  original  protocol  for  dideoxy  sequencing,  four  separate primer  extension  reactions  are  performed,  each  carrying  only  one  of  the  four  possible  ddNTP 

species (ddATP, ddGTP, ddCTP, or ddTTP, which would stop DNA synthesis specifically at either 
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Fig. 3.14   DNA sequencing: the Sanger method. DNA denatured into a single strand is mixed with a primer and divided into four tubes that each contains DNA polymerase, four deoxyribonucleotide triphosphates (dNTPs), and a chain terminator (one of four dideoxyribonucleotide triphosphates (ddNTPs)). Each replication advances until a terminating nucleotide is added. The random addition of chain terminators yields DNA fragments of varying lengths, which are then separated by gel or capillary electrophoresis. The sequence of the original template strand can be derived from the results

A, G, C, or T, respectively). This results in terminated strands of various lengths from each reaction, corresponding to the positions of that nucleotide in the template sequence [137]. The products of the  four  reactions  are  subjected  to  gel  electrophoresis  for  size-based  separation,  resulting  in  a ladder-like arrangement of bands which is “read” upward to give the nucleotide sequence of the template DNA (Fig.  3.14) [139]. In general, CE has replaced gel electrophoresis for DNA sequencing, dramatically increasing the speed of the procedure. 

Newer  technologies,  collectively  known  as  next-generation  sequencing  (NGS),  are  emerging  as alternative methods for genomic analysis in genodermatoses (see Chap. 19). Briefly, in NGS, thousands to millions of ssDNA molecules are immobilized on glass slides or beads, PCR-amplified, and analyzed  in  a  massively  parallel  way.  For  example,  in  the  case  of  454  sequencing  (454  Genome Sequencer, Roche Applied Science), ssDNA is attached to beads and amplified by PCR in water-in-oil emulsion. The beads are then mixed with DNA polymerase and deposited in wells. Nucleotides are added to form cDNA strands. This incorporation process releases a pyrophosphate group which can be  detected  as  emitted  light.  Across  multiple  cycles,  the  pattern  of  detected  signals  represents  the sequence of templates in the individual beads [140]. NGS technologies are rapidly evolving. Given the current state of growth, it is anticipated that their use will become more widespread and routine as we continue to improve technical performance and develop better platforms. 

 Laser Capture Microdissection

Laser capture microdissection (LCM) is a valuable tool that facilitates molecular analysis of complex tissues. With this technique, specific populations of cells can be collected from a heterogeneous tissue section for extraction of DNA, RNA, and/or proteins [141]. Briefly, LCM entails placing a 
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transparent film or membrane over a tissue or cytology slide, visualizing the cells under microscopy, and selectively adhering the cells of interest to the film using an infrared laser [142]. Because of the short-duration, focused pulse of the laser, which is mostly absorbed by the membrane, the biologic molecules of the cells of interest largely remain intact [143]. The collected cells are then placed in buffer solutions for nucleic acid or protein extraction. 

LCM is particularly useful in the study of dermatologic diseases. Because skin is an inherently heterogeneous tissue containing different cell populations (i.e., keratinocytes, melanocytes, infiltrating inflammatory cells), the precision of LCM is crucial in isolating targets for further analysis, such as lymphoid cells in cutaneous lymphoma [144, 145]. Material extracted using LCM is amenable to most  molecular  platforms.  DNA  obtained  by  LCM  has  been  utilized  for  clonality  studies  in cutaneous B- and T-cell lymphomas [146, 147], fingerprinting mutational analysis in actinic keratosis and SCC [148], DNA sequencing in SCC [145], and LOH studies in melanoma [149, 150]. 

LCM has also been employed in the PCR-based detection of cutaneous infectious agents, including herpes viruses, mycobacterial species, and spirochetes [144]. 
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Chapter 4

Cytogenetics of Primary Skin Tumors

Melanie A. Carless and Lyn R. Griffiths 

Skin  tumors  can  arise  as  a  result  of  cumulative  genetic  abnormalities,  including  chromosomal aberrations that can be described as either morphological (structural rearrangements) or molecular (copy number variations). Cytogenetic techniques have been used to examine both large and small chromosomal aberrations, and include karyotyping, comparative genomic hybridization, and fluorescence in situ hybridization. This chapter describes the recurrent aberrations associated with skin tumors, such as benign melanocytic nevi, melanoma, basal cell carcinoma, squamous cell carcinoma, actinic (solar) keratosis, Bowen’s disease, keratoacanthoma, Merkel cell carcinoma, dermatofibrosarcoma protuberans, and cutaneous lymphomas, as detected by cytogenetic methodologies. A significant number of genomic aberrations are shared across different subtypes of skin tumors, including structural and numerical alterations of chromosome 1, −3p, +3q, +6, +7, +8q, −9p, +9q, −10, −17p, +17q and 

+20. Aberrations specific to certain skin cancers have also been detected, and include: loss of 18q in squamous cell carcinoma, but not its precursor, actinic keratosis; loss of 9q22 in sporadic basal cell carcinoma; and translocation involving 17q22 and 22q13 in dermatofibrosarcoma protuberans. 

These regions contain a number of potential candidate genes that are involved in aspects of cell signaling,  proliferation,  differentiation,  and  apoptosis.  Cytogenetic  methodologies  continue  to evolve with the advent of array-based comparative genomic hybridization, copy number variation microarrays, and next-generation sequencing. It is envisioned that cytogenetic analysis will continue to be employed for identification and further exploration of novel chromosomal regions and associated genes that drive skin tumorigenesis. 

Introduction

Since  the  late  1950s,  cytogenetic  techniques  have  been  employed  to  investigate  chromosomal aberrations contributing to human disease, including those associated with solid and hematological tumors [1]. Historically, it has been considered the gold standard for prenatal diagnosis of chromosomal abnormalities,  as  well  as  for  the  diagnosis  and  prognostication  of  a  number  of  human  cancers, including chronic myelogenous leukemia (CML) [2], myelodysplastic syndrome [3], and Ewing sarcoma 

[4].  Cytogenetic  analyses  of  premalignant  and  malignant  skin  lesions  have  identified  a  number  of aberrant regions that appear to contribute to disease development and progression. 
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Technologies

Some of the earliest cytogenetic studies investigated large chromosomal rearrangements that were easily detectable by microscopy using chromosomal banding patterns (i.e., G-banding). The identification of the Philadelphia chromosome in 1960 [5], later defined as a translocation between chromosomes 9 and 22 [t(9;22)] [6], was the first chromosomal abnormality found to be consistently associated with a specific malignancy (CML). Since then, many translocations, duplications, and inversions have been identified in various malignancies utilizing banding techniques. While karyotypic testing of hematological malignancies is extremely successful in determining chromosomal abnormalities, the analysis of solid tumors has been much more problematic, due to the necessity for short- or long-term cell culture in the latter, including skin tumors. Specifically, use of melanoma and non-melanoma skin cancer (NMSC) cell cultures has identified preferential growth of contaminating stromal fibroblasts in NMSC [7] and subclone selection in melanoma [8]. Caution is therefore  warranted  when  interpreting  cytogenetic  abnormalities  that  are  detected  in  samples derived from cultured skin tumors. 

Comparative  genomic  hybridization  (CGH)  is  a  fluorescent-based  technique  that  alleviates some of the problems associated with cell culturing, as DNA derived directly from a tumor sample can be used as a template to globally screen for gross (>20 Mb) copy number aberrations [9].  

Whole-genome amplified and differentially labeled tumor and reference DNA are co-hybridized to normal metaphase spreads, such that imbalances are detected by changes in fluorescence values of the tumor DNA relative to the reference DNA [9, 10]. The main drawback of CGH analysis is that  it  detects  only  relatively  large  numerical  or  unbalanced  alterations.  However,  it  does  not require  the  interpretation  of  complex  tumor  karyotypes  or  prior  knowledge  of  aberrations  for probe design, and can therefore easily detect previously unknown DNA copy number variation (CNV) [9, 10]. 

Fluorescence  in  situ  hybridization  (FISH)  detects  copy  number  changes,  translocations,  and inversions, that might otherwise be difficult to detect using standard karyotypic analysis [10–12]. 

The resolution of FISH is much higher than that of CGH [10–12]. FISH is applicable to both interphase and metaphase chromosomal analysis, but requires the design of sequence-specific probes that can be large (up to a whole chromosome) or small (as low as 1–200 kb), and therefore prior knowledge of the aberrant region is required [10–12]. 

Loss of heterozygosity (LOH) analysis, although not a cytogenetic technique per se, is often used to  confirm  and  better  resolve  regions  associated  with  loss  of  genetic  material  detected  by  other methodologies. Highly polymorphic markers or specific genes are used to determine the presence of genetic material in both normal and tumor DNA from an individual, with allelic loss in the tumor tissue correlating with a deleted chromosomal region [13]. 

More recently, detection of copy number and structural aberrations has reached a new standard with  the  introduction  of  array-CGH  [14], CNV-microarrays  [15], and  whole-genome  sequencing  [16].  In  conjunction  with  other  molecular  techniques  (outlined  in  Chap.  3),  cytogenetic analysis  is  a  powerful  means  to  identify  genetic  factors  that  drive  tumorigenesis,  and  has  been employed in the study of skin tumors. The determination of numerical and/or structural chromosomal  aberrations, accompanied by further refinement of these regions, will facilitate the identification of putative oncogenes and tumor suppressor genes associated with cancer development and progression. 

In  addition,  a  number  of  online  databases  exist  that  summarize  cytogenetic  aberrations  in human  cancers  (for  a  review  see  [17]), including  the  Mitelman  Database  of  Chromosome Aberrations  in  Cancer  [18]  and  the  Atlas  of  Genetics  and  Cytogenetics  in  Oncology  and Hematology [19]. 
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Primary Skin Cancers

Cancer of the skin describes the uncontrolled growth of cutaneous cells, arising from an accumulation of inherited and/or sporadic genetic abnormalities, and with the potential for metastatic spread to other organ systems. Classified into two broad categories, melanoma and NMSC, skin cancers are some of the most common human tumors and their incidence is rapidly increasing. NMSC include basal cell carcinoma (BCC), squamous cell carcinoma (SCC), actinic keratosis (AK), SCC in situ, and keratoacanthoma (KA) [20]. Other primary skin cancers include Merkel cell carcinoma (MCC), dermatofibrosarcoma protuberans (DFSP), and cutaneous lymphomas [20, 21]. Extensive cytogenetic analysis of many of these tumors has been conducted, and reveals a number of recurrent aberrations that are likely to be associated with the development or progression of skin cancer. 

Melanocytic Skin Tumors

Cutaneous melanoma is the most deadly form of skin cancer [22]. In the USA, it was estimated that in 2009, 68,720 individuals would be diagnosed with melanoma (~22.6 per 100,000 individuals), and that 8,650 individuals would die from this disease (~2.8 per 100,000 individuals) [22]. 

Summarized  information  from  the  Atlas  of  Genetics  and  Cytogenetics  in  Oncology  and Hematology indicates that the most common karyotypic aberrations associated with melanoma are: deletions and translocations involving chromosomes 1 and 6q; gain of 6p, which may play a role in cancer progression; and gain of chromosome 7, which is associated with late stages of the disease 

[19]. Höglund et al. [23] authored a comprehensive review of genetic changes in melanoma, using previously  published  data  obtained  from  the  Mitelman  Database  of  Chromosome  Aberrations  in Cancer [18]. They noted that the most common aberrations detected were −10 (59%), −6q10-q27 

(42%), −9p10-p24, −21 (37%), +7, −16 (36%), −14, +1q24-q44, −4, −15 (33%), −5 (32%), −1p10-p36, −11q23-q25 (28%), −12q13-q24, +20 (27%), −17p, +18 (26%), −8p10-p23, +8q10-q24 (25%), 

−3 (24%), −22, −X (23%), +6p21-p25, −18 (22%), +3 (18%), −19 (17%), +9q22-q34 (15%), +19 

(14%), +13, +17q10-q25 (12%), +2, +15, +21 and +22 (11%) [23]. CGH analysis has also identified a number of chromosomal regions with recurrent aberrations in melanoma. Bastian et al. [24] studied 132 melanomas and identified recurrent gain of 6p (37%), 1q (33%), 7p, 7q (32%), 8q (25%), 17q (24%), and 20q (22%), and recurrent loss of 9p (64%), 9q, 10q (36%), 10p (30%), 6q (26%) and  11q  (21%).  Genomic  imbalance  in  melanoma  is  common,  with  chromosomal  gain  and  loss being reported on all chromosomes [18]. In addition to these aberrations, which result in an imbalance of genetic material, balanced translocations involving regions on 1q, 6q, 14q and 19p have also been identified, although in a smaller percentage of cases [18]. 

It has been hypothesized that there are key cytogenetic events that drive development and progression  of  human  melanocytic  tumors.  Karyotypic  investigations  of  benign  melanocytic  nevi (BMN) have identified translocations as a principal cytogenetic event. Richmond et al. [25] identified single occurrences of reciprocal translocations, involving t(6;15), t(10;15), t(15;20), and t(4;5), in an investigation of eight BMN. In addition, three BMN from a single patient with a family history of melanoma were all found to have simple translocations; one of which included a 6q13 breakpoint 

[26], a  region  also  implicated  (deleted)  in  melanoma  [18]. Bastian  et  al. [24]  performed  CGH 

analysis on 54 BMN and found that only 13% exhibited CNV. Of the seven BMN that exhibited aberrations, six of these showed a gain of 11p (all Spitz nevi) [24]. This aberration was not found in any of the melanomas studied [24]. Early chromosomal instability in BMN could define lesions that have a higher potential for oncogenic transformation, although these chromosomal aberrations 
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may not necessarily persist during such transformation. Recurrent alterations, predominantly deletions, have been identified on chromosome 9 in both dysplastic melanocytic nevi and metastatic melanoma lesions [19, 27], suggesting that this may be a primary event in melanocytic transformation. Höglund et al. [23] suggested two major karyotypic pathways as early cytogenetic changes in melanoma: (1) one involving +6p, −6q, and possibly −16; and (2) a second involving −3, and either +8q or −8p. 

A CGH study investigating 16 primary and 12 metastatic melanomas identified gains of 5p, 5q21-q23, 10p, and 18q, as well as losses of 2p21-pter, 11q13-q23, 12q24.1-qter, 19q13.1-qter, and 22qter, in the metastatic lesions, but not in primary tumors [28]. Also, losses involving chromosomes 9p and 17 

occurred at a higher frequency in metastatic tumors [28]. In cases where the primary and metastatic lesions ( n = 4) were excised from the same patient, metastases were associated with the acquisition of additional aberrations, although none of these were determined to be recurrent [28]. 

FISH  and  LOH  analyses  have  been  used  to  confirm  and  further  investigate  aberrant  genomic regions in melanoma, that were previously identified by karyotypic and CGH analysis. Studies have identified: (1) extra copies (89%) and translocations (25%) of chromosome 20 (whole chromosome painting) [29]; (2) extra copies of c-myc (8q24.21) in nodular (61%) and superficial spreading (27%) melanomas [30]; (3) copy number gains of 7 (40.9%), 6, 17 (27%), 9, and 10 (23%), and monosomies of 10 (55%), 9 (37%), 6 (27%), 17 (23%), 1, and 7 (18%) [31]; and (4) polysomy of chromosome 7 (67%), associated with amplification of  EGFR (epidermal growth factor receptor), in addition to common alterations of +6, +8, −9 and −10 [32]. A higher frequency of LOH on 1p and 9p is found in melanoma (29% and 50% at the most frequently lost loci) compared to dysplastic nevi (12% and 27% at corresponding loci) and BMN (no LOH) [33]. Uribe et al. [34] found loss of 9p21, 17q21, 6q23, and 5q35 more frequently in melanoma (68%), compared to atypical nevi (57%) and BMN (27%). In another study of 13 cases of early-stage melanoma, LOH was detected for at least one locus at 9p22 (31%), 10q11 (31%), and 1p36 (15%) [35]. Udart et al. [36] determined that metastatic melanomas have higher rates of +7 (25%) compared to primary tumors (8%). However, a higher prevalence of additional copies of  CCND1 (11q13) is found in primary (47%) versus metastatic (35%) lesions [37]. Although there is not a clear model to describe the influence of CNV on the development and progression of melanoma, studies to date suggest that a number of chromosomal regions may play a role in the early formation of cancerous cells (9p), as well as a metastatic phenotype (7, 11q). Figure 4.1 summarizes, using Circos [38], the recurrent aberrations detected in melanoma samples by karyotypic, CGH, FISH, and LOH techniques. The application of molecular technologies  in  the  diagnosis,  staging,  prognostication  and  pharmacogenetic/pharmacogenomic profiling of melanoma is discussed in Chaps. 5, 6, 9, and 21. 

Keratinocytic Skin Tumors

The American Cancer Society estimates that more than one million cases of NMSC arise each year (~300 cases per 100,000 individuals) [39]. BCC accounts for ~80% of all skin cancers, with a lifetime risk of about 28–30% [40]. BCC is locally invasive and destructive, but has a low metastatic potential of  0.0028–0.55%  [41].  SCC  accounts  for  almost  20%  of  all  skin  cancers,  with  a  lifetime  risk  of 7–11% [42, 43]. Compared with BCC, it has a much higher and more variable metastatic potential of 3.6–30%, depending on the site and etiology of the lesion [44]. It has been suggested that all SCC 

are derived from precursor lesions (i.e., AK), although only 0.1–10% of AK lesions are known to progress to SCC [45–47]. AK has a prevalence ranging from 11% to as high as 80% in different populations and age groups [45, 48]. SCC in situ progresses to invasive SCC in only a small number of cases (2–5%), and demonstrates a low metastatic potential [49, 50]. The incidence of SCC in situ can vary  from  14.9  to  142  per  100,000  individuals,  depending  on  the  ethnic  population  studied  [51]. 

Keratoacanthoma (KA) has been classified as either a distinct lesion or a subtype of SCC, and its 
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Fig. 4.1  Summary of recurrent chromosomal aberrations in melanoma (Figure generated with the use of Circos [38])

reported incidence varies from 7 to 104 per 100,000 individuals [52]. KA lesions are commonly solitary, demonstrate phases of growth, maturation and spontaneous regression, and rarely metastasize [44]. Given the differing metastatic capabilities of NMSC lesions, the degree of chromosomal instability among these tumors would also be expected to vary. 

Jin  et  al. [53,  54]  investigated  69  new  and  previously  published  short-term  (5–10  days)  BCC 

cultures, and identified recurrent numerical aberrations of +18 (30%), +7, +X (17%) and +9 (14%), structural rearrangements involving 9q (24%), and breakpoints involving 1p32, 1p22, 1q11, 1q21, 4q21,  and  4q31  (10%).  Other  studies  have  also  found  structural  abnormalities  in  BCC,  such  as translocations and inversions involving 9q [7, 55, 56]. Casalone et al. [57] studied 73 BCC samples, harvested within 24 h, as well as short-term cultures (10–28 days). Trisomy of chromosome 6 was found  to  be  the  most  recurrent  change,  but  only  observed  in  a  small  number  of  the  samples harvested within 24 h [57]. FISH analysis detected this variation in additional samples, but not in any of the short-term cultures, suggesting that the use of such cultures may lead to erroneous data 

[57]. CGH analysis of 15 BCC samples identified recurrent CNV, such as gain of 6p (47%), 6q, 9p (20%), 7 and X (13%), as well as loss of 9q (33%) [58]. Follow-up LOH analysis determined loss of 9q22.3 in 53% of cases [58]. Other studies have found LOH at 9q22 (46–60%), 9p21-p22 (55%), 17q21  (34%),  1q  (14%),  and  17p13  (11%)  in  BCC  [59–62]. In  summary,  results  obtained  from karyotypic, CGH, FISH, and LOH analyses indicate that BCC karyotypes typically consist of only one to three aberrations [53, 54], with trisomy 6 [57, 58] and loss of the 9q region [58–61] being the primary numerical changes found. Overall, cytogenetic analyses indicate that BCC is genetically relatively stable compared to other tumors, which may be reflected by its low metastatic capability. 

Figure 4.2 summarizes recurrent aberrations (>10%) detected in BCC samples by karyotypic, CGH, FISH, and LOH techniques. 

A number of studies have investigated if molecular technologies can be employed to distinguish between aggressive and nonaggressive BCC [63–68]. Ansarin et al. [63] reported that elevated p53 

protein expression (nuclear staining in >50% of tumor cells) could be used to predict aggressive 
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Fig. 4.2  Summary of recurrent chromosomal aberrations in basal cell carcinoma (Figure generated with the use of Circos [38])

behavior in BCC. However, Bolshakov et al. [64] determined that differences in  p53 gene mutation frequency, types of mutations, and hot spots, although present between aggressive and nonaggressive BCC, did not definitively predict tumor behavior. A recent gene expression profiling study by Yu et al. [65] reported that nodular and superficial BCC subtypes demonstrate similar transcriptional profiles, in contrast to morpheiform BCC which shows more diverse gene expression patterns (i.e., upregulation of DNA-damage response transcripts), consistent with its more invasive phenotype. 

However, Howell et al. [66] suggested that microscopic BCC subtypes (i.e., nodular and sclerosing) are not distinguishable by their gene expression patterns. A FISH-based study by Nangia et al. [67] 

reported that detection of trisomy 6 in tumor sections identifies subsets of BCC with aggressive and/

or metastatic potential. Finally, Fernandes et al. [68] suggested that LOH of  PTCH1 (9q22), in addition to the presence of distinct cytokine gene polymorphisms (TNF-a, -308 SNP and IL-10, -1082 SNP), may be potential markers of aggressive behavior in BCC. Other applications of molecular technologies in BCC are discussed in Chaps. 7, 9, and 21. 

Jin et al. [69] also identified recurrent numerical aberrations in short-term cultures from 13 primary cutaneous SCC and 10 previously published cases. These included gains of 7p (32%) and 8q (27%), and losses of 21 (41%), 8p (36%), 4p, 11p, Y (32%), 13, 18q (27%), 10p, X (23%), and 9p (18%) [69]. Isochromosomes (defined as a chromosome that has lost one of its arms and replaced it with an exact copy of the other arm), such as i(1p), i(1q), i(5p), i(8q), i(9p), and i(9q) (all <20%), were also represented in these cases, with i(8q) and i(9q) believed to be early genetic events [69]. By examining direct preparations of three primary cutaneous SCC, Casalone et al. [57] identified aberrations not detected in short-term cultures, including −1, +6, +8, +9, +11, −14, +16, and +21, although due to a limited number of samples, these could not be considered recurrent. Using CGH, gains of 3q (47%), 17q (40%), 14q, Xq (33%), 4p, 8q (27%), 1q, 5p, 7q, 9q, 10q, and 20q (20%), and losses of 3p (53%), 18q (47%), 17p (33%), 4q (27%), 5q, 8p, 11p, 13q, and 18p (20%) were identified in a study of 14 SCC, including five arising from adjacent AK [70]. Although many of the CNVs were shared between SCC and AK, the loss of 18q was specific to SCC ( P = 0.04) and may be associated with 
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Fig. 4.3  Summary of recurrent chromosomal aberrations in squamous cell carcinoma (Figure generated with the use of Circos [38])

malignant progression [70]. Another study investigated five SCC cell lines and identified recurrent gains on 11q (100%), 7p (60%), and 8q (60%), and recurrent losses on 3 (80%), 9p (80%), and 8p (60%) [71]. LOH analysis of SCC (including in situ lesions) has revealed frequent loss of 17q (43%), 13q (38%), 17p (34%), 9p (32%), 3p (26%), and 2q (20%) [59]. Recurrent aberrations associated with SCC (>10%), as detected by karyotypic, CGH and LOH analysis, can be seen in Fig. 4.3. 

Very few cytogenetic studies have been performed on other keratinocyte-derived skin tumors, but do indicate some shared cytogenetic features between premalignant and malignant lesions. These include: (1) gains of chromosome 7 and 20, and structural rearrangements involving chromosomes 1 and 4, identified by short-term cultures of three AK and two SCC in situ lesions [72]; (2) gain of 3q, 4p, 17q (33%), 5p, 9q, and 17p (25%), and loss of 9p, 13q (53%), 3p, 4q, 11p, and 17p (25%), identified by CGH analysis of AK [70]; (3) a similar, but higher frequency of LOH in AK compared to SCC, including loss at 17p (64%), 13q (52%), 17q (46%), 9p (39%), 9q (22%), and 3p (31%) 

[73]; and  (4)  recurrent  loss  of   TP53  (27%)  in  SCC  in  situ  [74].  LOH  of  the  region  encoding CDKN2A in both SCC (46%) and AK (21%) [75], in addition to rearrangements involving 3p13 in AK and SCC [72], indicate that these aberrations might be early genetic events that contribute to malignant potential. Furthermore, CGH analysis has detected gain of 7p in metastatic SCC lesions, suggesting  EGFR as a candidate gene conferring metastatic potential [76]. Cytogenetic abnormalities  associated  with  KA  include:  (1)  alteration  of  2p13,  identified  by  karyotypic  analysis  in  two cases [77, 78]; (2) gains of 8q (20%), 1p, and 9q (16%), and losses of 3p, 9p, 19p (20%), and 19q (16%), detected by CGH analysis of lesions mostly derived from immunosuppressed organ transplant recipients [79]; and (3) rare LOH, with isolated cases of loss detected at 9p, 9q, and 10q [80]. 

Clausen  et  al.  [81]  detected  significant  differences  in  the  frequency  of  copy  number  aberrations between SCC and KA, including more frequent gain of 1p, 14q, 16q, and 20q, and loss of 4p, in SCC ( P £ 0.03), as well as more frequent loss of 9p in KA ( P = 0.04), providing further evidence to the theory that SCC and KA are distinct forms of NMSC. Overall, cytogenetic studies suggest that both AK and SCC are more genetically unstable than BCC and KA. 
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Rare Cancers of the Skin

Merkel cell carcinoma (MCC) is an aggressive neuroendocrine tumor of the skin, affecting about 1,000 individuals in the USA each year (~3.3 per 100,000) [82, 83]. Karyotyping of six MCC cases revealed  various  structural  and  numerical  rearrangements  of  chromosome  1,  in  addition  to  −13 

(67%), +11, and −22 (33%) [84]. CGH analysis has identified recurrent numerical aberrations in MCC,  including  +19q  (63%),  +19p  (50%),  +1p  (54%),  −3p  (46%),  +1q,  +X  (42%),  +5p,  +8q (38%), −10, +3q, −13q (33%), +20p (29%), +7p, −17p, +20q (25%), −5q, +6q, +7q, −8p, +13q, 

+18q  (21%),  −11q,  and  +21  (17%)  [83].  In  addition,  the  average  number  of  imbalances  was noted  to  be  different  in  patients  surviving  >24  months  (6.6)  compared  with  those  surviving  

<24 months (11.2) [83]. In another study, CGH analysis of 19 cases revealed many of the same recurrent aberrations, including +6 (42%), +1q11-q31, +5p (32%), +1q32-qter (26%), +1p33-pter, 

+12, −13q13-q31 (21%), and −4q (16%) [85]. FISH analysis of 10 cutaneous MCC lesions has also confirmed +6 in 60% of cases [86]. Two independent LOH studies have identified deletion of 10q23 (43% of cases), although this is unlikely to involve  PTEN [87], in addition to deletion of 1p35-p36 (70% of cases) [88]. 

Dermatofibrosarcoma protuberans (DFSP) is a rare cutaneous mesenchymal tumor which arises from  spindle  cells  within  the  dermis  [89,  90].  The  tumor  slowly  infiltrates  adjacent  and  deeper subcutaneous tissues, and shows a low propensity for metastases [89, 90]. The annual incidence of DFSP is estimated at 4.2 per million people in the USA [89]. The tumor is associated with a signature reciprocal translocation involving chromosomes 17 and 22 [t(17;22)(q22;q13)], with fusion of the COL1A1 and  PDGFB genes [90–92]. This translocation involves the formation of supernumerary ring chromosomes in about 70% of cases [90–92]. CGH analyses of DFSP have revealed consistent recurrent aberrations, including: 11 cases showing +17q21-qter (100%), +22pter-q13 (82%), and +5 

(27%) [93]; and 12 cases showing aberrations of +17q22-qter (83%), +22q13 (75%), and +8q24.1-qter (25%)  [94]. The  application  of  molecular  technologies  in  the  diagnosis  of  DFSP  is  discussed  in Chaps. 8 and 9. 

Cutaneous  lymphomas,  including  cutaneous  T-cell  lymphoma  (CTCL)  and  cutaneous  B-cell lymphoma (CBCL) subtypes, affect approximately 3 in 1,000,000 people annually [21]. CTCL is the more common of the two subtypes, with about 1,500 new cases per year in the USA [95]. 

It  includes  mycosis  fungoides  (MF)  and  Sezary  syndrome  (SS)  [96].  CBCL  accounts  for  only 10–25%  of  cutaneous  lymphomas  [21],  and  includes  follicle  center  lymphoma  (FCL),  marginal zone  B-cell  lymphoma,  and  large  B-cell  lymphoma  subtypes  [97].  Karyotypic  testing  of  18  SS 

lesions revealed structural aberrations of chromosomes 10, 17 (28%), 1p (22%), 6q, and 14q (17%) 

[98]. FISH analysis verified rearrangements of 1p, 17p (33%), and 10 (27%) [98]. CGH analysis of MF lesions has revealed recurrent numerical aberrations of 1p (38%), −17p (21%), +4/4q (18%), 

−10q/10, +18, −19 (15%), and +17q/17 (12%) [98]. A review of 166 SS samples revealed recurrent losses of chromosomes 1, 2, 6q, 9, 10, 13, 16, and 17, as well as structural rearrangement of 17q 

[99]. In another study, CGH analysis of three MF and four SS cases identified recurrent copy number changes of −10q23 (29%) and +17q11.2 (71%), suggesting that the duplication at 17q seen in both MF and SS may be an early clonal event [100]. LOH analysis has detected recurrent deletions at 9p (46%), 17p (42%), 10q, and 2p (14%) in 15 cases of SS, and at 9p (16%), 10q (12%), 1p, and 17p (10%) in 51 cases of MF [96]. Molecular testing of CTCL is discussed in Chaps. 10 and 11. 

CGH analysis of CBCL subtypes has identified: (1) recurrent numerical alterations of +2q, +7q, 

+12, +13, −17p, +18, and −19 in nine primary cutaneous large B-cell lymphoma lesions; (2) a sole deletion of −17p (60%) in five secondary lesions; and (3) aberrations of +3q, +4, and +7q in four cases of primary cutaneous FCL [101]. In another study, FISH analysis of 27 cases of FCL 

identified recurrent translocations involving the immunoglobulin heavy chain gene ( IGH) on chromosome 14 (52%) [102]. These were associated with  BCL2 [t(14;18)(q32;q31)] in 41% of cases and 
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 BCL6 [t(3;14)(q27;q32)] in 7% of cases [102]. FISH analysis of 14 cases of primary cutaneous large B-cell lymphoma also showed translocations involving  IGH (50%), associated with  MYC [t(8;14) (q24;q32)]  in  36%  of  cases  and   BCL6  [t(3;14)(q27;q32)]  in  14%  of  cases  [103]. Translocations involving  MYC and  BCL6, independent of the  IGH locus, were detected in an additional 7% and 21% of lesions, respectively [103]. Molecular testing of CBCL is discussed in Chap. 12. 

Recent Advances in Cytogenetic Detection Methods

While  cytogenetic  methods  have  predominantly  been  employed  as  research  tools  for  the  genetic characterization of diseases, recent advances in these technologies has prompted interest in their use in the diagnostic setting. However, their routine clinical implementation has been hampered by high cost, prolonged turnaround time, and the expertise required for most cytogenetic detection methods. 

Nonetheless, efforts have been undertaken to increase their application by reducing time and cost, and increasing the convenience and automation of these methods. 

Array-based  CGH  (aCGH)  utilizes  microarray  chips  dotted  with  thousands  of  positionally-defined specific probes, to which differentially labeled normal and tumor DNA are co-hybridized and scanned, using computerized fluorescence imaging and analysis systems [14]. This has allowed CGH resolution to vastly improve, from >5–20 Mb (for traditional CGH) to <100 kb, with some high-resolution tiling arrays (HR-CGH) now able to resolve to 50–200 bp [104]. In addition, single nucleotide  polymorphism  (SNP)-based  CNV  arrays  can  detect  microscopic  CNVs,  polyploidy, mosaicisms, and uniparental disomy [105, 106]. A number of studies using aCGH and CNV-arrays have been performed on skin cancers. These techniques have confirmed and better resolved many of the genomic aberrations seen in previous traditional CGH and LOH studies, as well as identifying novel alterations. Next-generation sequencing has recently been implemented as a cytogenetic tool, in an effort to more easily detect structural abnormalities, such as translocations and inversions 

[16].  No  studies  to  date  have  utilized  this  methodology  to  detect  genomic  aberrations  in  skin cancers. 

aCGH analysis of five cell lines derived from different melanoma metastases in a single patient identified  a  primary  cluster  of  genomic  imbalances,  including  +3p,  +7,  −9p,  −10p,  −14q,  −16q, 

−17p, and +17q [107]. Another study, investigating two formalin-fixed paraffin-embedded (FFPE) melanoma samples, confirmed known aberrations of +1q and −9p [108]. More recently, two large aCGH studies of melanoma samples (126 and 102 samples, 80 shared cases) were undertaken [109,  

110]. In these reports, Curtin et al. [109, 110] aimed to investigate possible differences in chromosomal aberrations between tumors derived from different sites or associated with variable sun-induced damage. Amongst the different subtypes of melanoma (i.e., those with chronic sun-induced damage; those without chronic sun-induced damage; and at mucosal and acral sites), gains of 6p, 17q and 20q, as well as loss of 9p and 21q, are common aberrations [110]. Gain involving the  CCND1 locus (11q13) and regions of chromosome 22, and loss of 4q, are significantly more common in tumors associated with chronic sun-induced damage (  p = 0.001, 0.004 and 0.004, respectively) [110], suggesting that these aberrations may arise as a result of long-term exposure to ultraviolet radiation. 

Copy number amplifications of 4q are shared between lesions, both with and without chronic sun-induced damage, and appear to involve the  KIT oncogene (which is essential for melanocyte survival and development) [109]. CNV-array analysis of 76 melanoma cell lines detected: (1) frequent LOH 

at  6q,  9p,  9q,  10p,  10q,  11q,  and  17p;  (2)  174  homozygous  deletions,  primarily  associated  with CDKN2A,  PTEN,  PTPRD,  and   HDAC4;  and  (3)  197  focal  amplifications,  many  of  which  were associated with  BRAF,  CCND1,  MDM2,  MITF,  NRAS, and  PIK3CA [105]. 

Ma et al. [111] detected loss of the  CSMD1 (8p23) tumor suppressor gene in SCC (29%) and BCC (17%) using aCGH. In an effort to support the applicability of aCGH in the clinical setting, 
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a study on archival FFPE SCC, SCC precursors, and normal skin has also been undertaken [112]. 

The  most  common  aberration  detected  was  loss  of  10q-ter,  containing  the   INPP5A  (10q26.3) tumor suppressor gene, which was reported in both SCC in situ and SCC, but not in non-tumorous sun-damaged skin [112]. CNV-array analysis of 16 primary SCC and 2 metastatic SCC identified common LOH at 2q, 3p, 8p, 9p and 13, as well as gains at 3q and 8q [113]. Analysis of paired primary and metastatic SCC (to lymph nodes) from two of these patients suggested that the primary and metastatic lesions shared common genetic aberrations (although these were different for the two patients), and that the acquisition of additional genetic aberrations is associated with metastatic spread in SCC [113]. LOH at 9q21-q31 was detected in ~93% of BCC [114], suggesting a much higher rate of 9q loss than previously reported with other techniques [58–61]. In addition, loss of a novel region, 6q23-q27, was identified in 36% of BCC [114]. These studies support CNV-arrays as a powerful tool for the identification of novel cytogenetic aberrations. 

aCGH has also been used to investigate MCC, DFSP, and MF lesions. In a study of 25 MCC 

samples, oligonucleotide aCGH was used to detect recurrent aberrations of +1, −3p, +3q, −4, +5p, 

−5q, +6, −7, −10, and −13 [115]. In addition, increasing numbers of genomic aberrations correlated with decreased patient survival (  p = 0.04) [115]. Another aCGH study of ten cases of MCC detected recurrent aberrations, including +1q, +6p, +11, and −17p [116]. In the case of DFSP, aCGH analysis (using a pooled approach) identified recurrent copy number gains of +8q24.3, +17q21.33-qter, and 

+22cen-q13.1 [90]. Finally, oligonucleotide aCGH detected common chromosomal imbalances of 

−6q21.3, +7q33.3-q35, +8q24.21, −9p21.3, −9q31.2, +9q34-qter, −10p11.22, +10p14, −13q14.11, 

−16q23.2, −16q24, −17p13.1, and +17q21.1 in 41 skin biopsies from MF patients [117]. Interestingly, aberrations at 8q24.21, 9p21.3, and 10q26-qter correlated with overall patient survival (  p = 0.017, 0.042, and 0.022, respectively) [117]. 

Implications of Cytogenetic Findings

The employment of cytogenetic methods, in concert with other molecular techniques (outlined in Chap. 3), has greatly increased our ability to identify putative genes or genetic regions associated with  tumorigenesis.  Genomic  aberrations  associated  with  skin  tumors  include:  (1)  those  that  are shared amongst a number of different lesions; and (2) those that are specific to a particular lesion, or even  present  at  a  distinct  stage  of  skin  cancer  development.  In  addition,  the  degree  of  genomic instability appears to be a measure of the potential aggressiveness of a tumor. 

A number of recurrent genomic aberrations are shared between different forms of skin cancer, including: rearrangements and numerical abnormalities of chromosome 1 (melanoma, BCC, SCC, AK, KA, MCC, DFSP, CTCL); −3p (SCC, AK, KA, MCC); +3q (SCC, AK, MCC, CBCL); trisomy of all or part of chromosome 6 (melanoma, BCC, SCC, MCC); trisomy of all or part of chromosome 7 (melanoma, BCC, SCC, AK, MCC, CBCL); +8q (melanoma, SCC, KA, MCC, DFSP); −9p (dysplastic nevi, melanoma, BCC, SCC, AK, KA, CTCL); +9q (melanoma, SCC, AK, KA); loss of part or all of chromosome 10 (melanoma, SCC, MCC, CTCL); −17p (melanoma, BCC, SCC, SCC in situ, AK, MCC, CTCL, CBCL); +17q (melanoma, SCC, AK, DFSP); and gain of all or part of chromosome 20 (melanoma, SCC, AK, MCC, DFSP). Within these regions, a number of potential tumor suppressor genes and oncogenes exist, including: (1)  FHIT (3p14.2), which is involved in cell cycle control [118], and whose loss has been associated with MCC [83] and many other malignancies 

[118]; (2)  BCL6 (3q27), a breakpoint region implicated in cutaneous lymphomas [102, 103], that mediates  transcriptional  repression  [119];  (3)   E2F3  (6p22),  an  essential  component  of   RB-  and MYC-mediated cell cycle progression pathways [120, 121], and whose overexpression is seen in retinoblastoma and bladder cancer [122]; (4)  CDK6 (7q21-q22), involved in  RB-mediated cell cycle progression [123], and  NRCAM (7q31.1-q31.2), both of which are overexpressed in melanoma cell 
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lines [124]; (5)  MYC (8q24.12-q24.13), which promotes cell proliferation [121], and is known to further destabilize the genome [125, 126]; (6)  CDKN2A (9p21), which encodes two major proteins p16(INK4A) and p14(ARF) that regulate the  RB and  TP53 cell cycle progression pathways, respectively (for a review see reference [127]); (7)  PTEN (10q23.31), which suppresses tumorigenicity by blocking cell cycle progression [128], and whose loss is seen in various human cancers 

[129]; (8)  TP53 (17p13.1), which is disrupted in about 50–60% of all human cancers [130, 131], and plays a role in multiple cellular functions, including regulation of cell cycle arrest, apoptosis, glycolysis, autophagy, oxidative stress, invasion, motility, angiogenesis, and differentiation (for a review see reference [132]); and (9)  E2F1 (20q11.2), an essential component of  RB-mediated cell cycle progression and  MYC-induced apoptosis [120, 121]. 

It  is  also  evident  that  amplifications  and  deletions  in  some  regions  are  detected  at  similar frequencies within the same types of skin lesions, including chromosomes 9q, 15, 18, 19, 21, and 22 in melanoma, and 4q and 9q in AK. Some of these changes may reflect background genomic instability rather than being directly associated with tumorigenesis. Additionally, it has also been shown that regions of amplification contain genes that are both over- and under expressed, indicating that chromosomal aberrations do not always reflect changes at the gene level [133]. 

Some aberrations are found to be more prevalent in specific skin cancers. For example, loss of 18q in SCC as compared to AK. 18q harbors potential candidate genes  SMAD2 (18q21) and  SMAD4 

(18q21.1), that mediate TGF-beta signaling and cell growth regulation [134], and which have been implicated in malignant progression in other non-cutaneous tumors [135, 136]. Another example is loss of 9q22 in sporadic BCC. 9q22 contains the  PTCH1 (9q22.3) tumor suppressor gene, that is part of the hedgehog developmental signaling pathway, and which has been implicated in the pathogenesis of hereditary BCC [137]. In DFSP, translocation involving 17q22 and 22q13 creates a gene fusion between  COL1A1 (17q21.31-q22) and  PDGFB (22q12.3-13.1). This results in aberrant expression of PDGFB [90], which promotes cellular proliferation, disorganized growth, and inhibition of apoptosis 

[138,  139].  Other  studies  have  implicated  aberrations  in  specific  regions  as  early  events  in  skin tumor development, such as loss of 9p ( CDKN2A locus), which has been detected in dysplastic nevi, and primary and metastatic melanoma [19, 27, 28, 33–35], as well as in SCC and AK [75]. 

Cytogenetic analysis is a powerful means to detect aberrant chromosomal regions that may harbor tumor suppressor genes and oncogenes. Analyses of melanoma and NMSC have identified a number of consistently aberrant regions. These regions contain genes, which when altered have been implicated in cancer pathogenesis and progression pathways, including cell growth, signaling, differentiation, and apoptosis. In addition, some aberrant regions appear to be specific to only one type of skin tumor, possibly containing genes more relevant to the morphological characteristics and/or biologic behavior of that particular cancer. The implementation of newer cytogenetic techniques with higher resolutions of detection will continue to improve our understanding of the genetic basis of skin tumors. 
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Chapter 5

Melanocytic Neoplasms I: Molecular Diagnosis

Pedram Gerami, Bryan Gammon, and Michael J. Murphy 

There are many possible indications and potential uses for molecular diagnostic techniques in the evaluation and management of melanocytic neoplasms. These include: (a) the identification of better diagnostic, staging, and prognostic markers; (b) the discovery of novel therapeutic targets; (c) the development  of  a  molecular  classification  scheme,  with  the  potential  to  stratify  melanomas  into subtypes which have similar pathogenesis, prognosis, and treatment responses; (d) the determination of patterns of genetic deletions and/or gains that are associated with different clinical outcomes in patients with metastatic melanoma; (e) an improvement in our ability to accurately classify melanocytic lesions that are currently considered morphologically ambiguous, such as atypical Spitz tumors; (f) the identification of individuals and populations at high-risk for melanoma development; and (g) the application of genetic testing to help identify candidates requiring more comprehensive clinical screening. 

The  incidence  and  mortality  rates  of  melanoma  have  been  increasing  over  the  last  number  of decades. The American Cancer Society now estimates that the lifetime risk of developing melanoma is approximately 1 in 50 for Caucasians, 1 in 200 for Hispanics, and 1 in 1,000 for African-Americans 

[1]. Overall, it is the sixth most common cancer in men and seventh most common cancer in women. 

In 2008, 68,720 new cases of invasive melanoma and 8,650 deaths were reported in the USA [1]. 

Although the number of melanoma-related deaths continues to increase, and results of treatment for metastatic melanoma remain dismal, there have been several significant breakthroughs in the past decade. These advances are based on the recognition of discrete subsets of melanoma – each with distinct chromosomal aberrations, gene mutations, and oncogenic pathway activation [2]. There are several  obvious  benefits  that  may  be  realized  from  these  discoveries.  Firstly,  melanomas  can  be classified into cohorts that may have similar clinical course and treatment responses. Secondly, if the pathogenic mechanisms within the subgroup are well understood, potential targeted therapies may  be  developed.  Pharmacogenetic  and  pharmacogenomic  strategies  in  melanoma  are  further discussed in Chap. 21. Importantly, the identification of key melanoma-associated somatic mutations is likely to play a significant role in the development of a molecular classification scheme for this tumor. 

In this chapter, a number of clinically relevant applications for molecular strategies in the setting of melanocytic tumors will be described. Methodologies discussed include comparative genomic hybridization (CGH), fluorescence in situ hybridization (FISH), DNA microarray technologies, and epigenetic profiling tools. Karyotypic investigations of melanocytic tumors are discussed in Chap. 4. 
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Common Somatic Mutations in Melanoma and Melanocytic Nevi

 BRAF Mutations

The mitogen-activated protein kinase (MAPK) pathway is comprised of RAS (HRAS, KRAS and NRAS),  RAF  (ARAF,  BRAF  and  CRAF),  MEK-1/2  and  ERK-1/2  members,  which  sequentially relay proliferative signals from cell surface receptors through a cytoplasmic signaling cascade into the nucleus (Fig. 5.1) [3]. This signaling pathway plays a critical role in cellular proliferation, differentiation,  and  survival.  One  of  the  most  significant  developments  in  our  understanding  of  the molecular basis for melanocytic neoplasms was the discovery of frequent somatic BRAF mutations in melanoma (Table 5.1) [3]. In a seminal study, Davies et al. [3] identified mutations of this gene in 66%  of  melanomas.  All  activating  mutations  (over  65  types  reported  to  date)  represent  acquired (somatic) events and are found within the kinase domain of BRAF. A single-base missense T to A substitution (at nucleotide 1799 in exon 15), which results in a change of valine to glutamic acid at amino acid 600 (V600E), is responsible for ~97% of the observed mutations. Subsequently, it was noted that the same BRAFV600E mutation was also present in a majority of melanocytic nevi (Table 5.2) 

[4]. In this regard, BRAF mutations may be seen in up to 87.5% of common acquired nevi, 52–62% 

of dysplastic nevi, and 0–12% of blue nevi [4]. Most investigators have reported that Spitz nevi do not  contain  BRAF  mutations,  although  a  small  number  of  studies  dispute  these  findings  [4,  5].  

Discordant results could be due to differences in patient selection and diagnostic histopathological criteria between studies [5]. The BRAFV600E mutation results in the production of a protein with serine/

threonine  kinase  activity  that  is  10.7  times  higher  than  its  wild-type  BRAF  counterpart  [3].  

Constitutive activation of the MAPK pathway regulates key processes that are involved in melanoma biology, including cell proliferation, invasion, angiogenesis, and metastasis. 

Fig. 5.1  Molecular pathways in melanoma. The identification of recurrent aberrations in signaling pathways, such as mitogen-activated protein kinase (MAPK; RAS/RAF/MEK/ERK), KIT, and PI3K-AKT, is promoting the development of targeted therapies for melanoma ( green boxes). (Courtesy of Dr. Zendee Elaba, Department of Pathology, Hartford Hospital, Hartford, CT, USA)
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Table 5.1  Genetic aberrations in melanoma according to anatomical location Predominant  

BRAF  

NRAS  

KIT mutation/

Melanoma  

histopathological   mutation   mutation   amplification  

subtype

subtype

(%)

(%)

(%)

Chromosomal alterations

Melanoma on  

SSM

59

22

0

Gain on 6p,7,8q,17q,20q

NCSD skin

Loss on 9p,10,21q

Melanoma on  

LMM

11

15

2–17

Gain on 6p,11q13,17q,20q

CSD skin

Loss on 6q,8p,9p,13,21q

Acral  

ALM

23

10

7–23

Gain on 6p,7,8q,17q,20q

melanoma

Amplification on 

5p13,5p15,11q13,12q14

Loss on 6q,9p,10,11q,21q

Mucosal  

Unspecified

11

5

8–21

Gain on 1q,6p,7,8q,11q13,17q,20q

melanoma

Amplification on 1q31,4q12,12q14

Loss on 3q,4q,6q,8p,9p,10,11p,11q,21q

 NCSD non-chronic sun-damaged,  CSD chronic sun-damaged,  SSM superficial spreading melanoma,  LMM lentigo maligna melanoma,  ALM acral lentiginous melanoma

Table 5.2  Genetic alterations in different melanocytic tumors

Tumor

Chromosomal aberrations

Oncogenic events

Primary melanoma

Multiple copy number alterations

BRAF and NRAS mutations common, 

particularly on NCSD skin

Common acquired nevus

None

BRAF mutations common, up to 87.5%

Dysplastic nevus

None

BRAF mutations in 52–62%; NRAS 

mutations in 71%

Blue nevus

None

GNAQ mutations in 83%; BRAF mutations 

in 0–12%

Spitz nevus

+11p in 10–20%; +7q rare

HRAS mutations in up to 29%

Small and medium-sized 

None

BRAF mutations in 0–80%; NRAS 

congenital nevus

mutations in 64–81%

Giant congenital nevus

None or a few aberrations

BRAF mutations absent; NRAS mutations 

in up to 81%

Proliferative nodule

Whole chromosome loss of 7, 9 and 10

Malfunction of chromosomal segregation; 

NRAS mutations in 70%

 NCSD non-chronic sun-damaged

Current evidence suggests that an oncogene-induced premature senescent mechanism, promoted by mutant BRAF, is responsible for the cellular senescence (a permanently nondividing state) seen in common acquired nevi [6–8]. Recent studies have identified a number of pathways and cell mediators that may potentially play a role in this senescence pathway. It has been reported that normal melanocytes  express  low  levels  of  insulin  growth  factor  binding  protein  7  (IGFBP7),  restraining proliferation. However, expression of IGFBP7 is found to increase with BRAFV600E, promoting cellular  senescence  through  autocrine/paracrine  pathways  [7]. Interestingly,  in  cell  culture  studies, melanocytes  that  are  wild-type  for  both  BRAF  and  RAS  are  found  to  be  relatively  insensitive  to IGFBP7-induced  growth  inhibition.  In  contrast,  those  with  mutant  RAS  are  weakly  responsive, whereas those with BRAFV600E are highly sensitive, with resultant cellular apoptosis and senescence. 

This is likely related, at least in part, to the ability of IGFBP7 to block BRAF-MEK-ERK signaling, with resultant decreased levels of phosphorylated ERK. In one study, IGFBP7 expression was not detectable in BRAFV600E-positive melanomas or melanoma cell lines, suggesting that loss of IGFBP7 

and  escape  from  cellular  senescence  may  be  critical  for  the  development  of  melanoma  from BRAFV600E melanocytes [7]. However, this hypothesis has been recently challenged [8]. Studies have also concluded that BRAFV600E-induced senescence can be either dependent on, or occur independently of, p16INK4a-, b-Gal- and/or p53-related mechanisms [6–8]. Theoretically, additional genetic events, such as loss of PTEN, p53 and/or p16INK4a, or upregulation of AKT3, would be required for arrested melanocytes to circumvent the BRAFV600E-induced senescence and re-enter the cell cycle. 
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Viros et al. [9] have reported that melanomas with BRAFV600E are associated with distinct morphologic and clinical features. In their recent study of 302 archival melanomas, BRAFV600E tumors were more likely to occur in patients <55 years of age; show increased upward migration and nest formation of intraepidermal melanocytes; thickening of the involved epidermis; sharper demarcation from the surrounding skin; and have larger, rounder, and more pigmented tumor cells [9]. In another study, Edlundh-Rose et al. [10] agreed that BRAF-mutant melanomas were significantly associated with a lower age at diagnosis, in addition to a more frequent moderate to marked host lymphocytic response. 

However, Akslen et al. [11] found that the presence of BRAFV600E was not associated with tumor cell proliferation, tumor thickness, microvessel density, or vascular invasion. In addition, from a study of 69 primary melanomas, Kannengiesser et al. [12] reported that no significant differences in clinical-histopathological  parameters  were  observed  between  patients  with  and  without  BRAF  mutations. 

Nonetheless, most studies do agree that BRAFV600E is most frequently found in melanomas that arise on areas of the body which experience intermittent intense sun exposure (i.e., trunk and extremities), and less frequently in areas of chronic sun exposure or sun protection (i.e., head and neck, and acral and mucosal surfaces) (Table 5.1) [2]. BRAF mutations have been identified in 59% of melanomas on non-chronic sun-damaged skin, but in only 23% of acral lentiginous melanomas, 11% of mucosal melanomas, and 11% of melanomas from skin with chronic sun damage [2]. A number of issues have yet to be resolved regarding BRAF mutations in melanoma. One issue is whether they are homogeneously present within melanomas or, for instance, increase in frequency during the progression from radial growth phase [RGF] to vertical growth phase [VGF] disease. Of note, some authors have proposed that BRAF and NRAS mutations are present in only 40% of in situ melanomas [13]. Secondly, it is unclear whether BRAF-mutations significantly influence clinical outcome in patients with melanoma [9–12]. The study by Viros et al. [9] suggested that BRAF-mutant melanomas show a pattern of metastases (i.e., progression via regional lymph nodes) which is different to that of BRAF-negative tumors (which demonstrate satellite, in-transit and visceral metastases). In this study, patients with BRAF-mutant  melanomas  also  demonstrated  better  overall  survival  compared  with  their  BRAF-negative counterparts [9]. Other authors, however, have found no correlation between BRAF mutational status and patient outcome [10–12]. Currently, it appears that this mutation is most important for tumor initiation/early progressive disease rather than associated with metastatic potential [10–12]. 

Importantly, recognition of the BRAFV600E mutation in melanomas does appear to be associated with  significant  therapeutic  consequence  (see  Chap.  21).  Over  the  last  number  of  years,  several targeted multi kinase inhibitors which decrease MAPK activity have been developed (Fig. 5.1). Early clinical studies using sorafenib in melanoma patients, as a single agent or in combination with chemotherapy, demonstrated little benefit beyond disease stabilization [14–16]. Clinical trials are now ongoing with second generation selective and nonselective RAF inhibitors, such as PLX4032, SB-590885/

GSK2118436, XL-281, and RAF-265 (www.clinicaltrials.gov). In recent Phase I and Phase II trials, XL-281 (ARAF, BRAF and CRAF inhibitor) and PLX4032 (BRAFV600E inhibitor) were shown to have single-agent  antitumor  activity  in  melanoma  patients,  with  the  achievement  of  objective  responses 

[14–16].  These  studies  indicate  the  potential  therapeutic  value  of  single-agent  therapy  against  a mutated oncogene in melanoma. However, not all patients respond to this treatment; and dose-limiting toxicities, primary and secondary drug resistance with disease progression, and the development of therapy-related cutaneous squamous cell carcinomas/keratoacanthomas represent compounding issues 

[14–16]. The targeting of MEK, the downstream substrate of BRAF, could also prove to be an effective strategy in the treatment of advanced melanomas with BRAF or RAS mutations [14–16]. However, in addition to common somatic aberrations, such as BRAFV600E, melanomas may demonstrate genomic changes  involving  PTEN,  CDKN2A,  TP53,  EGFR,  NOTCH2,  MDM2,  CCND1,  CCNE1,  CDK2, CDK4, MITF, AKT3, ERBB4, and ETV , and loss of chromosomes 13q and 16q, which could impact 1

responses  to  current  therapeutic  strategies  [14–20].  Therefore,  it  is  likely  that  combination therapy regimens  against  multiple  targets  will  be  required  for  many  patients  with  metastatic  melanoma. 

Importantly, the successful identification of mutations in melanoma, such as BRAFV600E, will help to stratify patients for potential targeted therapy, clinical trials, and outcome measures. 
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 NRAS Mutations

Mutations in NRAS, another key regulator of the MAPK pathway upstream of BRAF, can also be found  in  melanoma  (Fig. 5.1),  although  at  a  significantly  lower  frequency  than  BRAFV600E 

(Table 5.1). Overall, 15–30% of melanomas show activating NRAS mutations that are located predominantly within exon 1 (codons 12 and 13) or exon 2 [codons 59 and 61 (90%)] of the gene [2, 

16]. NRAS mutations have been identified in 22% of melanomas on non-chronic sun-damaged skin, 10% of acral lentiginous melanomas, 5% of mucosal melanomas, and 15% of melanomas from skin with  chronic  sun  damage  [2].  Similar  to  BRAFV600E,  it  appears  that  NRAS  mutations  are  infrequently  found  in  melanomas  on  chronically  sun-damaged  skin,  and  are  more  commonly  seen  in melanomas on skin with intermittent sun exposure (i.e., trunk and extremities) [11, 21–26]. In general, NRAS and BRAF mutations are mutually exclusive, although rare double-mutant cases have been reported [5]. Together, they account for MAPK pathway activation in >80% of melanomas. 

However, in contrast to BRAF-mutant melanomas, which typically require a synchronous mutation in a member of the phosphatidylinositol 3¢ kinase (PI3K) pathway, the upstream location of NRAS 

allows  for  mutant  forms  to  simultaneously  activate  both  MAPK  and  PI3K-AKT  signaling  [11, 

21–26]. In melanomas lacking BRAF or NRAS mutations, the signaling cascade can be triggered by autocrine mechanisms, that include the downregulation of RAF-1 or SPRY-2 (MAPK inhibitory proteins), or upregulation of C-MET. Of note, mutations in the other RAS genes, KRAS and HRAS, occur in only ~2% and ~1% of melanomas, respectively. 

Congenital melanocytic nevi show mutations in NRAS in 64–81% of cases (Table 5.2) [27, 28]. 

In addition, BRAF mutations are seen in 88% and 30% of small (<1.5 cm in diameter) and medium-sized (1.5–20 cm in diameter) lesions, respectively, but are noticeably absent in giant congenital nevi  (>20  cm  in  diameter)  [27,  28]. Interestingly,  nevi  with  microscopic  evidence  of  adnexal involvement and splaying of the deep collagen (i.e., histopathological characteristics of congenital nevi), but which are not congenital in origin by history, commonly show BRAF rather than NRAS 

mutations [28]. 

 KIT Mutations

Mutations of KIT (receptor tyrosine kinase) have been identified in 17% of chronic sun-damaged cutaneous, 11% of acral, and 21% of mucosal melanomas, but not in any melanomas on skin without chronic sun damage – supporting a role for KIT as an oncogene in a subset of tumors (Fig. 5.1 

and Table 5.1) [29–31]. In addition, KIT gene amplification has been found to be present in 6% of chronic sun-damaged, 7% of acral, and 8% of mucosal melanomas [29–31]. Similar rates of KIT 

alterations in acral and mucosal melanomas, but lower rates (~2%) in chronic sun-damaged cutaneous tumors are reported by other studies [30]. Point mutations in KIT result in constitutive activation of the c-KIT protein in melanoma cells, and the activation of downstream proliferative and pro-survival signaling pathways [30]. At the protein level, immunohistochemical studies have shown c-KIT expression in 81% of mucosal and acral melanomas [32]. Interestingly, cases with activating mutations are commonly positive for c-KIT protein expression, although this is not uniformly the case. Furthermore, many tumors that do not have detectable gene mutation or amplification show high c-KIT protein expression levels [32–34]. 

Inhibition of KIT signaling has been shown to inhibit the proliferation of cultured melanoma cells [35, 36]. In addition, several anecdotal case reports have noted remarkable responses to small molecule  KIT  inhibitors  (imatinib,  sorafenib,  and  dasatinib)  in  patients  with  widely  metastatic melanoma [30, 37–39]. However, recent Phase II trials of imatinib reported that, among 63 patients with melanoma, only one clinical response was seen (in a patient with an acral tumor) [30, 40]. 
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Importantly, these patients’ melanomas were not tested for the presence of a KIT (or PDGFRA) mutation, with only c-KIT (and PDGFRA) immunohistochemistry being performed. C-KIT receptor protein expression, in the absence of downstream signaling activity, has not been shown to be highly predictive of clinical response to imatinib [30, 32, 41, 42]. More specifically, KIT mutations,  and  not  gene  amplifications,  appear  to  be  associated  with  drug  response  in  melanoma patients [30]. These findings clearly illustrate the importance of proper patient selection prior to imatinib treatment, including the performance of KIT and PDGFRA gene mutational analysis. 

In summary, somatic BRAF, NRAS, and KIT gene mutations are now recognized as frequent events associated with melanoma development (Table 5.1). Whereas KIT mutations are most common in acral, mucosal, and chronically sun-damaged skin melanomas, BRAF and NRAS mutations seem to predominate in melanomas that arise on skin without chronic sun damage. Furthermore, BRAF and NRAS aberrations are largely mutually exclusive. A further distinction of BRAF and NRAS mutant melanomas is the requirement for co-activation of a member of the PI3K-AKT pathway in the former [43, 44]. Of note, somatic inactivating mutations of PTEN and constitutive activation of AKT3 are found in 10–30% and 50–60% of melanomas, respectively. PTEN loss usually occurs in melanomas with BRAF mutations [30]. Conversely, NRAS is located upstream of BRAF, and  mutations  in  NRAS  can  simultaneously  activate  both  the  MAPK  and  PI3K-AKT  pathways. 

Other common genomic aberrations include amplification of MITF, which is found in 10–20% of tumors. A recent study of metastatic melanoma samples identified 30 somatic mutations in 19 protein  tyrosine  kinase  genes,  including  ERBB4  (19%),  FLT1  (10%),  and  PTK2B  (10%)  [30]. 

Therefore, the identification of somatic gene mutations in melanoma may serve as the basis for a future integrated genomic-morphologic classification scheme for this tumor, in addition to the rationale for drug development and more effective targeted therapy. 


 HRAS Mutations

Copy number alterations and/or mutations in HRAS are characteristic of 10–29% of Spitz nevi (Table 5.2) [45, 46]. Using CGH- or FISH-based testing, isolated increased copies of 11p, the site of the HRAS gene, can be identified in these lesions. Approximately 67% of Spitz nevi with 11p gain show a coexisting mutation in HRAS. In contrast, only 1 of 21 Spitz nevi without 11p gain is found to be associated with HRAS mutation [45, 46]. As HRAS mutations and/or distal 11p gain are rarely present in melanomas [5, 31, 45, 46], their isolated detection without other chromosomal copy number alterations appear to be highly diagnostic of Spitz nevi. A histopathological  study  of  Spitz  nevi  with  11p  gain  found  that  these  tumors  typically  were  large  in  size, predominantly intradermal, and characterized by marked desmoplasia and an infiltrative growth pattern [46]. Importantly, most evidence suggests that Spitz nevi are distinct melanocytic tumors, which  arise  through  BRAF-  and  NRAS-independent  pathways,  and  with  a  minority  showing HRAS  alterations.  However,  molecular  findings  in  other  spitzoid  lesions  (i.e.,  atypical  Spitz nevus/tumor and spitzoid melanoma) are inconclusive, possibly due to variable patient selection criteria and diagnostic parameters (i.e., age and histopathological features) employed by different investigators [5]. 

 GNAQ Mutations

GNAQ is a heterotrimeric G-protein-coupled receptor. Somatic mutations in GNAQ (Q209 residue), resulting in constitutive activation of this oncogene, have been found in up to 83% of blue nevi, 
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46–49%  of  uveal  melanomas,  and  27%  of  uveal  melanoma  cell  lines  (Table  5.2)  [30,  47]. 

The frequency of GNAQ mutations in other blue nevus-like proliferations, such as nevus of Ota, seems to be significantly lower, with only 1 of 16 cases being positive [47]. This finding could be the result of technical difficulties in detecting mutations in pauci-cellular processes, such as nevus of Ota. However, a recent report evaluating a highly cellular proliferation of melanocytes, evolving to melanoma from a nevus of Ota, also failed to show evidence of GNAQ mutations [48]. GNAQ 

mutations are rarely found in melanomas on chronic sun-damaged skin, but have not been identified in  acral  or  mucosal  melanomas,  or  cutaneous  tumors  on  sites  without  chronic  sun  damage  [47]. 

Point mutations in another G-protein-coupled receptor, GNA11, have also been reported in uveal melanoma [30]. 

Germline Mutations Leading to Increased Melanoma Susceptibility

Molecular testing for germline mutations in melanoma may have several benefits [49, 50]. Firstly, it could  help  to  identify  patients  requiring  intensive  skin  cancer  screening.  Secondly,  by  determining those kindreds with known germline mutations and studying their melanomas for the presence of additional somatic mutations, frequent cooperating oncogenic pathways in the development and progression of melanoma may be revealed. Subtypes of melanoma with common pathogenesis and clinical behavior could also be uncovered. Additionally, specific sites for targeted therapy may be identified. 

 High-Risk Melanoma Genes

CDKN2A Mutations

The  majority  of  melanomas  are  sporadic,  but  5–10%  of  cases  occur  in  familial  clusters. 

Approximately 20–40% of highly penetrant familial melanoma is the result of germline alterations in the CDKN2A gene [49, 50]. In addition, somatic mutations in CDKN2A (predominantly involving exons  1  and  2)  and/or  chromosomal  deletions  of  9p21  (where  CDKN2A  resides)  are  extremely frequent events in melanoma [49, 50]. CDKN2A polymorphisms (C500G and C540T) and mutations in cyclin-dependent kinase inhibitor 2A/p14 alternate reading frame (CDKN2A/ARF) are also associated with increased melanoma risk [49, 50]. CDKN2A encodes p16INK4a and p14ARF, both of which are known tumor suppressors and involved in cell cycle arrest, apoptosis, and melanocyte senescence. 

Penetrance estimates (i.e., the likelihood of melanoma development when an individual carries a CDKN2A mutation) depend on several factors. These include the coexistence of common genetic polymorphisms  in  DNA  repair,  apoptosis,  and  immune  response  pathways,  or  other  co-inherited predisposing genetic variants (MC1R), as well as geography and ethnicity [49–51]. The likelihood of melanoma development by age 80 in a patient with a germline mutation in CDKN2A is 58% in Europe, 76% in the USA, and 91% in Australia. CDKN2A mutations also predispose to pancreatic cancer, with a 25% risk of developing this tumor by age 80 [49, 50]. The role of CDKN2A testing within  melanoma  genetics  is  controversial.  There  are  now  at  least  five  commercial  laboratories which offer serum- or buccal swab-based testing for germline mutations in CDKN2A (http://www. 

genetests.org). Mutations in this gene are identified in only ~1% of unselected melanoma cases, and routine genetic analysis in all melanoma patients is inappropriate. The incidence of CDKN2A mutation is quite low when using single criteria, such as the presence of clinically atypical nevi (4%), two or more primary melanomas (2%), or early onset (<40 years old) melanomas (1%), although 
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combinations  thereof  may  increase  the  rate  of  detection  significantly.  In  a  recent  study,  which reviewed the likelihood of finding CDKN2A germline mutations, it was proposed that in moderate-to-high melanoma incidence areas, (a) individuals with three or more primary cutaneous melanomas or (b) families with at least one invasive melanoma and two or more other diagnoses of melanoma and/or pancreatic cancer among first- or second-degree relatives on the same side of the family may be ideal candidates for evaluation [49]. Based on current evidence, CDKN2A testing of patients with clinically atypical nevi and/or dysplastic nevi does not appear to be useful [49]. Currently, the primary benefit of testing for CDKN2A mutations is the identification of patients and family members  who  may  benefit  from  increased  surveillance  and  intensive  skin  cancer  screening,  with  the possible earlier detection of melanoma in carriers [49–51]. The patient’s ethnicity, age at diagnosis, and other risk factors, such as sun exposure history, are important considerations. Informed consent and proper counseling must also be incorporated into any genetic testing strategy. Useful resources for familial melanoma testing are GenoMEL, an international melanoma genetics research consortium (www.genomel.org),  and  the  Huntsman  Cancer  Institute  Melanoma  and  Skin  Cancer  Program (http://www.huntsmancancer.org/group/melanomaProgram/overview.jsp). 

CDK4 Mutations

The interaction between CDK4 and cyclin D regulates passage through the G1-S checkpoint of the cell cycle [50]. p16INK4a is known to selectively inhibit CDK4. Both germline and somatic mutations of CDK4 have been found in familial melanoma and melanoma cell lines [50]. Two common mutations, p.Arg24Cys5 and p.Arg24His51, which occur in the p16-binding region, result in constitutive activation of CDK4 and cellular proliferation [50]. 

 Low-Risk Melanoma Genes

Epidemiological studies have directly linked specific phenotypic traits, such as skin pigmentation, eye  color,  and  tanning  ability  to  melanoma  predisposition  [50,  52]. Melanocortin-1-receptor (MC1R), a gene involved in skin pigmentation, has been recently implicated in melanoma susceptibility [50, 52]. Activation of MC1R, through a-melanocyte stimulating hormone (a-MSH) binding, results in increased cAMP production with upregulation of downstream melanosomal enzymes, such as tyrosinase (TYR) and tyrosinase-related protein 1 (TYRP1). Activation of this pathway stimulates melanin synthesis and a switch from basal pheomelanogenesis to eumelanogenesis, resulting in darker skin pigmentation and increased protection from ultraviolet radiation [50, 52]. MC1R is extremely polymorphic, with over 60 variant alleles identified to date. Importantly, the MC1R allelotype can influence skin and hair color, as well as susceptibility to melanoma. One of the earliest studies noted a relative risk of 3.9 for melanoma in carriers of MC1R variants compared with normal homozy-gotes [53]. Interestingly, the influence of MC1R on melanoma susceptibility appears to go beyond its effect on pigmentary phenotype [54]. MC1R may play a role as a modifier gene in melanoma risk  among  CDKN2A  mutation  carriers.  One  study  has  found  that  co-inheritance  of  CDKN2A mutations  and  MC1R  red-hair  variants  increases  the  risk  of  melanoma  from  50%  to  80%  [55]. 

Investigations have also suggested that MC1R variants increase the risk for development of BRAF-mutant melanomas [56, 57]. 

Genome-wide  association  studies  have  identified  single  nucleotide  polymorphisms  (SNPs)  or genetic  variants  in  other  pigmentation-related  genes,  including  TPCN2,  ASIP,  KITLG,  NCKX5, IRF4, OCA2, SLC24A4, TYR, and TYRP1, that are associated with variable melanoma risk and 
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confirming the importance of gene-environment interactions in tumor pathogenesis [50, 52]. BSM1, a vitamin D receptor variant, is also associated with elevated melanoma susceptibility [50]. In addition, individuals with hereditary retinoblastoma (resulting from germline RB mutations) and xeroderma pigmentosum  (resulting  from  defects  in  nucleotide  excision  repair)  are  at  increased  risk  of melanoma development [50]. 

Molecular Diagnostic Strategies

Although  we  are  likely  on  the  verge  of  some  considerable  breakthroughs  in  the  management  of metastatic melanoma, the clinical and histopathological identification of skin-localized tumors with subsequent surgical intervention remain the cornerstone of therapy for most patients. With such an emphasis placed on early detection, the number of biopsies of pigmented lesions, that are performed to exclude melanoma, continues to grow at an overwhelming rate. A recent study, addressing this issue in skin cancer clinics in Australia, estimated an average “number needed to treat” (NNT) of 30; that is, for every melanoma detected, approximately thirty biopsies to exclude melanoma are performed [58]. Based on an annual incidence of 68,720 new cases of invasive melanoma in the USA and a potential NNT of 30, it can be estimated that over 2,000,000 biopsies are performed yearly in the USA alone to exclude melanoma. 

Entire  monographs  are  devoted  to  the  histopathological  distinction  between  various  types  of melanocytic nevi and melanoma [59–61]. In the vast majority of cases, light microscopic examination can reliably distinguish benign and malignant melanocytic tumors. However, there are subsets of  nevi  that  histopathologically  simulate  melanoma,  in  addition  to  variants  of  melanoma  that resemble nevi. Importantly, there is significant interobserver variability among pathologists in the light microscopic interpretation of melanocytic tumors. A recent study of 5,136 melanocytic lesions, that  underwent  confirmatory  re-review  in  a  multidisciplinary  pigmented  lesion  clinic  setting, reported a critical change in diagnosis from malignant to benign in 1.2% of cases, and from benign to malignant in 1.1% of cases [62]. Smaller series, focusing on consult level cases, have reported discrepancies in the range of 15–25% [63]. In another study, a panel of ten expert pathologists evaluated 30 spitzoid neoplasms from 28 patients [64]. No clear consensus was obtained in 17 of the 30 

cases.  Furthermore,  some  lesions  that  were  categorized  by  the  majority  of  pathologists  as  Spitz nevus or atypical Spitz tumor proved to have fatal outcomes [64]. Based on an estimate of ~2,000,000 

biopsies performed annually in the USA to exclude melanoma, approximately 20,000–40,000 cases (1–2%) may have some level of diagnostic ambiguity. 

Among the potential roles of molecular diagnostic testing in the setting of melanocytic tumors, the  ability  to  improve  on  the  classification  of  microscopically  ambiguous  spitzoid  melanocytic neoplasms is unquestionably among the most paramount. While classic Spitz nevi and melanomas with some spitzoid features are less problematic, intermediate lesions categorized as atypical Spitz tumors  are  a  source  of  significant  controversy  and  diagnostic  dilemma  for  dermatopathologists. 

The  term  atypical  Spitz  tumor,  sometimes  referred  to  as  STUMP  (spitzoid  tumor  of  uncertain malignant potential) or MELTUMP (melanocytic tumor with uncertain malignant potential), has been adopted for cases which cannot be classified into a traditional framework of clearly benign or clearly malignant by histopathology. Importantly, there may exist a category of melanocytic tumors with an intermediate level of malignancy. The latter not only includes some spitzoid melanocytic tumors, but also cases classified as pigmented epithelioid melanocytoma. Recent studies on both of these two tumor types have shown a high tendency for lymph node (LN) involvement, including parenchymal disease, but without any evidence of further tumor progression on long-term clinical follow-up.  Ludgate  et  al. [65]  identified  LN  involvement  in  47%  of  adult  patients  with  atypical Spitz tumors, although none of these patients showed any adverse outcomes (average follow-up, 
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43.8 months). Similarly, a case series by Mandal et al. [66] of pigmented epithelioid melanocytoma identified 8 of 26 (31%) patients with LN disease, but no further tumor progression or death (average follow-up, 67 months). Advances in our understanding of the molecular similarities and differences  between  various  melanocytic  tumor  types  will  undoubtedly  improve  the  classification  of these lesions. 

 Immunohistochemistry

The most common ancillary laboratory technique used for the diagnosis of melanocytic lesions is immunohistochemistry. There is a long list of immunohistochemical stains that have been evaluated for their diagnostic and prognostic potential in this setting [67–71]. S-100 protein is the most sensitive marker of melanocytic differentiation. Other less sensitive and perhaps more specific markers include MART-1, HMB-45, MITF, and tyrosinase. MIB1 (anti-Ki-67, a marker of cellular proliferation) is also commonly used in the work-up of melanocytic lesions. Immunohistochemical studies with these markers have been employed in a number of settings, including the distinction between invasive  melanoma  versus  compound/intradermal  benign  melanocytic  nevus,  and  desmoplastic melanoma versus desmoplastic nevus or scar [67]. In addition to quantification of absolute numbers of cells staining, a consideration of the pattern (patchy  vs.  diffuse) and localization (maturational gradient)  of  reactivity  for  some  antibodies  (i.e.,  HMB-45,  Ki-67)  is  employed  [67]. 

Immunohistochemistry is also routinely used in the staging of melanoma, such as to detect microscopic foci of melanoma cells in LNs and/or distinguish between metastatic melanoma and capsular nevus  (see  Chap.  6).  However,  there  is  no  single  marker  or  panel  of  markers  that  unequivocally proves  the  diagnosis  of  melanoma  or  benign  melanocytic  nevus  [67,  68].  In  addition,  numerous immunohistochemical  studies  have  assessed  the  potential  prognostic  value  of  protein  expression analysis in melanomas [69–71]. This is because the stratification of patients with localized (stages I-II)  disease  based  on  histopathological  variables  (i.e.,  depth  of  invasion,  ulceration)  results  in  a wide range of 10-year melanoma-specific survival rates. With the possible exception of Ki-67, no immunohistochemical marker is routinely used in this setting. A recent review by Gould Rothberg and Rimm [70] identified 101 proteins that may be good candidates for prognostic discrimination in melanoma. However, the authors point out that evaluations of these proteins in methodologically robust prognostic studies will be required to determine their clinical potential as independent prognostic markers in patients with skin-localized tumors [70]. 

 Comparative Genomic Hybridization

Both  classic  metaphase  chromosome-based  and  array-based  comparative  genomic  hybridization (CGH) methods have been used to analyze melanocytic neoplasms for the presence of copy number alterations (gains or losses) in all chromosomal segments (Figs. 5.2–5.4). Using these techniques, Bastian et al. [72] have shown that ~96% of melanomas harbor chromosomal copy number aberrations (Table 5.1). Frequent copy number alterations in melanoma include deletions of chromosomes 9p (82%), 10q (63%), 6q (28%), and 8p (22%), and gains of chromosomes 7 (50%), 8 (34%), 6p (28%), and 1q (25%). In contrast, benign melanocytic nevi rarely show copy number alterations by CGH (or karyotyping) (Table 5.2). Spitz nevi may demonstrate isolated gains in 11p (locus of the HRAS gene) in ~10–20% of cases and gains of 7q in a small percentage of examples, using classic and array CGH [45, 73, 74]. 11p gain has been confirmed by FISH analysis of a Spitz nevus 

[73].  Typical  Spitz  nevi  rarely  show  copy  number  gains  involving  both  7q  and  11p  in  the  same 
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Fig. 5.2  (a) Array comparative genomic hybridization ( CGH) profile of a primary melanoma.  Dashed lines represent the upper and lower thresholds. Clear homozygous deletions are detected at chromosome 9p, including the 9p21.3 

region covering the CDKN2A gene. DNA gains are seen on chromosomes 1, 8q, and 17q. (b)  Zoom-in on chromosome 9 displaying deletion of the 9p21.1-9p23 region (Courtesy of Prof. Margit Balázs, Department of Preventive Medicine, University of Debrecen, Debrecen, Hungary)

Fig. 5.3  Array comparative genomic hybridization ( CGH) result on chromosome 11 of a primary melanoma. High-level amplification of the 11q13 sequence covering the CCND1 gene is clearly visible. Color image shows high-level amplification of CCND1 by fluorescence in situ hybridization ( FISH) ( green = centromere 11;  red = the CCND1 

gene). DNA for array CGH and tumor cells for FISH analysis were obtained from the same patient (Courtesy of Prof. 

Margit Balázs, Department of Preventive Medicine, University of Debrecen, Debrecen, Hungary)
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Fig. 5.4  Array comparative genomic hybridization ( CGH) demonstrating that melanocytic skin lesions associated with the development of metastases ( n = 3;  upper panel) show significantly more chromosomal aberrations compared with melanocytic skin lesions without the development of metastases ( n = 5;  lower panel). All three melanocytic  lesions  with  malignant  clinical  behavior  showed  gains  of  chromosomes  7p22,  9q34,  11p15,  11q13,  14q32, 16q13, 17q25, 19p13, and 20q13.  Red bars indicate chromosomal gains;  green bars indicate chromosomal losses (Courtesy of Drs. Timo Gaiser, Maria R. Becker, Heinz Kutzner and Thomas Wiesner, University of Heidelberg, Heidelberg,  Germany;  Dermatopathologie  Friedrichshafen,  Friedrichshafen,  Germany;  and  Medical  University  of Graz, Graz, Austria)

tumor [73]. Studies by Takata et al. [75] and Harvell et al. [76] have confirmed the utility of both classic  and  array  CGH  in  the  distinction  of  formalin-fixed  paraffin-embedded  (FFPE)  spitzoid melanocytic neoplasms and melanoma. In another study, Ali et al. [73] demonstrated gain of 19p in an atypical Spitz tumor by array CGH. This 1 cm nodule arose in a 6-year-old boy, and was 
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characterized by focal ulceration, a sheet-like proliferation of spitzoid cells in the dermis, minimal maturation, and mitotic activity (including near the base of the lesion). The patient’s sentinel LN 

(SLN) showed bulky involvement by tumor [73]. Therefore, the presence of single or limited copy number aberrations may be characteristic of some intermediate or borderline malignant tumors. In contrast, melanomas with spitzoid features show multiple chromosomal copy number aberrations (i.e., +6p, +17q, −1p, −15p), as found in conventional melanomas [73]. In this regard, Mihic-Probst et al. [77] used CGH to re-evaluate a spitzoid primary tumor which later metastasized – demonstrating 6q and 9p deletions in the primary lesion, with additional 10p and 10q deletions, and chromosome 7 gain, in the metastasis. The authors suggested that the malignant nature of this lesion might have been determined if CGH was employed in the initial work-up [77]. Vincek et al. [74] used array CGH to analyze DNA extracted from laser-capture microdissected level I (in situ) and level III (invasive) melanomas. In situ melanomas demonstrated deletions (13q and 16q) and duplications that were limited in size compared with invasive melanomas. Balázs et al. [78] also confirmed that the average number of chromosomal copy number alterations was less in melanomas of <4 mm in thickness (4.4 ± 4.5) compared with those of >4 mm in thickness (7.4 ± 3.7), although the difference was not statistically significant (Figs. 5.2 and 5.3). Maize et al. [79] used CGH to show that unequivocally benign or malignant blue nevus-like proliferations show non-overlapping patterns of chromosomal  aberrations,  and  that  ambiguous  tumors  could  be  separated  into  lesions  with  and without genomic changes. CGH has also been employed in the evaluation of proliferative nodules (PNs) arising in congenital nevi [80, 81]. These lesions can show strikingly concerning features, such as expansile nodular proliferations of atypical melanocytes with many mitotic figures, but are typically  benign  and  resolve  spontaneously  within  a  number  of  months.  PNs  frequently  demonstrate whole copy number aberrations by CGH, particularly losses of chromosomes 7, 9, and 10 

[80]. This is in contrast to melanoma, which is characterized by aberrations involving chromosomal fragments.  Although  whole  chromosomal  aberrations  can  also  be  found  in  melanoma,  they  are almost always accompanied by chromosomal fragment alterations. True melanomas arising in congenital nevi show aberrations in chromosomal fragments that are identical to those seen in conventional melanomas. Chromosomal fragment changes are typically associated with abnormalities in the handling of double-stranded DNA breaks, whereas aberrations involving whole chromosomes (as  seen  in  PNs)  may  result  from  a  malfunction  of  chromosomal  segregation,  with  intact  DNA check-points eventually halting the proliferation of aneuploid cells [45, 80]. 

CGH  assays  could  also  be  potentially  used  to  stratified  patients  into  prognostically  relevant groups.  Balázs  et  al.  [78]  reported  that  the  number  of  genetic  alterations  detected  by  CGH  was significantly higher in primary melanomas which metastasized within the first year after surgery (7.8 ± 4.1) compared to tumors without metastasis during the same time period (2.0 ± 1.4). Gaiser et al. [82] demonstrated that histopathologically ambiguous melanocytic tumors which metastasized had  significantly  more  chromosomal  aberrations  by  array  CGH  than  those  lesions  that  did  not develop metastasis (Fig. 5.4). These studies confirm that aggressive behavior among melanocytic tumors is associated with the accumulation of multiple genetic events. In addition, chromosomal aberrations, which have been found to differ between primary and metastatic lesions, could represent potential targets to uncover metastases-related genomic changes [78]. 

The introduction of CGH was a major advancement in the diagnostic analysis of melanocytic neoplasms, with this technique being used as a clinical tool to distinguish benign from malignant tumors. One advantage of CGH is its ability to screen the entire genome for areas of copy number alterations. Additionally, CGH has high specificity; in order to meet the lower limits of resolution and be detected by this methodology, the aberration must be highly characteristic of the cell population studied. However, CGH is cumbersome and time-consuming, and DNA must be extracted from dissected tumor cells for analysis. Therefore, one cannot directly visualize the population(s) of cells with abnormal copy number changes. Additionally, the limits of resolution for the identification of copy number alterations are less than with some other molecular assays, such as FISH. 
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This could be an issue if, for example, several melanocytic cell populations exist in a lesion, with only one of them being malignant and having chromosomal aberrations (i.e., melanoma arising in a  melanocytic  nevus).  Significant,  but  focal,  chromosomal  gains  or  losses  could  be  masked  as  a result of testing procedures (i.e., analysis of DNA from both benign and malignant cells in one reaction). Finally, CGH requires a significant tumor cell population to be present for adequate DNA extraction; therefore, superficial and/or smaller lesions may not yield informative results. 

 Fluorescence In situ Hybridization

The development of a FISH assay for melanoma diagnostics was initiated by combinatorial analysis of CGH data, in an effort to identify the chromosomal loci most frequently altered in melanoma, but not in melanocytic nevi [83]. The first commercially available probe set for FISH analysis of melanocytic tumors began with 14 chromosomal loci as potential targets. For the loci that are commonly gained, a well-recognized oncogene from that region was used as a FISH target. Similarly, for those loci that are commonly deleted, a well-known tumor suppressor gene from that region was selected. 

Fluorescent probes to all 14 targets were obtained. The probes were arranged in multiple four-probe panels and applied to a series of 97 melanomas and 95 melanocytic nevi. After examining a large number of potential parameters, probes targeting 6p25 (RREB1), 6q23 (MYB), 11q13 (CCND1), and centromere  6  (CEP6)  were  selected  as  the  best  combination  for  distinguishing  melanoma  from melanocytic nevi [83]. RREB1 (also known as RAS-responsive element binding protein 1 and Raf responsive zinc finger protein) is a transcription factor which binds specifically to the distal RAS-responsive element (RRE) in the calcitonin gene promoter, leading to an increase in the RAS/RAF-mediated transcriptional response of that promoter; MYB encodes another transcription factor; and CCND1 (cyclin D1 proto-oncogene) plays a role in G1-S phase check-point transition. The CEP6 

probe is included as a control for the ploidy status of chromosome 6. These probes were then applied to an additional cohort of melanoma and melanocytic nevi to determine ideal cut-off values for distinguishing these groups. A test result was considered positive for melanoma if any of the following criteria were met: (a) >29% of enumerated cells had gains in RREB1; (b) >55% of enumerated cells had more copies of RREB1 than CEP6; (c) >40% of enumerated cells had fewer copies of MYB than CEP6; or (d) >38% of enumerated cells had gains in CCND1. These criteria were later validated on a third set of melanocytic tumors, demonstrating a sensitivity of 86.7% and specificity of 95.4% for these four probes in distinguishing melanoma from benign melanocytic nevi [83]. The four selected probes and the predetermined criteria were then applied to a set of 27 melanocytic neoplasms with conflicting/ambiguous histopathological features [83]. Among these 27 cases, 6 resulted in bulky LN 

metastasis, distant metastasis, or death. The remaining 21 cases showed no evidence of progression with 5-year follow-up. The test successfully identified all six of the metastasizing cases, although 6 

of 21 (29%) non-metastasizing lesions also tested positive with the four-probe set [83]. 

This four-probe assay has been subsequently employed in a number of interesting and clinically challenging scenarios (Figs. 5.5 and 5.6), including the distinction of mitotically active nevi from nevoid melanoma [84], epithelioid blue nevi from blue nevus-like cutaneous melanoma metastases 

[85], and  intranodal  melanocytic  nevi  from  melanoma  metastases  to  LNs  (see  Chap.  6)  [86]. 

Furthermore, the assay has been used in the evaluation of superficial melanocytic neoplasms with pagetoid melanocytosis (i.e., pagetoid Spitz nevi,  de novo epithelioid melanocytic dysplasia, and melanoma) [87]; to assess a nevus of Ota which showed progressive evolution to melanoma with intermediate stages resembling a cellular blue nevus [46]; and to objectively determine Breslow thickness and microstage melanoma (i.e., distinguish malignant  vs.  benign components of a tumor, in which a melanoma arose in association with a melanocytic nevus) [88]. In addition, this four-probe test has provided insights into some recently recognized subtypes of melanocytic neoplasms, 
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Fig. 5.5  (a) Low-power view 

of hematoxylin and eosin 

( H&E) stained section of an 

atypical intradermal melano-

cytic tumor. The lesion is 

large, multinodular and lacks 

definitive evidence of “matu-

ration,” concerning for mela-

noma. However, no 

associated epidermal compo-

nent is identified. (b) High-

power view demonstrating 

enlarged monomorphous epi-

thelioid cells without signifi-

cant mitotic activity. (c) 

Fluorescence in situ hybrid-

ization ( FISH) analysis with 

6p25 probe (RREB1; red sig-

nal) and 6q23 probe (MYB; 

gold signal). This tumor 

shows clear gains of 6p25 

relative to 6q23, with signifi-

cant chromosome 6 imbal-

ance likely a result of an 

isochromosome 6

such as lentiginous junctional melanoma of the elderly [89]. These latter lesions show chromosomal copy number aberrations by FISH, with the same frequency as other subtypes of melanomas, supporting their classification as malignant tumors [89]. A number of other groups have also demonstrated the value of FISH analysis, using the four-probe set, in the diagnosis and stratification of melanocytic tumors that are difficult to classify by conventional light microscopy (Figs. 5.7 and 5.8) 

[82, 90–95]. A further application of FISH is the use of 11q13- and 5p15-directed probes to evaluate for the presence of morphologically normal, but genetically aberrant melanocytes at acral sites; and therefore, define either (a) histopathologically unrecognizable early lesions of acral lentiginous melanoma in situ or (b) the surgical margins of acral lentiginous melanoma excisions (see Chap. 

9) [96, 97]. These genetically aberrant epidermal melanocytes, or “field cells,” are thought to progress through the same evolutionary phases as the primary tumor, and lead to recurrence at the excision site if not completely removed (Fig. 9.1) [97]. 
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Fig. 5.6  (a) Hematoxylin 

and eosin ( H&E) stained sec-

tion of a changing melano-

cytic neoplasm. (b) The 

expansile nodular area in the 

dermis ( inset) shows uniform 

copy number gains of 11q13 

(CCND1; green signal)

A number of issues must be considered when using FISH as an adjunct tool in the work-up of melanocytic lesions. Firstly, 5 to 10% of benign Spitz nevi may have sufficient numbers of tetraploid cells to result in a false-positive fish test, if not recognized by the evaluating pathologist [98]. One must be aware of this potential pitfall to avoid an overdiagnosis of melanoma. Future studies may determine  if  polyploid  Spitz  nevi  differ  in  their  biological  behavior  compared  with  their  diploid counterparts. In addition, because melanocytic tumors are heterogeneous in the molecular pathways that  lead  to  melanoma  development,  it  is  likely  that  different  clinical-histopathological  subtypes show variable propensities for specific chromosomal aberrations. In this regard, the diagnostic sensitivity of FISH, using probes targeting 6p25, 6q23, 11q13, and CEP6, has been shown to vary among melanoma subtypes [99]. The four-probe assay shows the greatest sensitivity in the acral lentiginous (100%) and nodular (91%) subgroups of melanoma, and the least sensitivity in the lentigo maligna (82%) and superficial spreading (81%) subtypes [99]. Of note, 11q13 gain is more commonly identified  in  melanocytic  lesions  from  chronically  sun-damaged  skin  compared  with  those  from  non-chronically sun-damaged skin [99]. Gain of 6p25 shows the highest sensitivity both overall and in each subtype [99]. Another FISH study by Glatz-Krieger et al. [100] also identified anatomic site-specific patterns of gene copy number gains (CCND1, MDM2 and MYC) in melanomas. 

Gerami  et  al.  [83]  demonstrated  a  significant  difference  in  metastasis-free  survival  between test-positive  and  test-negative  cases  with  ambiguous  pathology,  using  the  four-probe  assay.  The criteria employed by Gerami et al. [83] were formulated using 4 cohorts of data in a multi-institutional effort, which included researchers from Northwestern University, Chicago and the University of California at San Francisco. With a different set of diagnostic criteria, Gaiser et al. [82] found less concordance between FISH results and clinical outcome. Additional multi-institutional studies 
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Fig. 5.7  (a) Nests of mela-

noma cells are identified by 

comparing the hematoxylin 

and eosin ( H&E) image and 

4¢,6-diamidino-2-

phenylindole ( DAPI)-pattern 

( inset). (b) Loss of 6q23 

(MYB; gold signal) relative 

to centromere 6 (CEP6; aqua 

signal) in ~80% of melanoma 

cells. (c) Gain of 11q13 

(CCND1; green signal, 

average 2.5); with gain or 

loss of 6p25 (RREB1; red 

signal) in ~75% of  

melanoma cells (Courtesy  

of Drs. Anne-Katrin 

Zimmermann and Joachim 

Diebold, Department of 

Pathology, University 

Hospital Zurich, Zurich; and 

Institute of Pathology, 

Cantonal Hospital Lucerne, 

Switzerland)

with larger cohorts are needed to further evaluate the use of FISH in separating ambiguous melanocytic neoplasms into distinct prognostic categories. A possible modification of the probe composition and greater standardization could lead to more sensitive and specific diagnostic testing strategies. It is important to interpret the results of fish analyses within the context of the clinical-histopathological features of any lesion. 

It has yet to be determined whether the current four-probe set offers prognostic information in conventional melanomas. Anecdotally, we have previously noted that subsets of melanomas may contain extensive amplification of CCND1, in the form of either double-minute chromatin bodies (dmins) or homogeneous staining regions (HSRs) [101, 102]. It is hypothesized that these changes may be associated  with  increased  tumorigenicity  and  possibly  portend  a  worse  prognosis,  although  this matter requires further study. 

FISH has also been used to test for targets on chromosomes 1, 3, 4, 6, 7, 8, 9, 10, 11, 12, 17, 18, and 20 to distinguish different subtypes of melanocytic tumors, and to determine genetic alterations 
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Fig. 5.8  (a) Aneuploidy: flu-

orescence in situ hybridiza-

tion ( FISH) positive for 

6p25-RREB1, CEP6, and 

6q23-MYB; the number of 

red, aqua, and gold signals 

suggests an aneuploid pat-

tern, supporting the diagnosis 

of a malignant melanocytic 

proliferation. (b) Aneuploidy: 

FISH positive for CEP6 and 

6q23-MYB; the number of 

aqua and gold signals  

suggests an aneuploid pat-

tern, supporting the diagnosis 

of a malignant melanocytic 

proliferation. (c) Diploid: 

FISH negative; the number  

of signals suggests a diploid  

pattern (Courtesy of Drs. 

Sebastiana Boi and Silvia 

Fasanella, Department of 

Pathology, Santa Chiara 

Hospital, Trento, Italy)

associated with melanoma progression [103–109]. In some studies, findings were correlated with the  results  of  immunohistochemistry,  CGH,  or  other  technologies  [104,  108,  109]. For  example, deletion of 9p21 is reported in the majority (84%) of melanomas, and is detected at similar frequencies in both early- and late-stage tumors [103]. In addition, partial heterozygous deletions of 9p21 

have been found by FISH in subsets of spitzoid melanocytic lesions [104]. Alterations of 9p21 were reported as useful in the differentiation of atypical spitzoid lesions from Spitz nevi, but not in the prediction of their biological behavior [104]. Further studies are needed to determine if higher levels of heterozygous deletions or homozygous deletions can be seen in spitzoid tumors, and whether such  alterations  can  determine  prognosis  in  these  lesions.  Another  recent  FISH  study  identified topoisomerase 1 (TOP1; 20q12-q13) amplification in 32–38% of melanomas – a finding associated with  thicker  tumors  and  poor  prognosis  [105].  In  addition,  a  variant  of  the  in  situ  hybridization 
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methodology, known as chromogenic in situ hybridization (CISH), has been used to determine melastatin  (MLSN)  expression,  a  marker  of  disease  progression/aggressiveness,  in  melanomas (Fig. 3.8) [110]. FISH and other technologies have also demonstrated some utility in the molecular staging of melanoma, and the distinction of a secondary primary tumor from a cutaneous metastasis (see  Chap.  6).  Finally,  molecular  detection  of  EWS  gene  rearrangements  by  FISH  and  reverse transcription-polymerase chain reaction (RT-PCR) can be used to distinguish melanoma from clear cell sarcoma (CCS) (see Chap. 8) [111–116]. This distinction is important due to different treatment regimens and prognoses (i.e., 5-year survival rates of 48–67% for CCS). However, the differentiation  of  these  two  tumors  can  be  extremely  difficult,  since  they  are  usually  indistinguishable  by morphologic (i.e., presence of melanin), histochemical, immunohistochemical (i.e., S100+/HMB-45+), and ultrastructural (i.e., presence of pre-melanosomes) features. The t(12;22)(q13;q12) translocation is the hallmark of CCS, present in >90% of cases, and resulting in the production of an EWS-ATF1 fusion gene (Fig. 8.3) [111–116]. The t(2;22)(q33;q12) translocation is present in <10% 

of  CCS  cases,  resulting  in  an  EWS-CREB1  fusion  gene  [111–116]. These  translocations  and/or their  resulting  fusion  genes  have  not  been  documented  in  cutaneous  melanoma  [115,  116]. 

Consequently, the presence of EWS-ATF1 or EWS-CREB1 fusion genes can be used to definitively differentiate CCS from melanoma. 

Several studies in multiple cancer types have now noted an association between activating gene mutations and local copy number aberrations of the same chromosomal locus [20, 117]. For example, BRAF-mutant melanomas frequently show gains of 7q (the site of BRAF) [20]. The recognition of specific patterns of mutations and related copy number alterations could reveal homogeneous subtypes of melanoma, further enhancing the classification of these tumors (Table 5.1). 

 DNA Microarray Technology

Over the past decade, a number of studies have employed cDNA/oligonucleotide microarray-based gene expression analysis to investigate melanoma pathogenesis and progression [118–140]. This technology has been used to determine molecular alterations between benign nevomelanocytes and melanoma,  subsets  of  dysplastic  melanocytic  nevi,  RGP  and  VGP  melanoma,  and  primary  and metastatic  tumors.  In  addition,  microarray-based  studies  have  assessed  changes  in  transcriptome patterns as a function of therapeutic intervention, guided treatment strategies for in-transit metastatic melanoma, and identified markers related to prognosis. An in-depth review of all gene expression profiling investigations in melanocytic tumors is beyond the scope of this chapter. However, from the vast amount of data collected, a number of interesting discoveries have been made and hypotheses  generated.  For  example,  gene  expression  profiling  has  determined  that  individual lesions can show altered biological processes (i.e., apoptosis and/or transcription regulation), that are not associated with specific histopathological subtypes, but rather with subgroups of samples without apparent relationship (i.e., two classes of dysplastic nevi appear to exist with transcriptional profiles similar to either RGP or VGP melanoma) [121]. Other studies have suggested that transcript  levels  among  primary  melanomas  of  different  Breslow  thickness  are  dynamic,  and  that  a transition point of tumor progression exists where a distinct set of gene expression change occurs 

[120, 122]. In addition, a phenotype-switching model for melanoma progression has been proposed, in  which  cells  can  transition  back-and-forth  between  proliferative  and  invasive  states  [123]. 

However, results have been largely inconsistent and not reproducible across transcriptome investigations.  This  is  likely  the  result  of  different  study  parameters  employed  (i.e.,  experimental  platforms  and  protocols,  cell  lines   vs.   tissue  samples,  fresh/frozen   vs.  FFPE  tissue,  and  statistical analyses) [118–140]. Nonetheless, a number of studies will be discussed vis-à-vis the application of microarray technology for diagnostic and prognostic purposes in the clinical setting. 
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In an early study of 45 primary melanomas and 18 benign melanocytic nevi, Talantov et al. [124] 

identified  novel  melanoma-specific  genes,  and  confirmed  the  utility  of  a  two-gene  (PLAB  and L1CAM) RT-PCR assay to distinguish between benign and malignant melanocytes in skin and LN 

samples. Importantly, these two markers showed superior performance compared with those commonly  employed  to  determine  melanocytic  differentiation,  such  as  TYR,  gp100,  and  MART-1 

[124]. Koh et al. [125] successfully used archival FFPE tissues for microarray analysis, and also identified genes that were differentially expressed in melanomas and melanocytic nevi. However, in contrast to the study by Talantov et al. [124], expression of L1CAM was found to be decreased in melanomas [125]. In another report, Kashani-Sabet et al. [126] described an immunohistochemistry-based  diagnostic  assay  for  melanocytic  tumors,  using  five  markers  [ARPC2,  FN1,  RGS1, WNT2, and SPP1 (osteopontin)] whose transcripts were found to be overexpressed in melanomas by prior gene expression profiling [127]. Both the intensity and pattern of expression of each marker were noted to be significantly different between melanomas and melanocytic nevi [127]. Based on comparison with the actual histopathological diagnoses, this commercially available multimarker assay is reported to show 95% specificity and 97% sensitivity for diagnosing melanomas arising in melanocytic nevi, 95% accuracy in identifying both Spitz nevi and dysplastic nevi, and 75% accuracy  in  correctly  diagnosing  previously  misinterpreted  melanocytic  lesions  [126,  128]. Finally, another company is offering a patented combined noninvasive/tape-stripping and gene-based assay (MelDTect™) for the detection of melanoma [129]. RNA is harvested from the surface layer of the skin, without the need for biopsy, and analyzed using a 19-gene classifier. This test is purported to demonstrate a sensitivity of 100% and a specificity of 88% in discriminating melanomas from melanocytic nevi (Sherman Chang, Ph.D., personal communication, 2010) [129]. 

DNA microarray technology has also been used to identify supplemental prognostic indicators to the Breslow thickness, as well as biomarkers of patient survival and treatment response. The most  extensive  study  of  this  type  was  conducted  on  behalf  of  the  Melanoma  Group  of  the European  Organization  for  the  Research  and  Treatment  of  Cancer  (EORTC)  [130]. This  group collected  83  primary  melanomas  from  58  patients,  and  used  an  oligonucleotide-based  array  to identify  254  genes  that  were  associated  with  distant  metastasis-free  survival.  Twenty  three  of these genes were studied at the protein level by immunohistochemistry, with the expression of five markers (MCM4, MCM3, MCM6, KPNA2, and geminin) found to be statistically associated with overall survival [130]. In multivariate regression analysis adjusted for tumor thickness, ulceration, age and sex, the expression of MCM4 and MCM6 were still significantly associated with overall survival in these patients [130]. A follow-up investigation by Kauffmann et al. [131] on 60 fresh/

frozen primary melanomas (with and without metastases) determined that differential expression of 48 genes (predominantly overexpression of DNA repair genes) was associated with metastatic progression  and  poor  prognosis.  Gene  expression  profiling  studies  by  Conway  et  al.  [132]  and Jewell et al. [133], on FFPE primary melanomas, confirmed that upregulation of SPP1 and DNA repair genes (predominantly those involved in double-strand break repair, RAD51, RAD52, and TOP2A) were associated with poor prognostic histopathological features and predicted reduced relapse-free survival. These data support the hypothesis that maintenance of genomic stability (via intact DNA repair pathways) is required for melanoma progression, and influences response to chemotherapeutic  agents  and  radiotherapy  [131,  133, 134]. From  their  prior  cDNA  microarray studies  [128],  Kashani-Sabet  et  al. [135]  also  described  a  three-marker  (NCOA3,  SPP1,  and RGS1)  immunohistochemistry-based  assay  with  independent  prognostic  significance  vis-à-vis SLN  status  and  disease-specific  survival  in  patients  with  primary  melanoma.  In  another  study, Mandruzzato  et  al.  [136]  correlated  gene  expression  to  survival  in  a  cohort  of  38  melanoma patients with metastatic disease (stages III and IV). A 30-probe-set survival prediction model was generated.  Transcripts  overexpressed  in  patients  with  longer  survival  included  those  associated with  innate  and  acquired  immunity  (i.e.,  IL-4R,  TNFAIP3,  CD2),  confirming  the  interplay between immunological mechanisms and the biological behavior of melanoma. In contrast, the 
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poor-survival group was characterized by the expression of genes related to cellular proliferation and  tissue  invasion  (i.e.,  GJB2,  CSPG4,  MCM3)  [136].  Investigations  by  John  et  al. [137], Bogunovic et al. [138], and Jönsson et al. [139] have also determined that transcriptome profiles are capable of distinguishing clinical outcomes in patients with metastatic melanoma. These studies  have  included  both  treated  (i.e.,  radiotherapy,  immunotherapy,  and/or  chemotherapy)  and untreated patients with metastatic disease [136-139]. Finally, Augustine et al. [140] reported that gene expression signatures can be used to predict response to chemotherapy in patients with in-transit metastatic melanoma. Results of microarray-based studies indicate that metastatic melanoma  is  biologically  diverse,  and  reiterate  the  importance  of  tailoring  clinical  trials  to  the molecular and cellular profiles of tumors in individual patients. 

 Epigenetic Biomarkers in Melanoma

Epigenetics  refers  to  heritable  changes  in  gene  expression  without  an  alteration  in  the  primary sequence of genomic DNA. Modifications of genomic DNA methylation patterns (i.e., gene-specific hypermethylation and genome-wide hypomethylation), post-translational modifications of histones, and  microRNA  (miRNA)  profiles  are  epigenetic  alterations  that  are  associated  with  melanoma pathobiology (reviewed in references [141–145]). Methylation usually takes place at so-called CpG 

islands, or regions of DNA rich in cytosine-guanine repeats, that are commonly located near the 5¢ 

promoter regions of genes. CpG hypermethylation often results in an inhibition of tumor suppressor gene transcription. To date, ~80 genes have been shown to be associated with altered DNA methylation status in melanoma [141]. In addition, ~29 genes potentially regulated by histone modifications have also been described for this tumor [141]. MiRNAs are small, noncoding RNAs (~21–25 nucleotides in length) which inhibit RNA translation or promote RNA degradation. The list of miRNAs known to be altered in melanoma continues to grow [144, 145]. These epigenetic modifications play an important role in tumor development and progression by affecting key cellular pathways, including cell cycle regulation, signaling mechanisms, differentiation, DNA repair, apoptosis, invasion, and immune recognition. 

Similar  to  transcriptomic-based  strategies,  epigenetic  investigations  are  identifying  changes associated with different stages of the melanoma progression pathway. For example, some epigenetic alterations are found with similar frequencies in primary and metastatic tumors (i.e., RAR-b2 

methylation),  suggesting  that  their  modification  is  an  early  event  in  melanoma.  Others  show higher frequencies in advanced disease (i.e., MGMT, RASSF1A and DAPK methylation, ↑ miR-182, ↑ miR-122/222), supporting their role in melanoma progression [141]. Importantly, studies are identifying diagnostic, prognostic, and predictive markers that could have future implementation  in  the  clinical  management  of  melanoma  patients.  In  addition,  investigations  continue  to uncover novel therapeutic targets and promote the development of drugs with more specific epigenetic  effects  (i.e.,  pharmacologic  inhibition  of  DNA  methyltransferases  and/or  histone  deacetylases) [141–145]. 

There have been relatively few attempts to exploit epigenetic changes as diagnostic markers of melanocytic  tumors.  Takata  et  al. [146]  used  methylation-specific  multiplex  ligation-dependent probe  amplification  (MLPA)  to  assess  the  promoter  CpG  methylation  status  of  25  known  tumor suppressor genes in a series of melanomas and spitzoid melanocytic tumors. CpG methylation of multiple genes, including RARB, CDKN2A, CDKN2B, PTEN, RASSF1, TIMP3, and GSTP1, was identified in 10 of 24 primary melanomas, but in none of the Spitz nevi or atypical Spitz tumors examined. Because CpG methylation can be detected in archival FFPE tissue using rapid and sensitive methylation-specific PCR, the authors suggested that it may be promising adjunct diagnostic tool for melanocytic tumors [146]. 
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Other  studies  have  proposed  that  methylation  patterns  in  melanoma  may  be  used  to  identify biomarkers  for  diagnosis,  prediction  of  disease  outcome,  and/or  response  to  therapy  [141].  For example,  assessments  of  the  methylation  status  of  TSPY1,  CYBA,  MX1,  MT2A,  RPL37A, HSPB1, FABP5, and BAGE have been promoted as diagnostic and/or prognostic tools for melanoma  [141]. In  a  study  of  230  primary  melanomas,  Lahtz  et  al.  [147]  determined  that  PTEN 

methylation status is an independent predictor of impaired patient survival, although its prognostic relevance was not superior to histopathological parameters (i.e., tumor thickness and ulceration). 

In contrast, aberrant hypermethylation of the MINT31 locus was recently found to correlate with improved overall survival in melanoma patients with stage III disease [141, 148]. As discussed in Chap. 6, the methylation status of a number of genes in the peripheral blood of melanoma patients has also been studied. Serum methylated ER-a is noted to be a negative predictor of overall and progression-free survival in stage IV melanoma patients treated with biochemotherapy (dacarbazine or temozolomide, cisplatin, vinblastine, IFN-a2b, IL-2, and tamoxifen) [141, 149]. Circulating methylated RASSF1A is also found to inversely correlate with overall survival and response to biochemotherapy in melanoma patients [141, 150]. With regard to biomarkers that predict therapeutic response, the methylation status of TP73 is reported to be associated with increased  in vitro sensitivity of melanoma cells to alkylating agents, including cisplatin [141, 151]. Finally, a trend toward a positive correlation is found between MGMT promoter methylation levels of ³25% and the achievement of partial clinical responses to the alkylating agent temozolomide in patients with melanoma [141, 152]. 

In addition to identifying specific miRNAs that contribute to tumor pathogenesis, a number of  studies  have  investigated  the  diagnostic  and/or  prognostic  utility  of  miRNA  signatures  in melanocytic lesions [144, 145]. Lu et al. [153] and Rosenfeld et al. [154] reported that poorly differentiated tumors and metastatic tumors of unknown primary origin, including melanoma samples,  could  be  accurately  classified  on  the  basis  of  their  miRNA  profiles.  Satzger  et  al. 

[155] reported differential miRNA expression between benign and malignant melanocytic proliferations. Of note, miR-15b and miR-210 were significantly upregulated, and miR-34a was significantly downregulated, in melanomas compared with melanocytic nevi. In addition, elevated expression of miR-15b correlated with poor recurrence-free survival and overall survival in melanoma patients [155]. Jukic et al. [156] and Schultz et al. [157] have also identified ~72 

miRNAs  that  are  differentially  expressed  between  melanoma  and  melanocytic  nevi.  Of  note, members of the let-7 family of miRNAs are significantly downregulated in primary melanomas as compared with benign nevi, suggesting possible tumor suppressor roles for these molecules in melanoma [157]. Segura et al. [158] identified an 18-miRNA signature in FFPE melanoma metastases whose overexpression was significantly correlated with longer survival. A focused 6-miRNA  signature  (miR-150,  miR-342-3p,  miR-455-3p,  miR-145,  miR-155,  and  miR-497) was shown to significantly stratify stage III patients into “better” and “worse” prognostic categories.  This  signature  was  found  to  be  an  independent  predictor  of  survival  by  multivariate Cox regression analysis [158]. Differentially expressed miRNAs were also observed in the corresponding  primary  tumors,  suggesting  that  the  miRNA  signature  could  have  a  role  in  the prognostication  of  early  cutaneous  lesions  [158].  Analyzing  LN  metastases,  Caramuta  et  al. 

[159]  determined  that  melanomas  from  patients  with  poor  survival  showed  low  expression  of miR-191,  whereas  miR-193b,  miR-365,  miR-338,  let-7i,  and  miR-193a  were  overexpressed (Fig. 5.9). Interestingly, low expression of specific miRNAs was noted to be associated with mutations of either BRAF (miR-193a, miR-338, miR-565) or NRAS (miR-663). However, differentially expressed miRNAs did not significantly correlate with age at diagnosis, gender, or the Breslow thickness of primary melanomas in their study [159]. Jukic et al. [156] also demonstrated  that  the  miRNA  expression  profiles  of  primary  melanomas  differ  among  older  and younger patients. Despite a limited set of tumor samples, LN disease in both age groups was 
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Fig. 5.9  Associations between microRNA expression levels and survival in melanoma. Kaplan-Meier plots  illustrating significant associations between low miR-191 ( top panel) and high miR-193b ( bottom panel) expression and poor melanoma-specific survival in a cohort of 32 melanoma cases. High or low expression levels of the two microRNAs were determined by quantitative reverse transcription-polymerase chain reaction ( qRT-PCR) analyses. Differences in survival were calculated using log-rank test (Courtesy of Dr. Stefano Caramuta, Department of Molecular Medicine and Surgery, Karolinska University Hospital, Stockholm, Sweden)

characterized by statistically significant upregulation of miR-204 and miR-30a* (* = derived from  opposing  arm  of  pre-miRNA)  [156]. Finally,  miRNAs  have  been  shown  to  be  stable in  serum,  and  may  potentially  serve  as  biomarkers  of  disease  in  such  samples  (see  Chap.  6) 

[160, 161]. 
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 Other Molecular Technologies

Analyses of loss of heterozygosity (LOH) or allelic imbalance (AI) reveal the presence of deletions or gains of specific alleles. PCR amplification of microsatellite polymorphic markers followed by gel electrophoresis is typically used for this analysis, and easily performed with DNA obtained from FFPE tissues. Healy et al. [162] allelotyped 41 primary cutaneous melanomas and 32 benign melanocytic  nevi  using  45  microsatellite  markers  that  spanned  all  autosomal  arms.  Frequent  AI  on several chromosomal arms, including 9p, 10q, 6q, and 18q, was identified in primary melanomas. 

In  contrast,  30  of  32  melanocytic  nevi  showed  no  AI.  Two  nevi  with  atypical  histopathological features demonstrated AI, including a loss of 9p in one case. Two of 27 Spitz nevi also showed interstitial deletions of 9p. Thus, AI of 9p is not confined to melanoma; however, loss of 10q, 6q, and 18q could be markers of a malignant phenotype. Van Dijk et al. [163] tested the diagnostic utility of AI analysis in a series of 55 melanocytic tumors, including benign Spitz nevi, spitzoid melanocytic  tumors  of  indeterminate  biological  potential  (atypical  Spitz  tumors),  and  spitzoid melanomas. Twelve microsatellite markers that mapped to chromosomal arms 1p, 3p, 6q, 8q, 9p, 10q, and 11q were selected for testing. AI was identified in 2 of 12 (17%) typical Spitz nevi, 3 of 9 

(33%) atypical Spitz tumors, 12 of 17 (65%) atypical Spitz tumors suspected of being melanomas, and 15 of 17 (88%) spitzoid melanomas [163]. The authors concluded that this approach appeared to have no clinical role in distinguishing between benign and malignant spitzoid tumors. 

MLPA is a novel technique that can be used to measure the copy number of up to 45 nucleic acid sequences  in  a  single  reaction  [104, 164,  165].  This  method  relies  on  sequence-specific  probe hybridization to genomic DNA, followed by multiplex-PCR amplification of the hybridized probe, and  semiquantitative  analysis  of  the  resulting  PCR  products.  Takata  et  al. [164]  examined  copy number alterations in 55 FFPE melanocytic tumors (24 primary melanomas, 14 Spitz nevi, and 17 

banal nevi), using commercially available MLPA kits against 76 target genes spanning almost all chromosomal arms. Multiple (>3) copy number gains and losses were found in all but two primary melanomas. In contrast, all of the Spitz nevi and banal nevi showed copy number changes at less than two loci. The threshold value of copy number aberrations corresponding to 98% specificity for melanoma was determined to be 2.42, with a sensitivity using this threshold value of 92.5% [164]. 

The results of this study suggested that MLPA could be used as an adjunct diagnostic tool for melanocytic  tumors  [164].  Importantly,  MLPA  shows  high  concordance  with  both  FISH  and  CGH 

results,  in  addition  to  being  more  sensitive  and  less  cumbersome  than  the  latter  technique  [104,  

165]. Using MLPA (and FISH), Cesinaro et al. [104] reported deletions of CDKN2A, CDKN2B 

and MTAP in atypical spitzoid tumors, but not in conventional Spitz nevi. However, these alterations did not appear to correlate with metastasis or prognosis in patients with spitzoid tumors [104]. 

Studies by Kauffmann et al. [166] and Lewis et al. [167] determined that standard and real-time RT-PCR-based approaches may also have diagnostic utility in the molecular classification of melanocytic tumors. Using standard RT-PCR on a sample set of 194 lesions, Kauffmann et al. [166] 

identified five markers (me20m, PLAB, SPP1, CAPG, and CTSB) that could reliably differentiate between melanoma and melanocytic nevi, with two of these markers (me20m and CTSB) capable of distinguishing melanoma from atypical or borderline nevi. 

It is envisioned that newer technologies, such as SNP-based arrays, DNA sequencing methods (Fig.  6.7),  and  mass  spectrometry-based  proteomic  strategies  (Fig. 5.10), will  be  increasingly employed  in  the  evaluation  of  melanocytic  tumors,  with  results  of  molecular  studies  incorporated  into  current  morphological-based  diagnostic  and  prognostic  classification  systems  (i.e., clinical findings and light microscopic changes) [168–170]. In addition to the wider use and acceptance of CGH, FISH, DNA microarrays, and epigenetic profiling tools, these genomic/proteomic technologies will: (a) facilitate more accurate diagnosis and classification of melanocytic tumors; 
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(b) improve on current staging criteria, leading to better stratification of melanoma patients into prognostically relevant groups; and (c) promote the individualization of melanoma therapy (“personalized  medicine”),  based  on  a  patient’s  germline  genetic  variation,  somatic  genomic  aberrations that arise during tumor development, and protein abundance, structure, stability, and function in established tumors. 

Fig. 5.10  Identification of Annexin A2 (ANXA2) protein in melanoma using a combined mass spectrometry ( MS)- 

and immunohistochemistry ( IHC)-based approach. (a) A total of 15 tryptic peptides matched the ANXA2 protein sequence  (ending  with  R  or  K,  and  shown  in  bold  and  pink  colored).  (b)  Tandem  MS/MS  spectrum  from  m/z 1543.7605 [M+H]+, corresponding to the peptide GVDEVTIVNILTNR from ANXA2. Detected  b- and  y-series ions are highlighted in red and blue colors, respectively. (c) Validation of ANXA2 expression by IHC (Courtesy of Drs. 

David Han and Karim Rezaul, Department of Cell Biology, Center for Vascular Biology, University of Connecticut Health Center, Farmington, CT, USA)
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Chapter 6

Melanocytic Neoplasms II: Molecular Staging

Michael J. Murphy and J. Andrew Carlson 

The  TNM  staging  categories  and  groupings  of  the  updated  2009  American  Joint  Committee  on Cancer (AJCC) Melanoma Staging System are outlined in Tables 6.1 and 6.2 [1]. “T ” parameters are defined by primary tumor thickness, ulceration, and mitotic status; “N” parameters by the number of lymph nodes with metastatic disease and extent of metastatic burden; and “M” parameters by the site(s) of the metastases and serum lactate dehydrogenase (LDH) levels [1]. The 5-year survival rate is ~90% for AJCC stage I melanoma and ~70% for AJCC stage II melanoma, but decreases significantly to 25–50% for AJCC stage III melanoma (depending on the number of lymph nodes involved), and ~10% for stage IV disease [2]. Because the identification of metastatic disease is a major prognostic factor for melanoma recurrence and outcome, accurate staging of this disease is important for optimal management of these patients. The clinical and histopathological features cannot accurately predict the behavior of melanoma in all cases [3]. Therefore, a need exists for biomarkers which would help to identify patients at risk for disease progression, in addition to those individuals whose disease has already progressed subclinically [3]. Numerous molecular biomarkers, which highlight the mechanisms of melanoma pathogenesis and progression, have been identified [3]. The clinical utility  of  a  number  of  these  molecular  biomarkers,  for  improving  upon  routine  histopathological methods in the staging and prognostication of melanoma patients, has also been investigated [3]. The role of molecular diagnostic techniques in the detection of (a) occult sentinel lymph node melanoma cells (SLNMCs) and (b) occult circulating melanoma cells (CMCs) is an area of active investigation and warrants further discussion. Although molecular analysis of melanocyte-related markers has also been undertaken in bone marrow specimens [4] and biological fluids (effusions and cerebrospinal fluid)  [5,  6],  the  most  commonly  performed  assays  in  melanoma  patients  have  been  on  sentinel lymph nodes (SLNs) and peripheral blood (PB) specimens [7–10]. Metastatic melanoma cells are not found in either tissue sections or PB of normal individuals. Therefore, the detection of these cells in non-cutaneous specimens from melanoma patients with early-stage disease could identify those at high  risk  for  metastasis.  The  amplification  of  tumor-related  DNA  or  messenger  RNA  (mRNA) sequences, by such techniques as standard reverse transcription-polymerase chain reaction (RT-PCR) and quantitative real-time polymerase chain reaction (qRT), has been undertaken in SLNs and PB of melanoma patients in an effort to detect the presence of occult tumor cells [7–10]. A list of specific and nonspecific molecular tumor markers used for the detection of SLNMCs and CMCs in melanoma patients is provided in Table 6.3. Of note, amplification of melanocyte-specific transcripts by standard RT-PCR allows for the detection of one melanoma cell among 106–107 non-tumor M.J. Murphy (*) 
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Table 6.1  TNM staging categories for cutaneous melanoma (Adapted from Balch et al. [1])

T

Thickness (mm)

Ulceration status/mitoses

Tis

NA

NA

T1

£1.00

a. Without ulceration and mitoses <1/mm2

b. With ulceration or mitoses ³1/mm2

T2

1.01–2.00

a. Without ulceration

b. With ulceration

T3

2.01–4.00

a. Without ulceration

b. With ulceration

T4

>4.00

a. Without ulceration

b. With ulceration

N

No. of metastatic nodes

Nodal metastatic burden

N0

0

NA

N1

1

a. Micrometastasisa

b. Macrometastasisb

N2

2–3

a. Micrometastasisa

b. Macrometastasisb

c. In-transit metastases/satellites without 

metastatic nodes

N3

³4 metastatic nodes, or matted nodes, or in-transit 

metastases/satellites with metastatic nodes

M

Site

Serum LDH

M0

No distant metastases

NA

M1a

Distant skin, subcutaneous, or nodal metastases

Normal

M1b

Lung metastases

Normal

M1c

All other visceral metastases

Normal

Any distant metastasis

Elevated

 T tumor,  N node,  M metastasis,  NA not applicable,  LDH lactate dehydrogenase a Micrometastases are diagnosed after sentinel lymph node biopsy and completion lymphadenectomy b Macrometastases are defined as clinically detectable nodal metastases confirmed histopathologically cells [11, 12]. The use of qRT may increase this sensitivity of detection to one melanoma cell per 107–108 background cells [9]. This is in contrast with the lower detection sensitivities for laboratory techniques  more  routinely  employed  in  SLN  analysis.  Immunohistochemistry  (IHC)  can  detect  1 

melanoma cell in a background of 105–106 non-tumor cells [11, 12]. This sensitivity further decreases to 1 tumor cell per 104–105 non-tumor cells by light microscopic review alone (i.e., hematoxylin and eosin [H + E]-stained sections) of SLNs [11, 12]. Routine molecular testing could have diagnostic utility in the detection of subclinical and/or submicroscopic metastases in SLNs and/or PB of patients with melanoma. This chapter will also discuss the applicability of molecular techniques to microstage primary melanoma, in addition to the differentiation of second primary tumors from cutaneous metastases. 

Microstaging of Primary Melanoma

Increasingly, molecular technologies have been evaluated as tools to more accurately microstage the primary tumor (i.e., T component of AJCC staging system) [13]. Based upon known significant  differences  in  genetic  and  epigenetic  alterations  among  different  types  of  melanocytic tumors, most of these molecular-based ancillary approaches have been developed with a view to more  accurately  classify  atypical  melanocytic  lesions  [13].  Techniques  investigated  for  this 
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Table 6.2  Anatomic staging groupings for cutaneous melanoma (Adapted from Balch et al. [1])

Clinical staginga

Pathologic stagingb

T

N

M

T

N

M

0

Tis

N0

M0

0

Tis

N0

M0

IA

T1a

N0

M0

IA

T1a

N0

M0

IB

T1b

N0

M0

IB

T1b

N0

M0

T2a

N0

M0

T2a

N0

M0

IIA

T2b

N0

M0

IIA

T2b

N0

M0

T3a

N0

M0

T3a

N0

M0

IIB

T3b

N0

M0

IIB

T3b

N0

M0

T4a

N0

M0

T4a

N0

M0

IIC

T4b

N0

M0

IIC

T4b

N0

M0

III

Any T

N > N0

M0

IIIA

T1-4a

N1a

M0

T1-4a

N2a

M0

IIIB

T1-4b

N1a

M0

T1-4b

N2a

M0

T1-4a

N1b

M0

T1-4a

N2b

M0

T1-4a

N2c

M0

IIIC

T1-4b

N1b

M0

T1-4b

N2b

M0

T1-4b

N2c

M0

Any T

N3

M0

IV

Any T

Any N

M1

IV

Any T

Any N

M1

a Clinical staging includes microstaging of the primary melanoma and clinical/radiologic evaluation for metastases. By convention, it should be used after complete excision of the primary melanoma with clinical assessment for regional and distant metastases

b Pathologic staging includes microstaging of the primary melanoma and histopathologic information about the regional lymph nodes after partial (i.e., sentinel node biopsy) or complete lymphadenectomy.  Pathologic  stage  0  or  stage  IA  patients  are  the  exception;  they  do  not  require pathologic evaluation of their lymph nodes

purpose have included: (a) allelic imbalance (AI) analysis; (b) comparative genomic hybridization (CGH); (c) multiplex ligation-dependent probe amplification (MLPA) (Fig. 3.6); (d) fluorescence in situ hybridization (FISH) (Fig. 3.6); (e) gene expression analysis using DNA microarray technology (Fig. 3.13) and RT-PCR; (f) analysis of BRAF, NRAS, and HRAS gene mutations; (g) evaluation of epigenetic biomarkers; and (h) a combination of mutational analysis and methylation-specific MLPA [13]. Importantly, these methodologies are applicable to formalin-fixed paraffin-embedded (FFPE) tissue, thereby facilitating the detection of genetic/epigenetic aberrations in the diagnostic setting. In the future, molecular testing may be standard-of-care in the routine work-up of morphologically ambiguous cutaneous melanocytic tumors. Molecular analysis could be employed as an adjunctive tool to histopathology, in order to: (a) assess the biological behavior of a melanocytic lesion (i.e., benign  vs.  malignant) and/or (b) discriminate between benign and malignant  components  of  the  same  melanocytic  lesion  (i.e.,  precursor/associated  melanocytic nevus  vs.  melanoma), thereby accurately determining Breslow thickness of the melanoma. Since Breslow  thickness  is  the  most  significant  prognostic  factor  for  primary  melanoma,  its  precise determination is essential for accurate staging (Tables 6.1 and 6.2). It provides relevant clinical information  and  influences  management  decisions,  including  excision  margins  and  performance of sentinel lymph node biopsy (SLNB) [1]. The use of molecular technologies in primary melanoma  and  other  melanocytic  tumors  is  described  in  more  detail  in  Chap.  5,   and  reviewed elsewhere [13]. 
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Molecular Analysis of Sentinel Lymph Nodes (SLNs)

For  cutaneous  melanoma  AJCC  stages  I  and  II,  the  most  important  prognostic  indicators  are (a)  Breslow  thickness  and  (b)  the  presence  or  absence  of  ulceration  [1,  2,  14].  However,  once patients develop regional lymph node metastases (AJCC stage III), the histopathological parameters of the primary melanoma (except for ulceration) are of limited value in predicting survival, and it is the number and extent of lymph node involvement that are strongly associated with prognosis [1,  

2, 14]. In fact, the presence or absence of regional lymph node metastasis is the single most important prognostic factor for patients diagnosed with melanoma [15]. 

Since its introduction by Morton et al. in 1992 [16], SLNB has become a standard procedure in the staging and treatment of patients with primary melanoma [17, 18]. Approximately 50% of all cutaneous melanoma patients with tumor progression develop regional lymph node metastases first 

[19]. Accordingly, the AJCC Melanoma Staging Committee recommends that “SLNB be performed as a staging procedure in patients for whom the information will be useful in planning subsequent treatments and follow-up regimens” [1]. The SLN is defined as the lymph node nearest to the site of the primary melanoma on the direct lymphatic drainage pathway, and therefore, the first lymph node to receive drainage and cancer cells from a primary tumor site. The primary aims of SLNB are (a) to reduce morbidity associated with elective lymph node dissection and (b) to select patients with micrometastatic SLN disease for subsequent lymphadenectomy and/or adjuvant therapy [17,  

20]. Many studies have confirmed that the presence or absence of metastatic melanoma in the SLN 

accurately predicts (in ~98% of cases) the presence or absence of disease in that lymph node basin 

[14, 21]. Approximately, 2% of patients with primary melanomas <1 mm in Breslow thickness have positive SLNs (i.e., with metastatic tumor deposits), in contrast to a significant minority of patients with  primary  melanomas  ³ 1  mm  thickness  who  have  positive  SLNs  (i.e.,  7%  for  ³ 1–1.99  mm, 13% for ³ 2–2.99 mm, and 31% for ³ 3 mm) [20]. Although, up to 6% of patients with primary tumors between 0.76 and 1 mm in thickness will have positive SLNs, SLNB has been generally recommended only for those patients with primary melanomas of ³1 mm in Breslow thickness and clinically negative regional lymph nodes [17, 20]. 

Patients with SLN involvement by melanoma (identified on H + E and/or IHC stains) have a significantly higher risk of disease recurrence and death [22]. Fifty to 67% of patients with histopathologically  positive  SLN  disease  will  develop  recurrent  disease  within  5  years,  which  is  more  than double the recurrence rate for patients with histopathologically negative SLNs [22]. In addition, the 5-year survival rate for patients with SLN-positive disease is approximately half that of patients with SLN-negative disease (40%  vs.  84%) [22]. Many studies suggest that SLNB increases disease-free survival in melanoma patients, but it may also function to alter the patterns of disease recurrence (i.e., reducing the rate of nodal recurrence, principally at the expense of an increased rate of distant metastases) [23–25]. The effect of SLNB on overall survival in melanoma patients remains controversial 

[18, 23–25]. Nonetheless, SLNB continues to be employed not only for disease staging and treatment planning, but also in the design of clinical trials in melanoma patients [18]. 

Standard procedures for laboratory analysis of the SLN include H + E staining and IHC. These facilitate the evaluation of lymph node architecture, cytologic features and cell surface markers, and allow differentiation of melanoma metastases from other malignant or benign cellular populations in lymph nodes, most importantly benign melanocytic nevi (Fig. 6.1) [18]. In fact, the updated 2009 

AJCC Melanoma Staging System now accepts IHC-based detection alone of nodal metastases [if the diagnosis is based on at least one melanoma-associated marker (i.e., Melan-A, HMB-45) and the cells have malignant morphologic features that can be determined in IHC-stained tissue] [1]. By light microscopic examination of H + E stains alone, ~16% of clinical stages I and II melanoma patients will show occult SLN metastases [26]. Serial sectioning, with the addition of IHC (using antibodies such  as  S-100,  HMB-45  and/or  Melan-A),  improves  the  sensitivity  of  metastases  detection  by  as much as 10–45%, resulting in the detection of occult SLN metastases in an average of 20% of clinical 
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Fig. 6.1  Sentinel lymph 

node with metastatic mela-

noma deposit, identified on 

hematoxylin and eosin stain 

(a) and confirmed by 

Melan-A immunohistochemi-

cal stain (b) (Courtesy of Dr. 

Poornima Hegde, University 

of Connecticut Health 

Center, Farmington, CT, 

USA)

stages  I  and  II  patients  [26].  However,  despite  the  use  of  such  a  protocol,  locoregional  or  distant recurrences are seen in 10–24% of patients with reportedly “negative” SLNs [7, 27]. Recurrent disease may result from occult melanoma metastases that are undetected by histopathological or combined  histopathological-IHC  analysis.  Of  note,  typically  <5%  of  the  SLN  is  examined  by  routine testing, so sampling errors could account for false-negative results in many cases [15]. 

Molecular diagnostic techniques have been proposed as more sensitive means of detecting submicroscopic tumor cells in both SLNs [15, 28] and lymphatic fluid following lymph node dissection  [29]  in  patients  with  melanoma.  Hypothetically,  these  molecular  tests  could  be  potentially better  predictors  of  those  individuals  at  risk  of  developing  regional  or  distant  metastases.  The diagnostic and prognostic utilities of RT-PCR and qRT to detect melanoma metastases in SLNs continue to be studied (Table 6.4). With one exception [30], all studies to date [7, 27, 31–37] have shown  increased  detection  rates  with  the  addition  of  RT-PCR  (12–81%)  over  histopathological and/or IHC analysis alone (11–48%). RT-PCR of SLNs also identifies a significantly higher number of patients with micrometastatic disease in non-SLNs (i.e., adjacent lymph node basin) [38]. 

Many studies have utilized tyrosinase (TYR), as a single melanocyte-specific mRNA marker 

[7, 35, 36]. However, in an effort to improve assay specificity and sensitivity, a multimarker protocol is now more commonly employed (Tables 6.3 and 6.4). It is believed that the latter approach addresses some of the different biochemical and pathologic changes that are characteristic of melanoma cells, such as tumor cell heterogeneity with respect to types, numbers and expression levels of marker mRNA transcripts, mRNA half-life, and variations in mRNA quantity and quality [7, 10,  

27, 31–34, 37]. 

More specific melanoma gene products are now being discovered and may become new targets in diagnostic protocols. For instance, using genome-wide microarray analyses, Soikkeli et al. [39] 
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Table 6.4  Selected studies using molecular methods to detect SLNMCs in melanoma patients PCR positivity 

Prognostic  

References

Method

Markers

Patients,  n

(%)

value

Hochberg [31]

RT-PCR

TYR, Melan-A, MIA

17

75

Yes

Kuo [32]

RT-PCR

TYR, Melan-A, TYRP-1, TYRP-2

77

74

Yes

Rimoldi [33]

RT-PCR

TYR, Melan-A

71

57.7

Yes

Takeuchi [34]

qRT

Melan-A, MAGE-A3, GalNAc-T, 

215

46

Yes

PAX3

Kammula [35]

RT-PCR

TYR

112

65.2

No

Mangas [36]

RT-PCR

TYR

180

68.9

No

Scoggins [37]

RT-PCR

TYR, Melan-A, MAGE-A3, gp100

1,446

42.9

No

Hilari [27]

qRT

TYR, Melan-A, SSX 2, 

195

NR

No

MAGE-A3, PAX3, GalNAc-T

 SLNMCs sentinel lymph node melanoma cells

 NR not reported

identified 27 genes (22 upregulated and 5 downregulated) that differentiated tumor-positive SLNs from tumor-negative SLNs (Fig.  6.2). A subsequent prospective study of Melan-A and TYR expression by RT-PCR confirmed their possible prognostic significance, stratifying patients with regard to tumor burden into distinct groups for tumor recurrence [39]. In addition, SPP1 (osteopontin) and PRAME  (preferentially  expressed  antigen  in  melanoma,  recognized  by  cytotoxic  lymphocytes) were identified as melanoma-specific markers that could differentiate melanoma cells from benign melanocytic nevus cells in SLNs [39]. More recently, Ma et al. [40] have shown that it is feasible to profile microRNAs in FFPE SLN samples by cloning and sequencing techniques, with confirmatory  Northern  analysis  and  qRT  (Fig. 6.3).  MiRNAs  are  small  noncoding  RNAs  (~21–25  nucleotides in length). They regulate the expression of mRNAs and may function as oncogenes or tumor suppressor genes, depending on the cellular context and/or their target genes [40]. Interestingly, let-7 

microRNA family members were found to be differentially expressed in tumor-positive and tumor-negative SLNs in a melanoma patient (Fig. 6.3) [40]. Therefore, analysis of microRNA expression in SLNs could potentially be used for diagnostic and/or prognostic purposes in melanoma patients. 

In addition, the immune system is known to be suppressed locally and/or systemically before melanoma metastases develop [41, 42]. It is believed that activation or downregulation of genes for pro-and  anti-inflammatory  cytokines  and  chemokines,  and  their  receptors,  may  control  the immunosuppressive microenvironment that facilitates metastasis [41, 42]. Therefore, assessment of 

the SLN microenvironment vis-à-vis immune surveillance is emerging as another possible diagnostic avenue. Using cDNA microarray analysis and qRT validation, Torisu-Itakura et al. [41] found that expression levels of interleukin-13 (IL-13), leptin, lymphotoxin b receptor (LTbR), and macrophage  inflammatory  protein  1b  (MIP1b)  were  significantly  higher,  and  expression  level  of IL-11Ra  was  lower,  in  melanoma-positive  compared  with  melanoma-negative  SLNs.  Similarly, John  et  al.  [43]  identified  differentially  expressed  transcripts  (including  immunologic  signaling genes), that were capable of distinguishing clinical outcomes in melanoma patients with stage III (lymph  node)  disease,  using  gene  expression  profiling  by  oligonucleotide  microarrays  and  qRT. 

Other studies, which also included analyses of stage III tumors, have confirmed that results of gene expression profiling correlate with clinical outcome in melanoma patients [44, 45]. In another investigation, Sarff et al. [42] demonstrated that the expression of OX40 (CD134, a member of the tumor necrosis  factor  receptor  superfamily)  on  CD4+  T-cells  draining  primary  cutaneous  melanomas decreased with (a) more advanced primary tumor features (i.e., increasing tumor thickness, ulceration) and (b) SLN involvement by tumor. Therefore, immune-mediator gene expression analysis could aid in the assessment of SLNs in melanoma patients. According to Torisu-Itakura et al. [41], 
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Fig. 6.2  Identification of marker genes for melanoma micrometastasis detection in sentinel lymph nodes (SLNs) using  genome-wide  gene  expression  analyses.  The  heat  map  depicts  Affymetrix  microarray  (HG-U133  Set)  data, calculated by significance analysis of microarrays ( SAM). Genes exhibiting ³4-fold overexpression in micrometastatic SLNs as compared to normal lymph nodes (and their respective gene expression levels in clinically detected macrometastatic lymph nodes) are shown. Rows represent genes (probe sets) and columns represent expression levels in different samples. A  blue– red color scale displays the signal intensities (from low to high). Microarray results were validated by subsequent RT-PCR analyses of MLANA, TYR, MIA, S100B, ERBB3, and PRAME in a larger series of samples (160 patients, 516 SLN samples). Of note, SPP1 and PRAME proved to be melanoma-specific markers, capable of potentially differentiating melanoma cells from benign melanocytic nevi in SLNs (Courtesy of Dr. Erkki Hölttä, University of Helsinki, Helsinki, Finland)

markers  of  the  tumor  microenvironment  should  be  found  throughout  the  SLN,  unlike  direct (melanocyte-related) markers of SLN metastasis. The latter are subject to sampling error, unless the entire SLN is sectioned for analysis. Theoretically, the presence of SLN melanoma micrometastasis  could  be  determined  by  examining  a  single  section  from  any  part  of  the  SLN  with  an immune mediator-directed protocol [41]. The expression of other general tumor-associated transcripts has also been investigated [46, 47]. For example, the expression of apoptosis-related genes (i.e.,  survivin,  bcl-2,  bcl-x,  and  bax)  has  been  determined  by  RT-PCR  and  IHC  in  SLNs  from melanoma patients, with survivin expression found to correlate with outcome [46]. The utility of qRT detection of angiogenesis- and invasion-related markers in SLNs of melanoma patients has also been evaluated, with VEGF  and PAI-1 expression significantly associated with the presence 121

of micrometastases [47]. In addition, loss of heterozygosity (LOH) on the APAF-1 locus (12q22-23) in  lymph  nodes  with  metastatic  melanoma  deposits  correlated  with  poor  disease  outcome  [48]. 

APAF-1 is a key factor in the mitochondrial apoptotic pathway downstream of p53 [48]. 

[image: Image 38]
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Fig. 6.3  Profiling of microRNAs in formalin-fixed paraffin-embedded specimens from a patient with melanoma. 

(a) Northern blot analysis (denaturing 15% polyacrylamide gel) showing the expression of the human microRNA let-7a in tissue samples from a 52-year-old man with scalp melanoma, including residual primary cutaneous melanoma (PCM); uninvolved skin >2.0 cm away from the primary tumor in a wide local excision (Skin); sentinel lymph node negative for metastasis (−SLN); and SLN positive for metastasis (+SLN). A 21/22-bp band is identified ( arrowhead) corresponding to the size of lin-4 in (b). (b) For loading control, the 15% polyacrylamide gel for Northern blot was stained by ethidium bromide (EtBr) before transferring to membrane. Lane M represents synthetic  Caenorhabditis elegans microRNA lin-4 loaded for size comparison. (c) Quantitative real-time reverse transcription polymerase chain reaction  (RT-PCR)  demonstrated  downregulation  of  let-7a  expression  in  PCM  (lane  2)  and  +SLN  (lane  4),  when compared with uninvolved skin (lane 1) and −SLN (lane 3). (d) In contrast, let-7i expression was upregulated in PCM 

(lane 2) and +SLN (lane 4), when compared with normal skin (lane 1) and −SLN (lane 3). Each reaction was performed in triplicate;  error bars show standard deviations (From Ma et al. [40]. Reprinted with permission from the American Society for Investigative Pathology and the Association for Molecular Pathology, copyright © 2009) More recently, Dalton et al. [49] have proposed a FISH-based approach as an adjunctive tool to histopathological  evaluation  of  SLNs  from  melanoma  patients.  Probes  targeting  chromosomes 6p25, 6 centromere, 6q23, and 11q13 are used to determine the presence of genomic aberrations in SLNs  with  small  foci  of  melanocytes  (i.e.,  differential  diagnosis  of  metastatic  melanoma   vs.  

nodal melanocytic nevus) (Fig. 6.4). Of 24 SLNs with melanoma deposits in the original study, 20 

(83%) showed aberrations by FISH, which was similar to the sensitivity of the technique in primary melanomas (85%) [49]. In addition, the specific aberrations present in the primary tumor could also be detected in its corresponding SLN metastasis [49]. Therefore, FISH-positive results in a SLN 

have high specificity for the diagnosis of metastatic melanoma. However, in the absence of diagnostic  microscopic  features  of  malignant  disease  in  a  SLN,  a  definitive  interpretation  of  FISH-negative results in a SLN would require genomic analysis of the corresponding primary tumor. 

[image: Image 39]
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Fig. 6.4  Fluorescence in situ hybridization ( FISH ) as an adjunctive tool to histopathological evaluation of sentinel lymph  nodes  ( SLNs)  in  patients  with  melanoma.  Subcapsular  cellular  infiltrate  demonstrating  increased  copies  of CCND1 ( arrows), supporting the diagnosis of a melanoma metastasis (Courtesy of Dr. Pedram Gerami, Northwestern University, Chicago, IL, USA)

FISH-negative results in a SLN could be used to support a histopathological diagnosis of benign nodal melanocytic nevus, in the presence of discordant FISH-positive results in the accompanying primary sample. Of note, 17–22% of primary melanomas and their corresponding SLN metastases are FISH-negative using these four probes, precluding a definitive evaluation of any clonal relationship between such paired tumor sets by this method [49]. 

Conceptually, patients with molecular-negative SLNs may be at low risk for progression and/or poor outcome, with little benefit from adjuvant therapies. Patients with molecular-positive SLNs may be at high risk for aggressive disease and benefit from rigorous clinical follow-up and further therapeutic  intervention  (Fig. 6.5). However,  despite  numerous  studies,  the  clinical  relevance  of RT-PCR-based  testing  of  SLNs  from  melanoma  patients  remains  unclear  [7]. The  molecular 

“upstaging” of SLNs correlates with clinical outcome parameters in many studies (Table 6.4) [7,  

31–34]. Studies have shown that: (a) the more mRNA markers used, the greater the sensitivity of occult metastasis detection [27, 31–34, 37]; (b) the expression of two or more markers is associated with  significantly  decreased  disease-free  survival  in  patients  with  histopathologically  negative SLNs  [32–34]; and  (c)  decreased  overall  survival  is  associated  with  both  Melan-A  RT-PCR-positivity  [31]  and  the  presence  of  melanocyte-related  mRNA  transcripts  (more  specifically, increasing number of markers) identified by qRT [34]. A recent systematic review and meta-analysis of 22 studies, including more than 4,000 melanoma patients who underwent SLNB, demonstrated that RT-PCR status correlated with: (a) TNM stage (stage I to II  vs.  III; RT-PCR positivity, 46.6% 

 vs.  95.1%;  P < .0001); (b) disease recurrence (RT-PCR positive  vs.  negative; relapse rate, 16.8%  vs.  

8.7%;  P < .0001); (c) disease-free survival (hazard ratio [HR], 3.41; 95% CI, 1.86–6.24;  P < .0001); and (d) worse overall survival (HR, 5.08; 95% CI, 1.83–14.08;  P = .002) [7]. Therefore, molecular analysis of SLNs in melanoma patients may have clinical utility as (a) the recurrence rate in patients upstaged  by  RT-PCR  appears  in  many  studies  to  be  significantly  higher  than  for  patients  with RT-PCR-negative SLNs and (b) the determination of individuals with both histopathologically and RT-PCR-negative SLNs potentially identifies a group of melanoma patients who may not benefit from further surgical or adjuvant therapy. However, there are a number of studies which have failed 
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Fig. 6.5  Quantitative reverse transcription-polymerase chain reaction ( RT-PCR) analysis of melanocytic differentiation antigens in sentinel lymph nodes ( SLNs) with melanoma micrometastases. Relapse-free survival ( RFS) of the overall cohort  (a)  and  by  tyrosinase  ( TYR)  expression  and  histologic  group  (b).  The  use  of  both  27  copies/copy  of  TBP 

control gene as a TYR expression cutoff for RT-PCR and histologic examination distinguishes the following three groups of patients after 30 months of follow-up: (1) a group with both positive histologic findings and TYR expression of >27 copies/copy of TBP, which has a high rate of relapse (27% RFS); (2) a second group of patients with TYR expression of >27 copies/copy of TBP and negative histologic findings (67% RFS); and (3) a third group of patients with TYR expression of £27 copies/copy of TBP (all with negative histologic findings, except for 2 patients), which has an even better prognosis (87% RFS). The use of 27 copies/copy of TBP as a TYR cutoff for RT-PCR may distinguish true micrometastasis from illegitimate transcription of melanocytic differentiation antigens and isolated melanoma cells.  Dashed lines in (a) represent the 95% confidence intervals;  tick marks in (a) and (b) represent cen-sored observations. TBP = TATA box-binding protein (From Vitoux et al. [47]. Reprinted with permission from the American Medical Association, copyright © 2009)

to  confirm  the  prognostic  value  of  molecular  analysis  in  otherwise  histopathologically  negative SLNs (Table 6.4) [27, 35–37]. Hilari et al. [27] noted that multimarker qRT analysis of SLNs did not correlate with melanoma recurrence. Scoggins et al. [37] reported no difference in disease-free survival or overall survival between melanoma patients with molecular-positive or molecular-negative SLNs. In another study, Kammula et al. [35] noted that differences in recurrence rates between the RT-PCR-positive and RT-PCR-negative groups were statistically significant at 42 months, but no longer statistically significant at 67 months. This latter finding suggested that the RT-PCR-negative group had a defined long-term failure rate that was not different from the RT-PCR-positive group, with the exception of their time to recurrence [35]. According to the authors, this finding only became apparent after extended follow-up was performed, reiterating the risks of false-negativity, and arguing against the hypothesis that the main benefits of molecular analysis are (a) its negative predictive value and (b) its ability to stratify patients with histopathologically negative SLNs into a low risk group based on negative RT-PCR results [35]. In fact, there may be a lag time to metastasis/systemic disease associated with a small amount of tumor, as more tumor cell divisions/time would be required to produce clinically  recognizable  disease  [50].  The  conflicting  data  between  all  these  studies  may  have resulted from significant differences in length of clinical follow-up, in addition to different methodologies employed, such as SLN sampling techniques, use of different molecular markers, and varying  RT-PCR  protocols  (including  standard  gel-based  RT-PCR,  nested  RT-PCR,  RT-PCR  with Southern  blot  detection,  and  qRT)  (Table 6.4). Future  studies  evaluating  molecular  staging  techniques  may  require  longer  follow-up  periods  (>5  years)  to  accurately  define  clinical  outcome  in patients with histopathologically negative SLNs. 

As stated previously, standard RT-PCR studies are optimized to detect as little as 1 melanoma cell in 106–107 non-tumor cells, and typically report the presence or absence of a particular marker with limited quantification [11, 13]. In addition to a multimarker protocol, a number of studies have also employed a qRT approach (Table 6.4). qRT is capable of accurately and reproducibly detecting and 
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quantifying individual marker copy numbers, and has been shown to be at least as sensitive as standard RT-PCR for the detection of molecular marker transcripts in SLNs of melanoma patients [27, 34].  

The use of qRT also significantly increases the analytical power of the assay, as absolute numbers of tumor  cells  may  be  determined  by  comparing  levels  of  transcript  expression  between  tumor  and control samples [10]. In addition, qRT is particularly suited to routine laboratory use, as reactions can be performed within ~30 min, in a single-step procedure. The detection of amplified fragments is accomplished by melting curve analysis, without the requirement for subsequent amplicon manipulation  (i.e.,  gel-based),  as  in  standard  RT-PCR-based  studies  [27,  34]. qRT  is  employed  with  the assumption that some of the causes of false-positivity with standard RT-PCR methods (i.e., such as the presence of nodal benign melanocytic nevus cells) would produce lower signals with this method (i.e., than true melanoma metastases). In this respect, significant differences in median melanocyte-derived mRNA levels have been found by qRT between: (a) SLNs with histopathologically verified micrometastases (high); (b) SLNs with benign nevus inclusions (intermediate); and (c) SLNs without evidence of either benign or malignant intranodal melanocytes (low), suggesting that this quantitative molecular protocol may increase assay precision and be more useful than standard RT-PCR for the clinical evaluation of SLNs in melanoma patients [51, 52]. However, there is a “gray-zone” where substantial overlap in mRNA levels exists between the three groups [51]. In addition, multimarker qRT  assays  do  not  improve  distinction  between  these  three  groups  when  compared  with  single marker analyses [51]. 

The Breslow thickness of a primary melanoma is an accurate predictor of SLN metastasis [53]. 

Accordingly,  studies  have  investigated  if  there  is  a  correlation  between  transcript  detection  rates and/or levels in SLNs and primary tumor prognostic markers (i.e., primary tumor thickness and/or ulceration). In many of these studies, patients with RT-PCR-positive and qRT-positive SLNs had significantly greater primary tumor thickness [32, 33, 38, 51, 54] and risk of tumor ulceration [54] 

than transcript-negative patients. However, other studies have not found a correlation between primary tumor thickness [35, 55] or ulceration [35] and transcript detection in SLNs by either RT-PCR 

or qRT. 

In addition to determining the presence or absence of melanoma within a SLN, the tumor burden (i.e., the area of tumor in the SLN relative to total nodal area) has also been suggested as a predictor of  metastases  in  non-SLNs,  disease  recurrence  and  melanoma-specific  death  [17]. The  numbers and/or levels of mRNA transcripts detected by molecular methods may reflect this tumor burden. 

Abrahamsen et al. [51] identified that both TYR and Melan-A mRNA quantity (highest expressive SLN per patient), as detected by qRT, correlated with tumor burden (defined as the number of levels with tumor relative to the total number of levels examined) in SLNs with melanoma metastases. 

Takeuchi et al. [34] found that: (a) the mRNA copy number of a particular marker in histopathologically negative SLNs was significantly higher for patients who recurred; (b) disease-free survival and overall survival were significantly shorter when histopathologically negative SLNs expressed one or more markers; and (c) increasing numbers of detected markers correlated significantly with progressive decreases in disease-free survival and overall survival. The recurrence rate was 41% for patients  with  SLNs  expressing  one  marker,  69%  for  patients  with  two  markers,  and  100%  for patients with three markers [34]. In another study, Starz et al. [30] also noted that the detection rate of  TYR  mRNA  by  RT-PCR  correlated  with  tumor  burden  in  SLNs.  RT-PCR  was  sufficiently sensitive to detect all “extended peripheral” (S2) and “deeply invasive” (S3) micrometastases, but only a minority (46%) of cases with “few localized melanoma cells in the subcapsular zone” (S1) 

[30]. In addition, over a median follow-up period of 50.5 months, melanoma patients with low tumor burden in SLNs (S1) did not show any significant differences in local recurrence or distant metastasis  when  compared  to  patients  free  of  SLN  disease  (S0)  [30]. A  similar  correlation between “occult” tumor burden in regional lymph nodes and prognosis has been reported in other human tumors [56]. This suggests that the failure of RT-PCR to detect low tumor burden melanoma 
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micrometastases  in  SLNs  may  be  irrelevant  to  prognosis  and  further  therapeutic  decisions,  and tolerable for clinical purposes in melanoma patients [30]. The goal is to define a clinically relevant cut-off value for tumor burden by either (a) light microscopy (i.e., micrometer to evaluate diameter of metastasis) or (b) number of molecular markers detected and/or mRNA copy number (i.e., gene expression levels) by qRT, in an effort to stratify melanoma patients into a group with a high risk of recurrence (high tumor burden in SLN) and a group with a more favorable prognosis and low risk of relapse (low tumor burden in SLN). Giese et al. [55] have suggested that an increase in the specificity of the molecular assay could be achieved by decreasing its sensitivity. However, Hilari et al. 

[27] counter that any attempt to set a quantitative threshold as a cut-off and/or combining multiple markers to improve sensitivity or specificity may result in false interpretations of prognostic utility. 

The  updated  2009  AJCC  Melanoma  Staging  System  does  not  recommend  a  lower  threshold  for staging lymph node-positive disease (“isolated tumor cells or tumor deposits <0.1 mm, which meet the criteria for histologic or IHC detection of melanoma should be scored lymph node-positive”) 

[1].  At  this  time,  the  prognostic  significance  of  isolated  tumor  cells  in  the  SLNs  of  melanoma patients remains unclear. A number of studies have proposed that micrometastases (up to 0.2 mm) are clinically irrelevant, with patients showing a clinical course similar to individuals with negative SLNs [57–59]. In contrast, other researchers have demonstrated that a minority of patients (~12%) with  micrometastases  have  additional  metastastic  disease  on  follow-up  lymphadenectomy,  and show a significantly reduced melanoma-specific survival rate compared to patients with negative SLNs (89%  vs.  94%;  p = .02) [60]. 

This chapter highlights the potential diagnostic and prognostic impact of adjunct molecular studies in individuals with melanoma. Molecular tests may be used to identify a population of patients at risk for melanoma recurrence who are not readily determined by light microscopy [3, 7, 20, 61,  

62]. For example, the percentage of those melanoma patients with histopathologically negative, but RT-PCR-positive SLNs who will experience disease recurrence (12–25%) is elevated compared to patients with both histopathologically and RT-PCR-negative SLNs (up to 9%), but significantly less than those patients with both histopathologically and RT-PCR-positive SLNs (31–67%) (Fig. 6.5) 

[26]. However, despite some apparent clinical utility for molecular analysis of SLNs in melanoma patients, the problem of false-positive and false-negative results with these assays deserves further discussion. With the addition of molecular tests, the detection rate of suspected occult metastases (i.e., positive results) may be as high as 70–75% (with an average of ~50%) [3, 26, 31]. This “over-detection” by molecular methods (i.e., clinically insignificant results in many patients) may represent  false-positives  due  to:  (a)  carry-over/amplicon  contamination;  (b)  amplification  of  residual DNA in the RNA extract; (c) illegitimate transcription; (d) detection of unwanted transcripts from SLN  benign  melanocytic  nevi  (4–22%  of  cases),  melanophages  (that  have  ingested  melanoma cells/organelles) and/or Schwann cells; (e) the detection of melanoma cells incapable of tumor progression, that are dormant, or that are limited to the SLN by immune surveillance; (f) the SLNB 

may  have  surgically  cured  some  SLN-positive  patients;  or  (g)  the  possibility  that  clinical  recurrences may not have occurred during the defined follow-up periods in these studies [3, 21, 33, 61,  

62]. For example, Li et al. [54], using TYR as a sole marker, demonstrated that 63% of patients were positive by RT-PCR. However, the vast majority (90%) of these individuals did not show clinical evidence of disease recurrence, suggesting that TYR analysis alone may be too sensitive for routine clinical use [54]. High false-positive rates have been documented when TYR was employed as a single marker in other studies [28]. In addition, molecular analysis of SLNs can potentially give rise to false-negative results secondary to a number of factors [3, 21, 33, 61, 62], including: (a) RNA degradation;  (b)  RT-PCR  inefficiency;  (c)  sampling  error  (i.e.,  low  copy  number  of  amplifiable mRNA targets); (d) all cells within a tumor may not necessarily express a particular marker; (e) some RT-PCR assays may be stratifying SLNs by burden of disease, and not by the absolute presence  or  absence  of  disease;  or  (f)  some  aggressive  tumors  may  bypass  the  draining  lymph  node 
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basin (in one study, 7 of 24 patients had TYR-positive RT-PCR in non-SLNs, despite a negative result in the SLN [63]). 

Nonetheless, the short turnaround time and cost-effectiveness of molecular testing may promote its wider use in the staging of melanoma patients [61]. The possibility that RT-PCR and qRT-based  techniques  can  detect  metastatic  melanoma  cells  in  SLNs,  which  show  no  histopathological or immunohistochemical evidence of tumor, is exciting. Sampling (i.e., all or part of the lymph node), mRNA degradation, and logistical issues in the preparation and storage of specimens all complicate the optimization and standardization of molecular tests on frozen SLNs.  The  use  of  RNA  extracted  from  FFPE  material  for  multimarker  analysis  may  be  an alternative for evaluating patients who have histopathologically negative SLNs [21, 30, 32]. 

FFPE  specimens  are  abundantly  available  in  pathology  archives  worldwide,  resist  mRNA degradation during storage, and are linked to a wealth of patient data, including clinical outcomes related to disease course and/or response to treatment regimens. However, there is some evidence that the sensitivity of  RT-PCR  analysis  of  FFPE  tissue  may  be  lower  than  that  of fresh/frozen  tissue  [8].  In  addition,  it  would  not  be  feasible  to  completely  abandon  light microscopy  and  analyze  SLNs  by  RT-PCR  or  qRT  only  (or  at  least  as  the  initial  test).  The processing techniques for RT-PCR and qRT are different from those of routine histology, and would preclude histopathological corroboration of molecular results, should all of the sample have  been  submitted  for  molecular  analysis.  The  use  of  large  portions  of  SLNs  for  these studies would not be acceptable, since micrometastases or melanocytic nevi may be focally distributed. Combined histopathological and IHC analysis remains the gold standard for identification of melanoma cells in SLNs. Adjunct molecular analyses, using adjacent tissue sections,  may  further  improve  the  diagnostic  accuracy.  For  example,  the  detection  of  marker mRNA, without a morphologic correlate on initial sections, would encourage the pathologist to investigate the significance of the molecular results by performing additional H + E and/or IHC  stains  (“extended  protocol”).  Of  note,  it  has  been  shown  that  previously  IHC-stained archival  slides  (stored  for  up  to  90 days)  of  lymph  nodes  with  metastatic  melanoma  can  be used for subsequent mRNA analysis [64]. In this way, combined histopathological, IHC and molecular testing should minimize both false-negative and false-positive results. Furthermore, recent gene expression profiling studies have reported the identification of melanoma-specific genes (i.e., PLAB and L1CAM) that allow for a more accurate differentiation of melanoma from benign melanocytic nevi, making them better candidates than conventional markers (i.e., TYR and Melan-A) for metastatic melanoma diagnosis in SLNs [65, 66]. 

In view of the conflicting results from numerous studies, the current poor specificity of molecular tests for SLN staging/prognostication in melanoma patients is an obvious drawback. This is a particular  concern  becuase  of  the  morbidity  associated  with  proposed  treatment  options  (i.e., lymphadenectomy and/or adjuvant interferon alfa-2b) for patients with molecular-positive SLNs 

[27]. The utility of molecular diagnostic testing of SLNs in patients with melanoma has not yet been clearly established. Currently, there is no consensus on whether RT-PCR-based detection of SLN micrometastatic disease has demonstrable diagnostic and/or prognostic value to warrant its inclusion in routine clinical practice. Although molecular evidence of SLN metastasis has been identified in patients who have early-stage melanoma, its clinical relevance remains to be determined, as current molecular markers and/or techniques lack sufficient sensitivity and specificity. 

A definitive role for molecular markers can only be determined with large, multicenter, randomized controlled trials, which could investigate the efficacy and clinical impact of molecular analysis of SLNs in melanoma patients, and validate panels of molecular markers as a basis for risk stratification. In this regard, the second multicenter selective lymphadenectomy trial (MSLT-II), a phase III international trial that will determine the benefit of multimarker qRT assays in SLN specimens, is underway [15]. 

6  Melanocytic Neoplasms II: Molecular Staging

119

Molecular Analysis of Peripheral Blood (PB) Specimens

While melanoma usually first metastasizes via local lymphatics to the regional lymph node basin, distant metastases are often secondary to hematogenous spread. In addition, ~30% of primary melanomas metastasize directly to distant organs (stage IV) without intermediate lymph node/stage III involvement [19]. Therefore, the detection of circulating melanoma cells (CMCs) in the PB could have utility in: (a) identifying disease progression and/or recurrence; (b) stratifying patients into risk groups in order to predict prognosis; (c) selecting patients who would benefit from adjuvant therapy; and (d) monitoring therapeutic response [8–10]. Similar to studies on SLNs, molecular analysis of PB samples in melanoma patients has involved the use of RT-PCR-based techniques to detect single, or a combination of, specific and nonspecific mRNA markers of CMCs (Tables 6.3 and 6.5). Other PB-based  assays  employed  to  identify  metastasis  and  disease  progression  in  patients  with  melanoma include: (a) detection of circulating microRNAs; (b) direct isolation of melanoma cells; (c) detection of tumor-specific circulating DNA; and (d) evaluation of serological protein markers (i.e., LDH,  S-100b,  MIA).  The  latter  are  beyond  the  scope  of  this  chapter  and  have  been  extensively reviewed elsewhere [67–69]. 

 Detection of Circulating Tumor-Related mRNAs

Molecular tests to identify circulating tumor cells have been used to predict patient outcome for several malignancies, including leukemia and prostate cancer [10]. The detection of CMCs in melanoma patients who are “clinically” disease-free is a promising avenue to determine those individuals with  occult  micrometastases,  and  therefore  at  risk  for  disease  progression.  Similar  to  studies  on SLNs, combined multimarker and/or qRT assays have been employed in an effort to improve test sensitivity and specificity (Table 6.5) [70–78]. Both the number and expression levels of melanoma-associated mRNA transcripts detected in PB are found to be significantly associated with disease stage and progression in melanoma patients [8–10, 71, 72, 74]. A lack of detectable markers in PB 

correlates with a low risk of disease recurrence in melanoma patients who show no clinical or radiological evidence of residual or metastatic disease [72]. Of note, chemotherapy has been found to Table 6.5  Selected studies using molecular methods to detect CMCs in melanoma patients Disease  

Prognostic  

Reference

Method

Markers

Patients,  n

stages

value

Mellado [70]

RT-PCR

TYR

120

II–IV

Yes

Reynolds [71]

RT-PCR

TYR, Melan-A, 

118

II–IV

Yes

MAGE-A3, gp100

Wascher [72]

RT-PCR

TYR, Melan-A, uMAGE-A

30

III

Yes

Keilholz [73]

qRT

TYR, Melan-A, gp100

122

III, IV

Yes

Koyanagi [74]

qRT

Melan-A, MAGE-A3, 

94

I–IV


Yes

GalNAc-T, PAX3

Koyanagi [75]

qRT

MITF

90

I–IV

Yes

Strohal [76]

RT-PCR

TYR, Melan-A

76

I–IV

No

Brownbridge [77]

RT-PCR

TYR, Melan-A

299

I–IV

No

Palmieri [78]

RT-PCR

TYR, Melan-A, p97

200

I–IV

No

Scoggins [37]

RT-PCR

TYR, Melan-A, 

1,446

I–IV

No

MAGE-A3, gp100

 CMCs circulating melanoma cells
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induce an early clearance of CMCs [70, 79]. A number of studies have investigated whether the detection of CMCs in melanoma patients is of prognostic value, with respect to such parameters as disease-free  survival,  relapse/recurrence-free  survival,  progression-free  survival,  and  overall  survival. As for SLN investigations, results of CMC-based studies are conflicting (Table 6.5). Overall, a  slight  majority  of  studies  have  reported  a  prognostic  role  for  such  a  molecular  test  [70–75]. 

However,  up  to  40%  of  studies  have  not  found  the  molecular  detection  of  CMCs  in  melanoma patients to be predictive of clinical outcome [37, 76–78]. Melanocyte-related transcript determination in PB appears to be either a surrogate marker for clinical staging (in negative detections) or a predictive factor for disease-specific survival (in positive detections). The conflicting data among studies  with  respect  to  prognostic  utility  may  be  explained  by  differences  in  length  of  clinical follow-up, time interval between and methods of specimen collection, mRNA extraction techniques, mRNA  integrity,  selection  of  molecular  markers  (related  to  marker  expression  heterogeneity  by tumor  cells),  RT-PCR  protocols,  and  data  interpretation  and  statistical  analyses  [9]. Other  issues could  include  illegitimate  transcription,  processed  pseudogenes,  and  the  complex  biology  that  is associated  with  metastasis  development  (such  as  intermittent  shedding  of  tumor  cells  and  tumor dormancy) [9]. While the mobilization of tumor cells from the primary tumor site is necessary for metastasis  formation,  it  is  not  sufficient.  Animal  models  have  shown  that  only  0.01–0.001%  of circulating cancer cells (derived from solid tumors) are capable of developing a metastatic colony 

[80]. Therefore, it is likely that a significant proportion of CMCs, which are detectable by RT-PCR, are not capable of contributing to the formation of metastases in melanoma patients. Patients with negative molecular results at initial diagnosis may have subsequent positive results (with or without systemic therapy), and show disease progression [81]. In contrast, up to 25% of patients with a positive  molecular  result  can  show  one  or  more  negative  results  during  follow-up,  and  not  develop recurrent disease [82]. This latter phenomenon could be related to effective subsequent systemic therapy,  metastatic  inefficiency  of  tumor  cells,  or  a  combination  of  these  or  other  factors  [82]. 

Therefore, a single molecular analysis performed during diagnostic work-up may merely reflect the stage of disease (i.e., tumor burden) at that time, and not provide additional prognostic information in individual melanoma patients. It has been proposed that the prolonged presence of CMCs may be an important factor in the selection of viable tumor cells with greater capacity for distant site colonization [8]. Therefore, the molecular persistence or (re-)appearance of CMCs during follow-up could be more strongly associated with disease progression and poor outcome in melanoma patients. 

Accordingly, serial evaluations for the presence of CMCs during the postoperative period or following adjuvant therapy may be more useful than a single test (Fig. 6.6). For example, patients with consistently  negative  RT-PCR  results  demonstrate  significantly  higher  disease-free  survival  and overall survival compared to those patients with positive results in more than one test during prolonged follow-up [83, 84]. In addition, patients who demonstrate a decrease in CMCs with neoadjuvant chemotherapy have significantly lower rates of disease recurrence than patients who show no change  in  CMC  levels  [15]. Furthermore,  for  melanoma  patients  treated  with  interferon  for advanced-stage disease (stages II-IV), it has been found that those with persistence or development of  CMC-positive  results  show  a  significantly  lower  disease-free  survival  compared  with  patients who become CMC-negative [70]. However, another study has reported that RT-PCR assessment is not predictive of outcome following adjuvant interferon treatment [85]. Sequential assays to detect CMCs may provide (a) an early marker of the effectiveness of therapy, particularly in patients with no clinical evidence of disease and (b) an early indicator of disease recurrence, with the re-appearance of markers in the PB. The detection of mRNA transcripts in the PB, both at baseline and during follow-up, could be considered a reliable prognostic parameter associated with response to treatment, development of new metastatic sites, time to progression and survival. However, the role of CMC-based assays in the management of melanoma patients remains controversial. In general, these tests have been limited to clinical trials, and have not yet become a standard part of routine clinical practice. 
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Fig. 6.6  Serial peripheral blood tyrosinase ( TYR) mRNA evaluation by reverse transcription-polymerase chain reaction (RT-PCR)  in  patients  with  melanoma.  Overall  survival  of  125  melanoma  patients  following  radical  lymph  node dissection for nodal metastases is presented. Serial peripheral blood TYR mRNA determinations were performed on all patients during follow-up. Fifty-five patients showed one or more positive determinations, while samples of the remaining 70 patients remained negative in all cases. The survival of patients with one or more positive samples (- - 

- - -) was significantly lower (5-year: 26%) than that of negative (———) patients (5-year: 78%;  p < 0.001) (Courtesy of Dr. Pietro Quaglino, University of Turin, Turin, Italy)

Future research in this field will focus on the identification of novel markers of CMCs that can more accurately  predict  disease  progression.  Several  clinical  studies,  such  as  the  phase  III  multicenter malignant melanoma active immunotherapy trial (MMAIT), are currently validating CMC-based assays. 

 Detection of Circulating Tumor-Related MicroRNAs

A recent study provides strong evidence that microRNA (miRNA) expression signatures in PB may be useful diagnostic biomarkers for melanoma [86]. MiRNAs are endogeneous small (~22 nucleotide)  noncoding  RNAs  that  regulate  transcription  and  translation.  Using  a  microarray-based approach, 51 differentially regulated miRNAs, including 21 downregulated miRNAs and 30 upregulated miRNAs, were identified in the PB of melanoma patients as compared with healthy controls 

[86]. A  subset  of  16  significantly  deregulated  miRNAs  distinguished  melanoma  patients  from healthy  individuals,  with  an  accuracy  of  97.4%  [86]. In  another  study,  circulating  levels  of  five cancer-associated miRNAs  (let-7a, miR-10b, miR-145, miR-155, and miR-21) were deregulated in the presence of several cancers (including melanoma), with no specific one of these five markers denoting a particular malignancy [87]. The usefulness of miRNA signatures as prognostic, predictive, or early detection biomarkers requires further study. 

 Isolation of Melanoma Cells

A  number  of  research  groups  have  been  successful  in  isolating  CMCs  directly  from  PB,  using techniques  such  as  cell  culture  and  immunomagnetic-bead  cell  sorting  [88–91].  The  DNA  and mRNA extracted from CMCs can be analyzed by qRT, in an effort to characterize the genomic and transcriptomic  expression  of  these  cells  [91]. While  the  sensitivity  of  these  isolation  assays  is 
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within the range of data published for RT-PCR studies, these techniques are labor-intensive and time-consuming,  and  to  date  have  not  been  found  to  be  clinically  useful  in  melanoma  patients 

[88–91]. More recently, platforms based on microfluidic technology and automated immunomagnetic  enrichment  and  staining  (CellSearchTM)  have  been  shown  to  be  both  highly  selective  and sensitive  for  the  detection  of  circulating  tumor  cells  in  PB  samples  of  cancer  patients  [85]. 

However,  the  identification  of  CMCs  in  individuals  with  melanoma  by  these  latter  methods remains to be investigated. 

 Detection of Circulating Tumor-Related DNA

Intact circulating tumor-related DNA can be found in the PB of melanoma patients, as a result of tumor cell turnover, physically disrupted tumor cells, and/or tumor necrosis or apoptosis [15, 91–

101]. This may be detectable as loss of heterozygosity (LOH) of DNA microsatellites, methylated DNA, and mutations of either mitochondrial DNA (mtDNA) or nuclear DNA (including mutant BRAF)  [15, 91–101]. Circulating  tumor-related  DNA  has  genetic  changes  similar  to  primary tumors, and therefore may have clinical utility as a marker of disease stage, therapeutic response, and/or disease recurrence [15, 92, 93]. However, DNA from “normal” (nonmalignant) cells is also a common finding in PB (probably as a result of normal cellular apoptosis) [92]. Therefore, the challenge has been to find DNA markers specific for melanoma cells [92]. A number of studies have reported an association between detectable circulating microsatellite loss, methylated DNA, mtDNA alterations, and mutant BRAF with disease stage and progression [94–96, 100], response to therapy [93, 97–100], and overall survival [99, 100] in melanoma patients. Prospective studies, combining serial PB analyses with long-term follow-up, are needed to fully evaluate the clinical utility of these assays. 

Differentiation of Second Primary Tumor from Cutaneous Metastasis

The  ability  to  differentiate  between  a  second  primary  tumor  and  a  cutaneous  metastasis  (i.e., AJCC stage I/II  vs.  III/IV) has obvious significance for prognosis, therapy and survival outcome in  individual  melanoma  patients,  as  well  as  implications  for  broader  epidemiological  studies (Fig. 6.7) [1]. 

Patients  with  a  history  of  melanoma  have  an  increased  risk  (1–8%)  of  developing  a  second primary tumor, but are also at varying risk (2–20%) of developing cutaneous metastases from any prior  lesion  [102–105].  Cutaneous  metastases  of  melanoma  can  occur  in  both  the  early  and  late phases of disease progression, with locoregional recurrence (AJCC stage IIIB) representing ~80% 

of  cases,  and  distant  skin  metastases  (stage  IV)  accounting  for  the  remaining  20%  [105]. 

Interestingly, patients with locoregional metastases have a lower disease-free survival, but a longer time to progression to visceral involvement, compared with patients with distant skin metastases 

[105]. Currently, a distinction between a second primary tumor and a recurrent/metastatic lesion is based on clinical history, changes on physical examination (i.e., proximity of lesions), and microscopic findings (i.e., similarity of cytomorphological and immunohistochemical features, presence or absence of a precursor lesion, and/or epidermotropism). However, it can be difficult to definitively categorize a “second” neoplasm on the basis of comparative histopathologic and immunophenotypic  features  [106].  As  a  consequence,  a  number  of  studies  have  investigated  if  molecular technologies could be used to delineate either a clonal relationship or independent origin among 
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Fig.  6.7  Molecular  confirmation  of  melanoma  metastasis  versus  secondary  primary  tumor.  Sequencing  analysis demonstrates an identical NRAS exon 3 codon 61 mutation (c.182A > G, p.Gln61Arg) in primary cutaneous melanoma and subsequent lymph node and uveal metastases, but not in normal control tissue of the patient (excluding a germline mutation) (From Küsters-Vandevelde et al. [115]. Reprinted with permission from Springer, copyright © 2007) pairs of cutaneous melanoma samples, and therefore have potential diagnostic utility in differentiating skin-tropic metastatic melanomas from second primary lesions [102–104, 107–109]. In those instances where paired tumors show cytologically and immunohistochemically divergent features, molecular studies may have a role in distinguishing a metastatic melanoma from a tumor of different origin/differentiation [108]. Of note, differences between the transcriptional profiles of melanoma metastases and other solid tumors have been described [110]. Molecular analysis could also be used to distinguish melanoma from clear cell sarcoma, a tumor which shows similar morphologic (i.e., presence of melanin), histochemical, immunohistochemical (i.e., S100+/HMB-45+), and ultrastructural (i.e., presence of pre-melanosomes) features (see Chap. 8). 

Paired skin-derived melanoma samples have been evaluated by such techniques as X-chromosome inactivation analysis [103, 104] and LOH testing of multiple microsatellite markers [102, 103, 107], in addition to BRAF gene [102], p16 gene [108], and CDKN2A locus [109] mutational assays. Other studies on paired (cutaneous and non-cutaneous) tumor samples have focused more on an investigation of the genetic basis of melanoma pathogenesis and metastatic progression (in addition to possible  diagnostic and prognostic utilities), employing such methods as karyotyping, LOH, FISH, CGH,  oligonucleotide and cDNA microarrays, and CDKN2A, NRAS, and KIT gene mutational analyses [44, 49, 111–117].  

The detection of identical mutations in: (a) p16 genes [108]; (b) CDKN2A loci [109]; and (c) NRAS 

genes and CDKN2A loci [115], in paired tumor samples, has been used to establish the diagnosis of melanoma metastases to the skin and other sites (i.e., lymph node, eye) (Fig. 6.7). Identical KIT mutations in both primary melanomas and their metastases have also been reported [including the same exon 11, V559A activating mutation in a primary acral lentiginous melanoma (ALM) and its corresponding skin metastasis] [116]. It should be stressed that such gene mutational analyses must be interpreted with caution. Firm conclusions that the tumor pair are related (i.e., primary and corresponding metastasis) can only be reached if an identical mutation is found in both tumors, and not present in the germline 

[108, 109]. In cases of discordant findings, no definitive conclusions can be drawn, as mutations could 

124

M.J. Murphy and J.A. Carlson

be either acquired or lost with tumor progression [109]. The majority of melanoma metastases do appear to share a common clonal origin with their matched primary tumors [104]. However, multiple coexisting, genetically independent metastatic tumors can be found in an individual patient, and putatively arise from several distinct subpopulations/clones in the original melanoma [104]. It has been argued that the presence of mutational heterogeneity both (a) within an individual melanoma and (b) between a recurrent/

metastatic melanoma and its primary tumor may be a pitfall for diagnostic molecular testing in this setting [102, 114]. Divergence of metastatic subclones could occur early in the evolution of the primary tumor, and clonal evolution of melanoma may not necessarily follow the linear growth-dominance concept of the metastatic cancer cell, as proposed for other human tumors [114]. In contrast to the transformation from a benign melanocyte to melanoma, the ability of a fully formed melanoma cell to give rise to a metastasis may require the presence of genomic stability [118]. Several studies have shown more similarities in gene expression among autologous samples taken at different stages from one individual than between patients with similar stage disease [43]. A recent oligonucleotide microarray study found no statistically significant differences in gene expression between primary melanomas and their corresponding metastases ( n = 9, including 5 cutaneous metastases) [44]. In contrast, cDNA microarrays readily distinguished a patient’s primary and corresponding metastasis in another study [117]. A four-probe FISH-based study found that SLN metastatic melanoma deposits can show (a) less, more, or equal numbers of genetic aberrations and (b) identical or different types of genetic aberrations, compared with their corresponding primary melanomas [49]. Karyotyping studies, on paired primary and metastatic melanomas, have shown common alterations (interpreted as supporting disease clonality), as well as additional changes in the metastases [111]. In recent CGH- and FISH-based studies on five patients, none of the metastatic  tumors  (including  two  cutaneous  metastases)  was  found  to  be  genetically  identical  to  its primary melanoma [112, 113]. Shared chromosomal alterations between paired tumor sets were noted 

[112, 113]. However, in all cases, the metastases had acquired new chromosomal alterations that were not identified in the primary tumors [112, 113]. The higher genomic instability at metastatic sites suggests that melanoma progression is based on the accumulation of multiple genetic alterations. Therefore, comparative studies could be used to explore the chromosomal alterations associated with aggressive behavior and to identify metastasis-related genetic aberrations (in addition to tumor initiation factors), but may have limited value in determining the nature/origin of a second tumor. A degree of LOH discordance can be present between a tumor pair, even if they share a common clonal origin [107]. Of course, LOH concordance (i.e., loss of the same allele at the same locus) could occur by chance in two distinct tumors [107]. In addition, it has been postulated that there exists a population of melanoma stem cells with core genomic instability that have not yet acquired tumorigenic mutations, analogous to the melanoma field cell concept in ALM (see Chap. 9) [102, 119]. Theoretically, multiple tumor cell populations with different genotypic and phenotypic characteristics could arise in an individual tumor from such stem cells through different molecular pathways [102]. These concepts have important implications both for (a) the current view of melanoma biology and metastases (i.e., a single transformed cell produces a clonal population of malignant cells, with subsequent development of genetically divergent subpopulations that may acquire the ability to metastasize) [103] and (b) the evolving field of targeted therapy for patients with melanoma [120, 121]. Recently, Begg et al. [122] proposed a statistical test that could compare patterns of allelic losses at candidate genetic loci, and be used to determine if a diagnosed second tumor shares a common clonal origin or is biologically independent of the original primary lesion. Clonality would be favored if the number of concordant mutations between tumors exceeds the number expected on the basis of chance [107]. Using this statistical testing strategy, their results suggest that the majority of melanomas, which are diagnosed as second primaries on the basis of their clinical and histopathological features, do indeed represent independent occurrences of the disease (Fig.  6.8) [107]. These findings support the validity of current histopathological criteria used by experienced pathologists to distinguish metastases from second primary tumors [107]. In the future, clinical and histopathological evaluation may be supplemented by molecular diagnostic testing in an effort to definitively identify the origin of second malignancies in patients with melanoma. 

[image: Image 43]
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Fig. 6.8  Comparison of the somatic mutational profiles of a pair of melanomas in an individual patient: determination of allelic gains and losses by fragment-size analysis. The electropherograms depict results obtained for the dinucleotide (CA) markers D2S139 (a–d) and D1S214 (e–f). Figures (a) and (b) exemplify noninformative and informative normal DNA samples, respectively. The tumor pair of a melanoma patient display discordant allelic loss for D2S139: loss of the short allele in tumor #1 (c) and loss of the long allele in tumor #2 (d). For the marker D1S214, both of the patient’s tumors show concordant allelic loss, or loss of the same allele (e–f).  C cytosine,  A adenine (Courtesy of Drs. 

Irene Orlow and Colin Begg, Memorial Sloan-Kettering Cancer Center, New York)
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Chapter 7

Non-Melanoma Skin Cancers and Hereditary Cancer 

Syndromes

Zhenyu Ji, Victor Neel, and Hensin Tsao 

Non-melanoma skin cancers (NMSC), which include basal cell carcinoma (BCC) and squamous cell carcinoma (SCC), are among the most common human neoplasms, accounting for nearly as many human tumors as all other cancers combined. More than one million new cases of NMSC 

are diagnosed each year in the USA [1]. Although their growth is often slow when compared to other cancers,  NMSC  can  be  locally  destructive  and  many  have  the  capacity  to  metastasize  to  distant organs. Therefore, early diagnosis is critical for successful treatment of these tumors [2]. The current gold standard for diagnosis of NMSC is tissue biopsy for histopathological analysis [3]. However, a definitive diagnosis is sometimes not possible on the basis of morphological features [4, 5]. In this chapter, we will provide an update on recent advances in molecular technologies which may help resolve diagnostic ambiguities and potentially offer insights into patient outcomes and treatment response of NMSC. 

Both BCC and SCC are keratinocyte-derived skin tumors that predominantly occur at chronically sun-exposed sites [6]. BCC is the most common form of NMSC, accounting for more than 75% of cases. Although they are locally invasive and destroy surrounding tissue, BCC rarely metastasize. 

The  metastatic  potential  of  SCC  is  higher  than  that  of  BCC,  especially  those  tumors  found  at mucosal sites, in areas of chronic wound healing and/or in immunocompromised patients [7]. In addition to BCC and SCC, there exist several keratinocytic dysplasias associated with ultraviolet radiation (UVR)-damaged skin, including actinic keratosis (AK), SCC in situ (Bowen’s disease), and keratoacanthoma (KA) [8]. Both AK and SCC in situ can evolve to overt SCC, whereas KA rarely progress and can resolve spontaneously [9]. 

Basal Cell Carcinoma

Basal cell carcinomas (BCC) are slow-growing epithelial tumors, composed of nests and cords of basaloid cells with hyperchromatic nuclei, scant cytoplasm, and peripheral palisading, in addition to stromal retraction and mucin deposition [10]. Karyotyping and fluorescence in situ hybridization (FISH) analyses have identified trisomy of chromosome 6 as a cytogenetic aberration in tumor cells of aggressive and metastatic BCC [11, 12]. In fact, acquisition of trisomy 6 in BCC may be associated H. Tsao () 
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with metastatic potential. Karyotying and comparative genomic hybridization (CGH) studies have also revealed regions of recurrent copy number (CN) gain in BCC, including 6p, 7, 9p, and X, and CN  loss  on  9q  [13–15]. This  loss  has  been  confirmed  in  30–50%  of  BCC  samples  by  loss  of heterozygosity (LOH) analysis, which further refined this region to 9q22.3, the site of the tumor suppressor gene  PTCH1 [13, 16–18]. PTCH1 acts as a transmembrane receptor and its loss results in upregulation of the sonic hedgehog (SHH) signaling pathway [19]. 

Dysregulation of the SHH pathway is a critical event in BCC development. PTCH1 negatively regulates  SHH  signaling  through  inhibition  of  a  transmembrane  protein  Smoothened  (SMO) (Fig. 7.1). SHH binds to PTCH1, relieving the pathway inhibition induced by unbound PTCH1. 

SMO is then disinhibited and transmits signals through a series of interacting proteins, including suppressor of fused (SUFU), ultimately resulting in activation of the GLI family of transcription factors,  GLI1,  GLI2,  and  GLI3  [10]. GLIs  transactivate  genes  such  as   GLI1,  PTCH1,  HIP,  and PDGFRa [20]. The SHH signaling pathway is highly conserved across different species, including humans, and is involved in cell fate determination and organogenesis [20]. Besides deletion,  PTCH1 

point mutations and rearrangements have also been detected in sporadic BCC [21, 22]. Activating SMO  mutations  have  been  described  in  10%  of  sporadic  BCC  [23].  In  addition,  both   HIP  and PTCH1 mRNA overexpression have been found in all samples of BCC when compared with normal skin [24]. 

Fig. 7.1  Hedgehog signaling pathway. Hedgehog signaling is initiated by the binding of Hedgehog ligand to Patched (PTCH), a 12-transmembrane protein receptor. Sonic hedgehog ( SHH) is one of the hedgehogs in mammalian cells. 

PTCH acts as an inhibitor of Smoothened (SMO), a 7-transmembrane G protein-coupled receptor. Downstream of SMO  is  a  multiprotein  complex,  which  comprises  the  transcription  factor  GLI,  the  serine/threonine  kinase  Fused ( Fu), Suppressor of fused ( Sufu), protein kinase A ( PKA), and glycogen synthase kinase 3 ( GSK3). In the absence of SHH, PTCH inhibits the activity of SMO. This inhibition is relieved by SHH binding. SMO activation leads to dis-sociation of GLI from the cytoplasmic protein complex and nuclear translocation, followed by enhanced transcription of  its  target  genes   GLI1,  PTCH1,  HIP,  and   PDGFRa.  Activation  of  the  hedgehog  signaling  pathway  has  been described in several human cancers, including BCC, gastrointestinal cancers, and brain cancers
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Fig. 7.2  p53 signaling pathway. The tumor suppressor protein p53 exhibits sequence-specific DNA-binding, directly interacts with various cellular and viral proteins, and induces cell cycle arrest in response to DNA damage. In response to signals generated by a variety of genotoxic stresses, such as ultraviolet radiation or DNA damage, p53 is expressed and undergoes post-translational modification that results in its accumulation within the nucleus. The p53-dependent pathways help to maintain genomic stability by eliminating damaged cells either by arresting them permanently or by inducing  apoptosis.  p53  promotes  the  transcription  of  p21,  which,  in  turn,  binds  to  and  inhibits  cyclin-dependent kinases ( CDKs) and E2F, thus blocking the G1-S transition. p53 also induces transcription of the pro-apoptosis gene Bax, which leads to cytochrome c ( Cyto C) release from mitochondria, caspase activation, and apoptosis. p53 activity is controlled through an autoregulatory loop involving the E3 ligase MDM2. Binding of MDM2 to p53 targets the latter for degradation, and inhibits p53-induced cell cycle arrest and apoptosis. Disruption of p53 protein itself or other components of the p53 pathway are major events in many human cancers, including skin tumors The tumor suppressor gene  TP53 (Fig. 7.2), which is involved in DNA damage response and genome  surveillance,  is  mutated  and  inactivated  in  about  50%  of  BCC  [25,  26].  It  has  been suggested  that   TP53  mutation  is  a  crucial,  but  late  event  in  BCC  progression  [26].  Most   TP53 

mutations in skin cancers are of the “UVR signature” type (i.e., C → T and/or CC → TT transitions at  dipyrimidine  sequences)  [27,  28]. Recently,  it  has  been  proposed  that  mutational  hot  spots  in codon 177 of the  TP53 gene are specific for BCC, whereas mutations in codon 278 are associated with  primary  cutaneous  SCC  [29]. The  functional  basis  of  this  codon  selection  is  unknown. 

Mutational  analyses  of   PTCH1,  SMO,  and   TP53  have  been  accomplished  using  single-strand conformation polymorphism (SSCP) [30]. It has been suggested that measurement of SHH pathway target  gene  expression  by  quantitative  reverse  transcription-polymerase  chain  reaction  (RT-PCR) may be of help in diagnosing BCC and guiding future therapies [31]. The use of molecular technologies to study BCC is also discussed in Chaps. 4, 9, and 21. 
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Squamous Cell Carcinoma

Squamous  cell  carcinoma  (SCC)  is  another  major  subtype  of  NMSC.  SCC  exhibit  more  genetic aberrations  compared  to  BCC,  which  may  explain  their  greater  metastatic  potential  [16].  Frequent regions of LOH have been identified at 3p, 9p, 13q, 17p, and 17q [16]. It is plausible that these distinct regions contain putative tumor suppressor genes involved in SCC development and progression. 

For example, loss of 17p is associated with dysfunction of the tumor suppressor gene  TP53 [16]. 

LOH analysis of SCC in situ has revealed recurrent loss of the  TP53 gene in ~27% of cases [32]. 

Brash  et  al.  [33]  have  found  that  approximately  90%  of  SCC  have   TP53  gene  mutations.  LOH 

analysis has also revealed recurrent loss of 9p in some SCC samples [34]. The 9p21 locus contains a well-known tumor suppressor gene  CDKN2A, which plays a critical role in SCC development. 

Mutational analysis and transcript expression studies further suggest that inactivation of  CDKN2A is also important for SCC progression [35–37]. Loss at 3p in SCC is associated with inactivation of the tumor suppressor gene  FHIT (3p14.2), whose involvement in oral SCC is already established 

[38]. Deletion of 3p12-p14, 3p24-pter, and 13q13 has also been commonly observed in cutaneous SCC [39]. Future higher-resolution mapping will help clarify the role of these putative tumor suppressor  gene  containing  sites  in  NMSC  tumorigenesis.  Many  other  CN  alterations  have  been reported in SCC, including losses at 4p, 5q, 8p, and 10p, and gains at 3q, 5p, 7p, 8q, 11q, 17q, 18q, 19p, and 20q [40–42]. Among all these changes, a number of loci (3p21, 17p13, and 9p21) are commonly deleted in SCC, BCC, and KA. 

LOH among different types and stages of SCC has also been studied. All poorly differentiated SCC and 60% of SCC in situ show genetic loss at 3p21 [43]. Primary tumors demonstrated gain at 12q13, which was not detected in the metastases, while metastatic lesions showed unique gains of 8q, 9q, and Xp21, and losses of 8p and 10p12-pter [41]. Evaluation of differences in LOH between primary and metastatic SCC may provide a method to identify metastasis-prone tumors. In addition, significantly  higher  numbers  of  chromosomal  aberrations  are  detected  in  SCC  compared  to  AK, with 18q deletion appearing to be more specific for SCC [44]. 

Gain of 8q24, which contains the oncogene  MYC, is a recurrent cytogenetic aberration in SCC 

[45].  MYC amplification, rearrangement, and/or overexpression may be important for keratinocyte dedifferentiation and tumor progression [45].  MYC gain can be determined by FISH analysis, results of  which  show  a  significant  correlation  with  MYC  protein  overexpression  in  tissue  samples,  as determined  by  immunohistochemistry  [45].  The  level  of  MYC  expression  is  associated  with  the stage of disease and may be considered a marker of tumor aggressiveness. 

Protein markers may serve as reliable prognostic predictors of SCC. Strong expression of phosphorylated STAT3 (p-STAT3) [46] and decreased expression of E-cadherin [47] are associated with a poorly differentiated phenotype, a propensity for tissue invasion, and increased risk of metastasis to regional lymph nodes. Immunohistochemical staining reveals an increase in FoxP3 expression in SCC  with  perineural  invasion  [48]. Methylation  of   FOXE1,  a  candidate  tumor  suppressor  gene, occurs frequently in SCC and is associated with significantly downregulated gene expression [49]. 

Although  there  are  currently  no  definitive  molecular  markers  for  SCC,  further  studies  using genomic and transcriptomic technologies may identify such markers with both diagnostic and prognostic value in this tumor. SCC is also discussed in Chaps. 4 and 9. 

Actinic Keratosis

Actinic keratosis (AK) is considered a pre-cancerous lesion, with up to 10% of AK transforming into SCC [50]. Microscopically, AK is characterized by atypical keratinocytes usually restricted to the lower portion of the epidermis; although, these changes may extend up to the mid-part of 
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the stratum Malpighi [51]. Molecular analyses of AK indicate that these lesions are genetically unstable,  with  a  high  number  of  recurrent  aberrations.  Interestingly,  LOH  studies  demonstrate that AK harbor a higher rate of LOH (43%) compared to SCC (25%), with almost 20% of AK 

showing loss of chromosome 8 [52]. A high frequency of LOH has been observed at 3p, 9p, 9q, 13q, 17p, and 17q for AK (sites of LOH observed in SCC). This supports the observation that SCC may evolve from AK (i.e., AK is a precursor of SCC) [37, 52–54]. AK show a lower frequency of LOH at 9p21 (the  CDKN2A tumor suppressor gene region) compared to SCC (21%  vs.  

46%), suggesting that progression of AK to SCC may involve the inactivation of  CDKN2A. 

Mutational inactivation of  TP53 may be a crucial step in the pathogenesis of AK.  TP53 mutations with UVR signature changes can be easily detected in AK [27]. Ziegler et al. [27] showed that inactivating  p53  in  mouse  skin  reduced  the  appearance  of  sunburn  cells  (apoptotic  keratinocytes generated by overexposure to UVR). Therefore, keratinocytes appear to possess a p53-dependent 

“suicide” response to DNA damage that aborts precancerous cells. If this response is abrogated by a prior  TP53 mutation, UVR can select for clonal expansion of p53-mutated cells (Fig. 9.3) with subsequent development of AK. Thus, UVR can act twice: both as tumor initiator and tumor promoter. 

Immunohistochemistry identifies p53 protein expression in skin biopsies of AK [55]. The precursor status  of  AK  has  also  been  corroborated  by  cytogenetic  studies  [56]. Karyotypic  similarities between  SCC  and  AK  are  reported,  including  structural  rearrangements  involving  chromosomal band 3p13 and the centromeric region of chromosome 3 [56]. These changes may be early genetic events associated with malignant transformation in the skin. 

Keratoacanthoma

Keratoacanthoma (KA) is a well-differentiated, rapidly growing, and self-regressing keratinocytic neoplasm of unknown etiology. KA does not exhibit distinct histopathological features nor specific protein biomarkers that allow a definitive discrimination from SCC [57]. 

LOH analysis of KA demonstrates only isolated losses at 9p, 9q, and 10q [58]. CGH studies have also confirmed a lower degree of chromosomal instability in KA compared to SCC [42]. KA shows recurrent gain at 9q, and losses from 3p and 9p [42]. Only loss of 3p is seen at approximately the same frequency in KA and SCC [42]. This low frequency of genomic derangement in KA not only supports a less malignant phenotype, but also provides a potential approach to genetically differentiate KA from SCC. In contrast,  HRAS mutation appears to be more frequent in KA than in SCC, and is associated  with  a  gain  of  chromosome  11p  [59]. Further  genetic  analysis  of  KA  may  provide detailed information on KA-related genes. 

Apoptosis-related protein expression analysis demonstrates reduced Bcl-2, in conjunction with elevated Bak, in regressing KA [60]. In contrast, a steady level of Bcl-2 expression and reduced Bak expression is found in proliferating SCC, possibly explaining the aggressiveness of this tumor [60]. 

In addition, p16 appears to be lost in SCC, but not in cases of KA [61]. 

Non-Melanoma Skin Cancer Syndromes

 Basal Cell Nevus Syndrome (BCNS, Gorlin Syndrome)

BCNS is an autosomal dominant disease characterized by the rapid development of multiple BCC 

early in life [62]. BCNS is linked to chromosome 9q22, which harbors the  PTCH1 tumor suppressor gene.  Genetic  aberrations  of  the   PTCH1  gene  in  this  syndrome  include  nonsense,  frameshift, 
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in-frame,  splice-site,  interstitial,  and  missense  mutations  [63]. About  70%  of  germline   PTCH1 

mutations are rearrangements, resulting in truncated proteins, although no hot spots have been identified [64, 65]. In accordance with the Knudson two-hit hypothesis, loss of the wild-type allele has been demonstrated in BCNS patients [22]. The  PTCH1 gene consists of 23 exons, and encodes a 1447-amino-acid integral membrane protein, including a 12-transmembrane region. As discussed in the previous section, inactivating mutations of  PTCH1 lead to upregulation of SHH signaling pathway activity in BCC [66, 67]. 

High-resolution chromosomal banding of peripheral blood lymphocytes of these patients reveals interstitial deletions of the long arm of chromosome 9 [63]. Both array-CGH and FISH have been used to determine the extent of chromosomal deletion [63, 68]. In addition, sequence analysis of the PTCH1 gene is shown to be useful in definitively diagnosing BCNS [69]. Few recurrent mutations and no genotype–phenotype correlations have been found for BCNS [65]. Analysis of polymorphic DNA markers on chromosome 9 can be used for prenatal diagnosis of this syndrome and identification of the parental origin of gene deletion [70]. Immunohistochemistry with non-mutated site-targeting  anti-PTCH1  antibody  does  not  differentiate  BCNS-associated  from  sporadic  forms  of BCC, because both display similar patterns and intensity of staining [71]. 

 Bazex–Dupre–Christol Syndrome (BDCS)

BDCS is characterized by follicular atrophoderma, hypotrichosis, and early development of BCC 

[72]. An X-linked dominant mode of inheritance has been suggested, with genes responsible for this syndrome mapped to Xq24-q27 [73]. The  UBE2A gene, whose yeast homolog is involved in DNA repair following UVR-induced damage, has been proposed as a candidate gene for BDCS, although a clear link has not yet been established [73]. The main differential diagnosis of BDCS is BCNS. 

A distinction can be made by genomic analysis, such as  PTCH1 gene sequencing and mutation studies. Identification of the gene(s) responsible for BDCS may provide a tool to definitively diagnose this syndrome. 

 Rombo Syndrome

Rombo  syndrome  is  characterized  by  atrophoderma  vermiculatum  of  the  face,  multiple  milia, telangiectases,  acral  erythema,  and  a  propensity  to  develop  BCC  [74].  An  autosomal  dominant mode of transmission was suggested by the presence of male-to-male transmission in the originally described family with this syndrome [74]. A sporadic case was recently reported by Van Steensel et al. [75]. The gene responsible for this syndrome is still unknown. 

 Multiple Self-healing Squamous Epithelioma

Multiple self-healing squamous epithelioma (MSSE) is an autosomal dominant disorder characterized by multiple self-resolving cutaneous epithelial tumors that occur as early as the first decade and as late as the fifth decade of life [76]. The affected locus has been mapped to an 800-kb region on chromosome  9q22.1-q22.3  [77]. LOH  analysis  suggests  that  a  tumor  suppressor  gene  might  be located  at  this  site.  The  locus  contains  genes  such  as   PTCH1,  ZNF169,  PHF2,  and   FANCC. 

However, mutations of these genes have not been identified by sequencing studies [78]. Though MSSE 
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involves sun-exposed sites, mutations of the DNA repair gene  XPA have also been excluded [79]. 

The disease-causing gene(s) in this syndrome await identification. 

 Muir–Torre Syndrome

Muir–Torre syndrome (MTS) is a rare autosomal dominant condition characterized by sebaceous gland tumors and/or KA, in addition to visceral malignancies that include gastrointestinal and geni-tourinary cancers [80–83]. MTS usually results from germline mutation(s) in one or more of the DNA mismatch repair (MMR) genes. MMR genes commonly implicated include  MSH-2 (>90%), MLH-1 (<10%), and, more recently,  MSH-6 [80–83]. Immunohistochemical testing of skin biopsies for the MMR proteins, MSH-2, MLH-1, and MSH-6, is reported to be very useful in detecting these defects in cutaneous tumors in MTS, especially in cases where the diagnosis is uncertain or a silent phenotype is present [81–83]. A high concordance (~90%) between MMR protein expression by immunohistochemistry  and  microsatellite  status  is  seen;  however,  maintenance  of  MMR  protein expression does not exclude the possibility of an underlying DNA repair defect. Studies in MTS 

patients indicate that lack of expression of either MLH - 1 or MSH - 2 is associated with microsatellite instability (MSI) in 100% of cases, while maintenance of expression of both proteins is predictive of microsatellite stability in 93% of cases [81–83]. MSI refers to the appearance of abnormally long or short microsatellites (repeated sequences of DNA of 1–6 base pairs in length) in an individual’s DNA, as a result of defects in the normal DNA repair process [84]. Mutations in DNA repair genes result in the accumulation of errors in microsatellite sequences, so that they become either longer or shorter. Based on current evidence, a lack of expression of any one of the MMR proteins warrants additional studies, such as MSI testing and/or germline  mutational analysis, guided by clinical suspicion and the patient’s family history. Documentation of MSI indicates that the proband and his/

her family members require strict cancer surveillance and mutational analysis. However, it is important to bear in mind that both sebaceous and/or visceral neoplasms associated with MTS may be microsatellite stable, and also that sporadic cutaneous sebaceous neoplasms can demonstrate MSI 

[81–83]. 

 Xeroderma Pigmentosum

Xeroderma pigmentosum (XP) represents a group of autosomal recessive disorders characterized by intense photosensitivity and early onset of skin tumors, such as AK, BCC, SCC, and melanoma 

[76]. Germline mutations of the XP genes ( XPA to  XPG) are responsible for this disease. The XP 

genes  are  involved  in  nucleotide  excision  repair  (NER)  following  UVR-induced  DNA  damage (Fig. 7.3). The elevated risk of skin cancer development in patients with XP is not due solely to a deficient DNA repair system [85]. Alterations of other oncogenes and tumor suppressor genes have also been reported [76]. 

XP has been diagnosed by measuring post-UVR unscheduled DNA synthesis (UDS) in fibroblasts cultured from skin biopsies, a technique developed by Cleaver et al. [86]. Although this assay is reliable, it is time-consuming and labor-intensive. PCR-based methods, such as PCR-restriction fragment  length  polymorphism  (PCR-RFLP),  are  now  more  commonly  employed  [87]. PCR-RFLP is also very useful for early prenatal diagnosis, with fetal amniotic fluid chorionic villi as a source of DNA template [87]. The PCR-SSCP method is useful in identifying new mutations in XP  patients  [88,  89].  Host  cell  reactivation  (HCR)  is  another  rapid  and  sensitive  assay  for  the diagnosis of XP. HCR utilizes a UVR-treated plasmid containing the sequence of a reporter gene, 
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Fig. 7.3  Nucleotide excision repair pathway. Normally, ultraviolet radiation ( UVR)-induced DNA damage is recognized by the XPC and HR23 proteins, promoting protein complex formation. A complex including TFIIH is formed at the lesion site, and the two helicases XPB and XPD unwind the DNA molecule surrounding the lesion. This is followed by recruitment of RPA, a major eukaryotic single-stranded DNA-binding protein, which protects both of the separated strands in the complex. The endonucleases XPF and XPG then cleave the damaged region. The gap is subsequently filled by DNA polymerases, followed by ligation through the action of DNA ligases. The disruption of this nucleotide excision repair ( NER) pathway is involved in several disorders, including xeroderma pigmentosum ( XP). Different defects in the NER pathway lead to the variant forms of XP

such as chloramphenicol acetyltransferase (CAT). This is transfected into XP cell lines from which repair and restoration of CAT activity is measured [90, 91]. Other reporter genes, such as luciferase or b-galactosidase, can also be utilized for HCR. 

Other Less Common Non-Melanoma Skin Tumors

 Merkel Cell Carcinoma

Merkel cell carcinoma (MCC), or trabecular carcinoma of the skin, is a rare, aggressive cutaneous neuroendocrine malignancy [76]. UVR-induced damage has been implicated in the pathogenesis of this tumor, although more recent evidence points to a previously uncharacterized polyomavirus (MCPyV)  as  playing  a  central  role  [92,  93].  Gene  expression  studies  of  cultured  MCC  cell lines have suggested the possibility of two subtypes of this disease with distinct transcriptomic profiles (i.e., signal transduction pattern  vs.  cell cycle control and proliferation pattern). LOH 

studies have identified possible tumor suppressor loci for MCC at 1p32-p36 and 10q23, chromosomal  regions  which  have  been  implicated  in  the  development  of  other  cancers  [76,  94]. 

Using  high  resolution  array-CGH  analysis,  MCC  tissue  samples  frequently  show  loss  of 
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regions on chromosomes 3p, 4, 5q, 7, 10 and 13, with gain of regions on chromosomes 1, 3q, 5p, and 6 [95]. Loss of the  pRb1 gene region and amplification of the  L-Myc gene region are found in 26% and 31% of tumors, respectively [95]. Importantly, a higher frequency of genomic aberrations  is  reported  to  be  associated  with  reduced  survival  in  patients  with  MCC  [95].  In contrast,  recent  evidence  suggests  that  MCC  tumors  with  higher  MCPyV  abundance  demonstrate better clinical outcomes [96]. Immunohistochemistry is commonly employed in the differential  diagnosis  of  MCC  from  other  small  round  cell  tumors.  For  example,  cytokeratin  20 

(CK20)  is  the  most  widely  used  immunohistochemical  marker  and  characteristically  shows  a perinuclear  dot-like  expression  pattern  in  MCC  [97].  Other  protein  markers  that  appear  to  be reliable in distinguishing MCC from small cell carcinoma of the lung have also been described, and include neurofilaments, TTF-1 and MASH1 [98]. 

MCC  is  heterogeneous  clinically,  morphologically,  in  its  genomic  aberrations,  MCPyV  abundance, and also in the expression of a limited number of proteins investigated to date. The identification of molecular and protein biomarkers (applicable to clinical tissue and biological fluids), that would help to refine the information gained by knowledge of routine clinical and histopathological prognostic factors, could be used to develop more standardized criteria for defining and reporting MCC, facilitate the stratification of MCC patients based on the risk for metastasis and poor outcome, and aid in the development of novel targeted therapies. It has been envisioned that the results of research-based genomic and transcriptomic analyses of skin tumors, such as MCC, will provide avenues for the future clinical-based use of molecular diagnostic and prognostic tests. In fact, defined genetic-morphological  classification  systems  have  already  been  proposed  for  other  skin  tumors. 

However, a distinct molecular pathway for the development and progression of MCC has yet to be identified [92]. Several major genomic aberrations, such as those found in melanoma (i.e., MAPK 

pathway), have revealed little or no involvement in MCC, although research is on-going [92]. 

 Pilomatricoma

Pilomatricoma (or calcifying epithelioma of Malherbe) is a slow-growing, benign skin tumor that shows similar histomorphological features to the hair follicle [99]. Activating mutations of the beta-catenin gene have been linked to the development of this tumor [100]. Dysregulation of beta-catenin signaling has been reported in Gardner syndrome, whose presentation includes multiple pilomatricomas [76]. In addition, deletion or truncation of the nuclear receptor-binding SET domain containing protein ( NSD1) gene has been reported in familial Sotos syndrome, in which multiple large pilomatricomas develop [101]. 

 Cylindroma

Cylindroma is a rare cutaneous neoplasm characterized by intradermal cellular nodules surrounded by basement membrane-like material. Both sporadic and autosomal dominant familial cases have been reported. LOH analysis has identified a putative tumor suppressor gene on chromosome 16q12 

[102]. Refined mapping and positional cloning of this region led to the discovery of germline and somatic mutations of the cylindromatosis gene ( CYLD), in both familial cylindromatosis and sporadic cylindroma cases [103]. Although its function is as yet unknown, detection of  CYLD gene mutation is expected to provide a valuable method for diagnosis. 

140

Z. Ji et al. 

Conclusions

Molecular techniques may play a decisive role in the differential diagnosis and prognostication of histopathologically ambiguous NMSC. Traditional cytogenetic analysis has enabled the identification of a number of chromosomal abnormalities associated with these tumors. Newer technologies are expected to further refine the role of such genomic aberrations. With the development of recent methodologies,  such  as  array-CGH,  gene  expression  profiling,  and  protein  microarrays,  novel biomarkers of diagnostic and prognostic value in NMSC are expected to emerge rapidly [104–106]. 
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Chapter 8

Cutaneous Sarcomas and Soft Tissue Proliferations

Omar Jassim and John D. Pfeifer 

Primary  cutaneous  sarcomas  account  for  14%  of  all  sarcomas  [1]. Partly  owing  to  their  relative rarity, diagnosis of these tumors is often challenging. All too often a pathologist is faced with a small  biopsy,  and  has  to  differentiate  a  common  benign  mesenchymal  tumor  from  its  malignant counterpart,  or  classify  a  malignant  tumor  based  on  a  limited  tissue  sample.  Fortunately,  basic science discoveries over the last several decades have demonstrated that many benign and malignant mesenchymal tumors of the skin have characteristic genetic changes. This chapter will discuss how adjunct molecular genetic testing can be used in the diagnosis and prognostication of these lesions, and in directing patient therapy. 

For  many  sarcomas  of  the  skin  and  subcutaneous  tissue,  a  chromosomal  translocation produces a fusion gene that is the key to tumor development. Therefore, molecular genetic testing of primary cutaneous and metastatic sarcomas is primarily focused on the detection of translocations,  fusion  genes,  or  fusion  gene  transcripts  by:  (a)  conventional  cytogenetic  analysis (karyotyping); (b) fluorescence in situ hybridization (FISH), using either metaphase (dividing) or  interphase  (nondividing)  cells;  or  (c)  reverse  transcription  polymerase  chain  reaction (RT-PCR). However, for some neoplasms, it is gene deletions and/or gene inactivation by point mutations that are associated with tumorigenesis. While routine cytogenetic analysis or FISH 

can demonstrate gross structural abnormalities in these latter cases, accurate identification of the point mutation requires DNA sequence analysis. For still other tumor types, it is activating mutations,  also  only  detectable  by  DNA  sequence  analysis,  that  are  responsible  for  oncogenesis. 

More recently, gene expression profiling strategies have shown promise (a) for facilitating the classification of sarcomas of uncertain histogenesis, (b) as predictors of patient outcome, and (c) as methods to uncover novel therapeutic strategies [2]. The study of tumor RNA using cDNA/

oligonucleotide  microarrays,  which  simultaneously  analyze  the  expression  of  thousands  of genes,  has  resulted  in  the  identification  of  novel  tumor-specific  biomarkers  and  altered  biochemical pathways in subtypes of sarcoma [2]. 
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Malignant Round Cell Tumors and Other Tumors  

of Uncertain Histogenesis

 Ewing Sarcoma/Peripheral Neuroectodermal Tumor

Ewing sarcoma/peripheral neuroectodermal tumor (EWS/PNET) is a prototypic malignant round cell tumor of childhood and adolescence that classically arises in the soft tissue and bone (Fig. 8.1). 

Once thought to be an uncommon neoplasm, EWS/PNET now accounts for ~20% of all malignant soft tissue tumors in children. It has been described in patients of all ages [3, 4], and may involve a wide  variety  of  sites  besides  soft  tissue  and  bone,  including  the  skin  and  subcutis  [5–7].  While molecular characterization of the genetic features of EWS/PNET has led to recognition of a broader clinicopathologic spectrum of this tumor, the progenitor cell from which the sarcoma arises remains unknown. 

 Genetics.   The genetic hallmark of EWS/PNET is a balanced translocation that results in a chimeric gene in which the  EWS gene at 22q12 is fused with a member of the  ETS family of transcription factors (Table 8.1 and Fig. 8.2). The most common translocation, present in over 90% of cases, is t(11;22)(q24;q12),  which  results  in  an   EWS-FLI1  fusion  gene  [8–10]. Between  5%  and  10%  of tumors result from a translocation that produces an  EWS-ERG fusion gene [10, 11]. Fusion genes between  EWS and other members of the  ETS family, including  ETV1,  E1AF,  FEV, and  ZSG, each account for less than 1% of cases of EWS/PNET. A subset of EWS/PNET harbor translocations in which  TLS is fused to  ERG or  FEV [12, 13], a finding that is not surprising given the extensive similarity between  TLS and  EWS [14, 15]. The recent demonstration that EWS/PNET-like tumors (i.e., lesions that have the same morphology as conventional EWS/PNET, but do not show diffuse Fig. 8.1  (a) Ewing sarcoma/peripheral neuroectodermal tumor ( EWS/ PNET ). (b) Alveolar rhabdomyosarcoma ( ARMS). 

(c) Clear cell sarcoma ( CCS). (d) Malignant rhabdoid tumor ( MRT )
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Table 8.1  Summary of recurring genetic aberrations in malignant round cell tumors and other tumors of uncertain histogenesis in the skin

Estimated 

Tumor

Aberration

Gene(s) involved

prevalence

Ewing sarcoma/peripheral 

t(11;22)(q24;q12)

 EWS-FLI1

85–95%

neuroectodermal tumor

t(21;22)(q22;q12)

 EWS-ERG

5–10%

t(7;22)(p22;q12)

 EWS-ETV1

Rare

t(17;22)(q21;q12)

 EWS-E1AF

Rare

t(2;22)(q33;q12)

 EWS-FEV

Rare

Inversion of 22q

 EWS-ZSG (EWS-PATZ1)

Rare

t(16;21)(p11;q22)

 TLS-ERG

Rare

t(2;16)(q33;p11)

 TLS-FEV

Rare

Desmoplastic small  

t(11;22)(p13;q12)

 EWS-WT1

>80%

round cell tumor

t(21;22)(q22;q12)

 EWS-ERG

Rare

Embryonal  

Gains of 2,7,8,12, and 13; 

 IGF2, GOK, PTCH, 

–

rhabdomyosarcoma

losses of 1,6,9,14, and 17

 TP53;  many unknown

Alveolar  

t(2;13)(q35;q14)

 PAX3-FKHR

75%

rhabdomyosarcoma

t(1;13)(p36;q14)

 PAX7-FKHR

10%

Clear cell sarcoma

t(12;22)(q13;q12)

 EWS-ATF1

>90%

t(2;22)(q33;q12)

 EWS-CREB1

<10%

Extrarenal malignant  

Bi-allelic inactivation  

 hSNF5/INI1

75–100%

rhabdoid tumor

of 22q11.2

Proximal-type  

Bi-allelic inactivation  

 hSNF5/INI1

25–100%

epithelioid sarcoma

of 22q11.2

Alveolar soft part  

Non-reciprocal der[17] 

 ASPL-TFE3

100%

sarcoma

t(X;17)(p11;q25)

Undifferentiated soft  

Changes characteristic of a  

Fusion transcript  

–

tissue sarcoma

specific sarcoma subtype  

characteristic of  

can be detected in ~40%  

specific sarcoma  

of cases

subtype

Merkel cell carcinoma
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membranous CD99 immunoreactivity) harbor a variety of other translocations has further highlighted the increased genetic complexity of these neoplasms [16, 17]. 

Because the exact position of the genomic break can vary, structural heterogeneity is a prominent feature of the fusion genes (Fig. 8.2). For example, at least 18 different in-frame  EWS-FLI1 chimeric transcripts can be produced from breakpoints within the conventional exons of  EWS and  FLI1 

(most of which have been detected  in vivo). Cryptic exons contribute even greater structural diversity. Since the exonic structure of  ERG and  FLI1 is very similar, it is not surprising that several variants of the  EWS-ERG fusion transcripts have also been described [10, 18, 19]. Although translocations that result in  EWS-ETS fusion genes are the characteristic genetic abnormality in EWS/

PNET, secondary chromosomal aberrations, including trisomy 8, trisomy 12, and gain of 1q, are present in >50% of cases, and have been associated with an unfavorable outcome [20, 21]. 

 EWS-ETS fusion genes encode a chimeric protein in which a strong transactivation domain in the N-terminal region of  EWS is fused to a DNA-binding domain in the C-terminal region of the  ETS 

family member [22, 23]. This novel protein can initiate and maintain EWS/PNET tumorigenesis 

[22, 23]. Since  EWS transcription is driven by a strongly and broadly active promoter, the chimeric protein is highly expressed [24]. 
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Fig. 8.2  Molecular analysis of Ewing sarcoma/peripheral neuroectodermal tumor ( EWS/ PNET). (a) Reverse transcription polymerase chain reaction ( RT-PCR) demonstration of the  EWS-FLI1 fusion transcript that results from the t(11;22) (q24;q12)  translocation,  a  characteristic  of  EWS/PNET.  Variability  in  the  location  of  the  translocation  breakpoint produces  structural  heterogeneity  of  the   EWS-FLI1  fusion  gene,  which  is  reflected  in  the  different  sizes  of  the RT-PCR products. The band size of 353 bp in the positive control cell line results from an  EWS exon 7 to  FLI1 exon 5 fusion; the band size of 150 bp in the forearm tumor results from an  EWS exon 7 to  FLI1 exon 8 fusion. (b–c) Probe fusion FISH for t(11;22). The probe for  EWS at 22q12 is labeled  red; the probe for  FLI1 at 11q24 is labeled  green. 

(b) The split  red and  green signals provide no evidence of the translocation in the negative control. (c) In the forearm tumor, one  yellow fusion signal in the majority of nuclei indicates the presence of the translocation Although gene fusions between  EWS and a member of the  ETS family are characteristic of EWS/

PNET, they have also been described in isolated cases of a variety of other tumors. These include biphenotypic sarcomas with myogenic and neural differentiation (also known as malignant ecto-mesenchymoma) and other polyphenotypic tumors [25–29], malignant rhabdoid tumor (MRT) [30], mesenchymal chondrosarcoma [31], mixed embryonal and alveolar rhabdomyosarcoma [27], and even  synovial  sarcoma  (SS)  [32].  However,  the  significance  of  these  gene  fusions  in  the  latter tumors remains to be defined, and may merely reflect the chromosomal instability that is characteristic  of  malignant  tumors  rather  than  a  genetic  alteration  responsible  for  tumorigenesis  [33,  34]. 

Importantly, fusion genes that are an epiphenomenon of a tumor’s clonal evolution may be present in only a very small subset of cells and still be detectable by PCR-based methods. Although uncommon,  the  presence   EWS-ETS  fusion  genes  in  tumors  other  than  EWS/PNET  emphasizes  that  a diagnosis of EWS/PNET should be based primarily on the clinical and histopathological features of a case, rather than the molecular genetic test result alone [32, 35–37]. 

 Molecular testing.   RT-PCR has been shown to be an extremely useful method for demonstrating the fusion transcripts characteristic of EWS/PNET (Fig. 8.2). However, in view of (a) the number of different  ETS family genes that can partner with  EWS, and (b) the structural heterogeneity that results from the variable translocation breakpoint, the sensitivity of PCR-based approaches depends on the comprehensiveness  of  the  testing  protocols  [38].  EWS-FLI1  and  related  fusion  transcripts  can  be detected by RT-PCR from both fresh and formalin-fixed, paraffin-embedded (FFPE) tissue. However, the testing of FFPE samples places significant constraints on the methodology, including the need to amplify  shorter  target  sequences,  often  via  a  nested  approach,  both  of  which  increase  the  risk  of contamination and amplification of nonspecific sequences [35, 39]. In addition, analysis of FFPE 
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tissue has lower sensitivity than assays on fresh (or fresh frozen) tumor samples [32, 36, 40]. Because such a wide variety of fusion transcripts is possible, it is important to directly or indirectly confirm the identity of the RT-PCR product by either DNA sequence or melting curve  analysis [36]. 

Interphase FISH, using a probe-splitting or break-apart approach (Fig.  8.2), can also be employed to  detect  the  translocations  characteristic  of  EWS/PNET  [30,  41–43].  Using  probes  that  bracket EWS, this approach yields results that are concordant with RT-PCR in 67–83% of cases [44, 45]. 

However, given the complexity of the chromosomal rearrangements seen in EWS/PNET and EWS/

PNET-like tumors, a comprehensive set of probes is required for high test sensitivity. 

 Prognostic  features  of  transcript  type.   Several  studies  have  shown  that  patients  whose  tumors harbor  an   EWS  exon  7  to   FLI1  exon  6  fusion  (so-called  type  I  fusion)  have  significantly  better survival compared to those with other fusion types [46, 47]. Type I fusion genes encode a protein that has weaker transactivation activity and is associated with a lower proliferative rate [22, 23]. 

 Detection of minimal disease.   For cases of EWS/PNET arising in bone and soft tissue, RT-PCR 

detection of submicroscopic bone marrow (BM) involvement may be used for the purpose of tumor staging  [48,  49].  Importantly,  the  presence  of  molecular-positive  BM  at  the  time  of  diagnosis  is significantly associated with an adverse outcome by univariate analysis [50]. However, the significance  of  RT-PCR-detected  submicroscopic  disease  in  the  peripheral  blood  (PB)  compartment  is unclear [50, 51]. One factor that may complicate such analysis of PB samples is tumor cell mobilization secondary to a recent surgical procedure [52]. 

 Immunohistochemistry.   Both monoclonal and polyclonal antibodies have demonstrated utility in the diagnosis of EWS/PNET [53]. Because FLI1 is also expressed by vascular tumors and Merkel cell carcinoma (MCC) [54–56], an immunopanel that includes stains for CD99, in addition to FLI1, has highest sensitivity and specificity for EWS/PNET, especially when combined with confirmatory FISH testing [53]. 

 Alveolar Rhabdomyosarcoma

Alveolar rhabdomyosarcoma (ARMS) is a primitive malignant round cell tumor that shows partial skeletal muscle differentiation (Fig. 8.1). The tumor arises in all age groups, but most often in adolescents  and  young  adults.  Accounting  for  ~20%  of  all  rhabdomyosarcomas,  ARMS  most  commonly  arises  in  the  deep  soft  tissue  of  the  extremities,  although  the  tumor  can  also  involve  the paraspinal and perineal regions, the paranasal sinuses, and the skin [57–61]. Congenital ARMS may present as the so-called blueberry muffin baby [62, 63]. 

 Genetics.   Approximately  75%  of  ARMS  harbor  the  t(2;13)(q35;q14)  translocation,  producing  a fusion gene in which the 5¢ end of the  PAX3 gene on chromosome 2 is fused with the 3¢ end of the FKHR gene on chromosome 13 [64, 65]. Up to 10% of cases harbor the t(1;13)(p36;q14) translocation,  in  which  the  5¢  end  of  the   PAX7  gene  on  chromosome  1  is  fused  with  the  aforementioned FKHR gene [66]. The chromosomal breakpoints that produce  PAX3-FKHR fusion genes are always located in intron 7 of  PAX3 and intron 1 of  FKHR, and the breakpoints that produce  PAX7-FKHR 

genes are always located in intron 7 of  PAX7 and intron 1 of  FKHR [67]. Consequently, there is no structural  heterogeneity  of  encoded  chimeric  proteins  [67]. Approximately  15–20%  of  ARMS 

show: low expression of the standard  PAX3-FKHR or  PAX7-FKHR fusions; variant fusions of  PAX3 

or  PAX7 with other genes; or no detectable rearrangements in  PAX3,  PAX7, or  FKHR [68, 69]. 

The chimeric PAX-FKHR proteins consist of (a) an N-terminal DNA-binding domain (composed of  paired-box  and  homeobox  domains)  encoded  by   PAX,  and  (b)  a  C-terminal  transactivation domain encoded by  FKHR. The proteins act as aberrant transcription factors that cause excessive activation of genes with  PAX binding sites [70]. 
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Prognosis for ARMS is generally poor compared with embryonal rhabdomyosarcoma (ERMS), justifying an effort to distinguish these two tumor types [2]. Because  PAX-FKHR rearrangements are not hallmarks of any other tumor type, including ERMS, the demonstration of a  PAX-FKHR 

fusion is thought to be diagnostic of ARMS [71, 72]. Molecular testing is most useful when the microscopic features are not classic (i.e., mixed alveolar and embryonal patterns). The rare cases of putative  ERMS  that  do  contain   PAX-FKHR  fusions  probably  represent:  (a)  ARMS  with  mixed embryonal  and  alveolar  histology,  in  which  only  the  embryonal  pattern  was  present  in  the  areas sampled for microscopic evaluation; (b) ARMS with solid alveolar histology that were misclassified as ERMS; or (c) true ERMS for which the rearrangement is an epiphenomenon [71]. 

 Molecular  testing.   The  lack  of  structural  heterogeneity  of  the  encoded  chimeric  proteins  makes RT-PCR-based assays for  PAX-FKHR fusion transcripts very straightforward. Primer pairs that are specific for  PAX3-FKHR and  PAX7-FKHR fusion transcripts have been described. In addition, the availability  of  consensus  primers,  which  bind  to  the  highly  homologous  5¢  regions  of  PAX3  and PAX7,  make  it  possible  to  amplify  either  fusion  transcript  in  a  single  RT-PCR  reaction  [73]. 

Published data indicate that RT-PCR demonstrates  PAX-FKHR fusion transcripts in slightly <75% 

of ARMS when fresh tissue is used for testing, but in only ~55% of cases when FFPE tissue is analyzed [36]. As noted previously, ~15–20% of cases do not harbor either the t(2;13) or t(1;13), limiting the utility of RT-PCR (and other molecular methodologies), regardless of technical modifications to the testing protocol. 

FISH  has  also  been  used  to  detect  the  translocations  characteristic  of  ARMS,  by  both  probe-fusion and probe break-apart approaches on either metaphase chromosomes or interphase nuclei 

[74–76]. Comparison of FISH-based assays and RT-PCR analysis demonstrates excellent concordance between both testing methods [77]. 

 Prognostic features.   The clinical behavior of ARMS that harbor a  PAX3-FKHR fusion gene is different from those that harbor a  PAX7-FKHR fusion gene. Tumors with a  PAX7-FKHR fusion gene occur in younger patients, are locally less invasive, and show a lower propensity for BM involvement [78–80]. The estimated 4-year overall survival rate is 75% for tumors that harbor  PAX7-FKHR 

versus 8% for tumors with  PAX3-FKHR. These differences suggest that, in addition to a role for molecular  genetic  testing  in  the  diagnosis  of  ARMS,  identification  of  the  particular   PAX-FKHR 

fusion-type provides important prognostic information. 

 Detection of minimal disease.   An RT-PCR-based assay, capable of detecting one tumor cell in 10 5 

normal cells, has been used to demonstrate molecular evidence of BM involvement in up to 15% of histopathologically-negative samples [81]. Patients with molecularly detected submicroscopic BM 

involvement tend to have a worse outcome [81]. At present, there is no role for RT-PCR-based testing for tumor cells in PB samples from patients with ARMS [81]. 

 Clear Cell Sarcoma

Clear cell sarcoma (CCS) is a rare tumor (~1% of all soft tissue tumors) that predominantly arises in the deep soft tissues of young adults, although a wide range of anatomic sites, including the skin, may be involved (Fig. 8.1) [82–87]. Despite the characterization of the genetic basis of CCS, the identity of the progenitor cell from which the tumor arises remains unknown. Although malignant melanoma of soft parts is often used as a synonym for CCS, malignant melanoma differs from CCS 

in several important respects. For example, CCS rarely involves the epidermis, and harbors a translocation that has not been documented in cutaneous melanoma. 

 Genetics.   The t(12;22)(q13;q12) translocation is the hallmark of CCS (Fig. 8.3) [88–91]. It is present in >90% of cases, and produces an  EWS-ATF1 fusion gene [92, 93]. Differences in the position 
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Fig.  8.3  Molecular  analysis  of  clear  cell  sarcoma  ( CCS).  (a)  Reverse  transcription  polymerase  chain  reaction ( RT-PCR) demonstration of the  EWS-ATF1 fusion transcript that results from the t(12;22)(q13;q12) translocation, a characteristic of CCS. (b) The partial nucleotide sequence of the RT-PCR product from the mucosal tumor shows an in-frame  fusion  between   EWS  and   ATF1;  the  vertical  line  indicates  the  region  derived  from   EWS  exon  8  and  the region derived from  ATF1 exon 4. (c) Break-apart FISH for t(12;22). The probe centromeric to  EWS at 22q12 is labeled  red; the probe telomeric to  EWS is labeled  green. The presence of a pair of split  red and  green signals in the majority of nuclei indicates a rearrangement of the  EWS locus, consistent with the presence of the t(12;22) (Panel C, courtesy of Dr. Alejandro Gru, Washington University School of Medicine, St. Louis, MO) of  the  translocation  breakpoints  within  the  two  genes  give  rise  to  structural  heterogeneity  in  the resulting  EWS-ATF1 fusion transcripts. The t(2;22)(q33;q12) translocation is present in <10% of cases, and results in an  EWS-CREB1 fusion gene [92–94]. Additional recurrent cytogenetic changes that have been described in CCS include trisomy 7, trisomy 8, and structural and numerical aberrations  (other  than  the  characteristic  translocation)  of  chromosome  22  [90, 95,  96].  However,  the significance of these latter aberrations remains to be defined. 

The EWS-ATF1 chimeric protein consists of the N-terminal transcriptional activation domain of EWS fused to the bZIP DNA-binding and dimerization domain of the ATF1 transcription factor. 

Expression of ATF1 is normally regulated by cyclic adenosine monophosphate (cAMP); however, the chimeric EWS-ATF1 protein is constitutively expressed, as it is under the control of the strongly and broadly active  EWS promoter [97, 98]. Consequently, the EWS-ATF1 protein likely leads to dysregulated expression of genes normally controlled by cAMP [97–99]. The structure of the EWS-CREB1  chimeric  protein  is  similar,  in  that  the  strong  transcriptional  activation  domain  in  the N-terminal region of the native EWS is fused to the bZIP DNA-binding and dimerization domain of the C-terminal region of CREB1 [94, 100]. 

The distinction of CCS and cutaneous melanoma is important due to different treatment regimens and prognoses (i.e., 5-year survival rates of 48–67% for CCS). However, the differentiation of these two tumors can be extremely difficult, since they are usually indistinguishable by morphologic (i.e., presence of melanin), histochemical, immunohistochemical (i.e., S100+/HMB-45+), and ultrastructural (i.e., presence of pre-melanosomes) features. However, neither t(12;22) nor t(2;22) translocations, and/or their resulting fusion genes, have been documented in cutaneous melanoma 

[101, 102]. Consequently, the presence of the  EWS-ATF1 or  EWS-CREB1 fusion gene can be used to definitively differentiate primary CCS from cutaneous melanoma [102]. 

The  EWS-ATF1 and  EWS-CREB1 fusions can also be found in angiomatoid fibrous histiocytoma (AFH). The presence of the exact same molecular alteration in these two distinct tumor types has obvious implications for test interpretation. In addition, a subset of cases of the recently described 
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osteoclast-rich  tumor  of  the  gastrointestinal  tract  also  show  the  t(12;22)(q13;q12)  translocation 

[103]. A link between this latter tumor and conventional CCS, if any, remains to be determined. 

 Molecular testing.   RT-PCR has been widely used to detect the  EWS-ATF1 fusion transcripts [101,  

104–107].  When  fresh  tissue  is  available  for  testing,  a  fusion  transcript  can  be  demonstrated  in virtually 100% of cases. RT-PCR adapted for use with FFPE tissue demonstrates the  EWS-ATF1 

fusion transcript in >85% of cases (Fig. 8.3) [93, 101, 102, 104]. Because of the structural heterogeneity of  EWS-ATF1 transcripts, maximum test sensitivity is only achieved when multiple primer sets that can detect all possible fusion transcript variants are employed in the assay. 

FISH-based methods can also be used to reliably detect the t(12;22) translocation in metaphase chromosomes [84, 85] and interphase nuclei in tissue sections (Fig.  8.3) [102, 106]. In one comparative study, FISH showed higher sensitivity than RT-PCR [93]. 

 Prognostic features.   The aggressiveness of CCS does not appear to correlate with either (a) differences in the position of the translocation breakpoint within the  EWS-ATF1 gene fusion or (b) which gene fusion is present ( EWS-ATF1  vs.   EWS-CREB1) [92]. 

 Extrarenal Malignant Rhabdoid Tumor

Neoplasms with rhabdoid features have been reported in a variety of anatomic sites [108, 109]. In most cases, particularly those that arise in adults, a rhabdoid phenotype represents merely a poorly differentiated component of what is otherwise an easily classified tumor. In contrast, the malignant rhabdoid tumor (MRT) is an extremely aggressive neoplasm of infants and young children that has virtually  pure  rhabdoid  morphology,  and  which  characteristically  involves  the  kidney,  central nervous system, or occasionally soft tissues (Fig. 8.1). Rare cases can arise in the skin [110–113]. 

Congenital cases can manifest as the so-called blueberry muffin baby [114]. 

 Genetics.   The  characteristic  genetic  abnormality  in  MRT  is  somatic  bi-allelic  alteration  of  the hSNF5/INI1 tumor suppressor gene at chromosome band 22q11.2 [115]. Abnormalities include: (a)  homozygous  deletion;  (b)  hemizygous  deletion  with  inactivation  of  the  remaining  allele  by nonsense,  frameshift,  or  intragenic  mutation;  and  (c)  bi-allelic  mutation  without  evidence  of chromosome 22q11.2 deletion [115, 116].  hSNF5/INI1 encodes a protein that is a member of the ATP-dependent  chromatin-remodeling  complex  [117,  118]. However,  the  precise  mechanism  by which loss-of-function mutations in  hSNF5/INI1 promote oncogenesis remains unknown. 

Most  MRTs  are  non-syndromic.  In  these  sporadic  cases:  (a)  mutations  of   hSNF5/INI1  are somatic events; and (b) although specific mutations are nonrandomly associated with tumor site, individual mutations do not correlate with prognosis [116]. A subset of MRTs arises in the setting of the  rhabdoid predisposition syndrome, in which mutations of  hSNF5/INI1 are germline. Patients with this syndrome are not only predisposed to renal or extrarenal MRT, but also to a variety of other tumors of the central nervous system, including central EWS/PNET, medulloblastoma, and choroid plexus carcinoma [119, 120]. 

Bi-allelic loss/inactivation of  hSNF5/INI1 has not been described as a recurring feature of any other skin or soft tissue tumor, except for proximal-type epithelioid sarcoma (see below). Given the wide variety of cutaneous tumor types that can show rhabdoid differentiation, including carcinomas, sarcomas,  and  melanoma,  molecular  testing  for  alterations  at  this  locus  is  clearly  helpful  in  the diagnosis of MRT. 

 Molecular testing.   Conventional cytogenetic analysis, interphase FISH, and PCR-based microsatellite loss of heterozygosity (LOH) analysis have all been used to demonstrate deletions of the long arm of chromosome 22 [115, 116, 120 –123]. Analysis of FFPE tissue may be associated with a loss of sensitivity using PCR-based testing [116]. 
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Regardless  of  the  testing  approach,  approximately  75%  of  MRT  (outside  of  the  kidney  and central nervous system) show homozygous deletion of the  hSNF5/INI1 locus. In the subset of MRT 

with hemizygous deletion of 22q11.2, exhaustive DNA sequence analysis demonstrates nonsense or frameshift mutations of the retained copy of the  hSNF5/INI1 gene in 75–100% of cases [15, 115,  

116, 119, 120–123]. (Note: the location of mutations within  hSNF5/INI1 does not show significant clustering,  and  thus  it  is  necessary  to  sequence  all  nine  exons  of  the  gene,  and/or  the  complete cDNA from the  hSNF5/INI1 transcript). Since the vast majority of cases of MRT with hemizygous deletion of  hSNF5/INI1 harbor inactivating mutations of the retained copy of the gene, the demonstration of hemizygous loss of 22q11.2 is considered to be indicative of bi-allelic inactivation of hSNF5/INI1. 

 Immunohistochemistry.   Nuclear  hSNF5/INI1  protein  expression  is  absent  in  virtually  100%  of extrarenal MRT [124]. Of note, there is 100% correlation between molecular evidence of  hSNF5/

 INI1  deletion/mutation  and  immunohistochemical  demonstration  of  protein  loss.  Although  some cases of extraskeletal myxoid chondrosarcoma, myoepithelial carcinoma, and epithelioid malignant peripheral nerve sheath tumor (MPNST) also do not express this protein, the finding that nuclear immunoreactivity is retained in EWS/PNET, Wilms tumor, desmoplastic small round cell tumor, CCS, synovial sarcoma (SS), and rhabdomyosarcoma suggests that immunohistochemical testing may be a substitute for molecular analysis in cases of suspected MRT [125]. 

 Epithelioid Sarcoma

Epithelioid sarcoma typically arises in young adults in their 2nd to 4th decade, presenting as one or more slowly growing, tan-white nodules with an infiltrating margin. The tumor usually arises in the subcutaneous or soft tissue, although rare cases may occur in the dermis [126, 127]. Recently, epithelioid sarcoma has been divided into two distinct subtypes: (a) the distal-type and (b) the more aggressive proximal-type. 

Distal-type epithelioid sarcoma (DTES) involves fingers, hands, or wrists, and equivalent sites in the distal lower extremity. Microscopically, the tumor is composed of nodules of uniform polygonal cells with eosinophilic cytoplasm, which may transition into areas showing spindled morphology. The nodules can undergo central necrosis resembling a necrobiotic granuloma (Fig. 8.4). 

The more aggressive proximal-type epithelioid sarcoma (PTES) involves the pelvis, perineum, and/or  genital  tract  [127].  Microscopically,  PTES  is  characterized  by  a  lack  of  a  granuloma-like pattern, instead the tumor is composed of cells with prominent epithelioid or rhabdoid morphology 

[128]. Based on the histopathologic and genetic similarities (see below) between PTES and extrarenal  MRT,  some  authors  have  proposed  that  these  two  tumor  types  actually  represent  a  single disease entity [129]. 

 Genetics.   The characteristic genetic feature of PTES is inactivation of the  hSNF5/INI1 tumor suppressor gene at chromosome band 22q11.2 by either chromosomal deletion or sequence mutation 

[130, 131]. The frequency of  hSNF5/INI1 inactivation in PTES ranges from 25% to 100% in published studies [131–133]. Despite this marked variation in mutation prevalence (likely an artifact of the  small  number  of  cases  that  have  been  evaluated,  and  compounded  by  different  testing approaches), the cumulative data indicate that the frequency of  hSNF5/INI1 inactivation in PTES 

seems to be significantly lower than in extrarenal MRT. While  hSNF5/INI1 gene alterations have been described in occasional cases of other tumor types, including extraskeletal myxoid chondrosarcoma,  pediatric  undifferentiated  soft  tissue  sarcoma,  and  uterine  carcinosarcoma  [134], these tumor types are not usually in the differential diagnosis of epithelioid sarcoma. Alterations in the hSNF5/INI1 gene are not a feature of DTES [131–133]. 
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Fig. 8.4  (a) Distal-type epithelioid sarcoma ( DTES). (b) Merkel cell carcinoma ( MCC). (c) Dermatofibrosarcoma protuberans ( DFSP). (d) Inflammatory myofibroblastic tumor ( IMT )

 Molecular Testing.   A variety of techniques have been used to evaluate the  hSNF5/INI1 locus in epithelioid  sarcomas.  Conventional  cytogenetic  analysis,  metaphase  FISH,  interphase  FISH,  and comparative genomic hybridization (CGH) have all been shown to be reliable strategies to demonstrate chromosomal deletions [130, 131, 133]. However, given that many of the inactivating alterations of the  hSNF5/INI1 locus are either frameshift or missense mutations in the coding regions of the gene, the most sensitive molecular testing approach is DNA sequence analysis [130, 131]. Since there is no evidence that sequence mutations cluster in specific regions, the entire gene must be evaluated in order to ensure high test sensitivity. 

 Immunohistochemistry.   Despite the fact that  hSNF5/INI1 gene alterations are characteristic of PTES, but not DTES, loss of INI1 protein expression is seen in both types of epithelioid sarcoma [133,  

135, 136]. In the largest study to date, 95% of PTES showed a complete loss of INI1 expression, as did 91% of DTES [136]. Loss of INI1 protein expression was not observed in a broad range of other tumor types, including metastatic carcinomas, melanomas, epithelioid mesotheliomas, and angiosarcomas. However, the specificity of absent INI1 expression was not absolute, since ~50% of cases of  epithelioid  MPNST,  9%  of  cases  of  myoepithelial  carcinoma,  and  virtually  100%  of  MRT 

showed a complete absence of INI1 expression [136]. Lack of protein expression is also found in some cases of extraskeletal myxoid chondrosarcoma [125]. 

 Alveolar Soft Part Sarcoma

Alveolar soft part sarcoma (ASPS) usually occurs in the 2nd or 3rd decade of life. In adults, the tumor most often develops in the deep soft tissues of the extremities, especially the thigh, while in 
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children the tumor preferentially involves the head and neck region, especially the orbit and tongue. 

Morphologically, ASPS is composed of uniform large epithelioid cells with abundant eosinophilic granular cytoplasm, arranged in a characteristic architectural pattern of cell nests separated by  delicate sinusoidal  vessels.  While  primary  skin  examples  have  not  been  reported,  initial  presentation  of ASPS with cutaneous involvement, or as a cutaneous metastasis, is well documented (Fig. 9.6) 

[137, 138]. 

 Genetics.   The nonreciprocal der[17]t(X;17)(p11;q25) translocation is a characteristic genetic feature of ASPS. This translocation results in the formation of an  ASPL-TFE3 fusion gene [139], that encodes a chimeric protein in which (a) the N-terminal region of ASPL (also known as RCC17) is linked  to  (b)  the  basic  helix-loop-helix  and  leucine  zipper  DNA-binding  and  multimerization domains of TFE3 [139, 140]. Given that the  ASPL promoter is apparently constitutively activated, high-level expression of ASPL-TFE3 is believed to cause the transcriptional deregulation that leads to tumor development [139, 141, 142]. 

 ASPL-TFE3  fusion  genes  are  also  characteristic  of  a  distinctive  subgroup  of  primary  renal neoplasms in children and young adults [140, 143]; however, in these tumors, the fusion gene is the result of a balanced t(X;17)(p11.2;q25) translocation. From a practical point of view, the fact that both soft tissue and renal tumors can harbor the same  ASPL-TFE3 fusion usually does not create diagnostic difficulty, since the two tumor types have such different clinicopathologic  features. However, if the diagnosis is in doubt, for example, in the setting of metastatic disease, demonstration of the balanced or unbalanced nature of the rearrangement permits definitive  classification [141]. 

 Molecular testing.   In most ASPS, the unbalanced der[17]t(X;17)(p11;q25) can be demonstrated by routine cytogenetic analysis; although, the karyotype can be ambiguous as the translocation is not reciprocal [141]. FISH is a more straightforward approach for identifying this genomic abnormality, using either metaphase chromosomes or interphase nuclei [139, 141]. RT-PCR can also be used to detect  ASPL-TFE3 rearrangements (Fig. 9.6). When used to test RNA extracted from frozen tissue, RT-PCR has a sensitivity of virtually 100% in cases of ASPS [139]. The sensitivity of RT-PCR in FFPE samples is unknown. 

 Immunohistochemistry.   Use of a polyclonal antibody directed against the C-terminal portion of the native TFE3 component of the ASPL-TFE3 chimeric protein has a sensitivity of >97% and a specificity of >99% [144]. However, the ubiquitous expression of TFE3 mandates that the assay must first be optimized on known positive and negative cases, in order to adjust assay sensitivity in an effort to minimize false-positive results. 

 Undifferentiated Soft Tissue Sarcoma

Undifferentiated  soft  tissue  sarcomas  (USTS),  also  often  termed  poorly  differentiated  malignant round  cell  neoplasms,  undifferentiated  sarcomas,  or  small  round  cell  sarcomas  of  indeterminate type,  are  a  group  of  tumors  which  show  a  diffuse  hypercellular  pattern,  consisting  of  sheets  of medium-sized  cells  that  have  minimal  to  moderate  amounts  of  cytoplasm  and  variable  nuclear morphologies [145, 146]. Consistent with the lack of identifying histopathological features, these tumors  do  not  have  a  diagnostic  histochemical  or  immunohistochemical  profile,  and  have  no characteristic ultrastructural changes [145, 147]. 

 Molecular testing.   When RT-PCR is used to screen USTS, a fusion transcript characteristic of a specific sarcoma type can be detected in ~40% of cases, regardless of whether fresh or FFPE tissue is used for testing [8, 36, 77]. This finding can be used to guide patient management, even if 
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a  more  precise  histopathological  classification  has  not  been  reached  [36].  Nonetheless,  it  is important to recognize that prospective clinical trials have yet to demonstrate that USTS classified as a specific sarcoma type solely on the basis of molecular analysis have the same prognosis and/or  response  to  therapy  as  corresponding  sarcomas  diagnosed  by  light  microscopy  and immunohistochemistry. 

 Merkel Cell Carcinoma

Merkel  cell  carcinoma  (MCC)  is  a  rare  and  often  lethal  cutaneous  malignancy  that  generally develops  in  sun-exposed  skin.  The  cell  of  origin  was  traditionally  thought  to  be  the  slow-acting mechanoreceptor Merkel cell located in the epidermis [148], but recent studies have cast doubt on this  assumption  [149,  150].  Microscopically,  MCC  is  composed  of  small-to-intermediate  sized round blue cells that have an oval nucleus and scant cytoplasm, arranged in sheets or nests within the dermis, and often extending into the subcutis (Figs.  8.4 and 9.5). Immunohistochemically, MCC 

typically demonstrates positivity for epithelial (CK8, CK20) and neuroendocrine (chromogranin, synaptophysin)  markers,  in  addition  to  reactivity  for  neurofilaments.  Immunostaining  for  CK20 

usually shows a characteristic “dot-like” perinuclear staining pattern [151]. 

 Genetics.   It  has  recently  been  demonstrated  that  the  majority  of  MCC  (~80%)  harbor  a  novel polyomavirus, aptly named the Merkel Cell Polyomavirus (MCPyV) [152, 153]. The virus has a 

~5,300 bp double-stranded DNA genome that shares a high degree of homology with African green monkey  lymphotropic  polyomavirus.  Like  other  polyomaviruses  that  infect  humans,  MCPyV 

expresses SV40 large T antigen. 

Although details of the MCPyV oncogenic pathway remain to be fully elucidated, the virus is clonally inserted into the tumor cells, and truncating deletions of the large T antigen gene that eliminate viral DNA replication capacity are consistently present [154]. Interestingly, the large T antigen deletions  preserve  the  retinoblastoma  (Rb)-binding  domain  of  the  protein,  which  may  lead  to unchecked S-phase cell cycle entry by tumor cells. 

The oncogenic potential of MCPyV is primarily limited to MCC. Several studies have demonstrated  that  the  virus  is  present  in  only  a  small  subset  of  other  cutaneous  neoplasms  or  primary tumors of other sites [155–159]. In particular, MCPyV is rarely found in primary visceral  high-grade neuroendocrine  tumors  that  have  overlapping  architectural,  cytologic,  and  immunophenotypic features with MCC, including small cell carcinoma of the lung [160, 161]. 

 Molecular testing.   PCR-based testing is a straightforward approach for demonstration of MCPyV 

in MCC. The virus is detected in ~80% of cases, in both primary tumors and metastases, and regardless of whether fresh or FFPE tissue is used for analysis [152, 153, 160, 162]. However, high test sensitivity  requires  that  primer  sets  are  optimized  for  differentially  processed  tissues  [160, 162]. 

Monoclonal integration of MCPyV in MCC tumor cells can also be demonstrated by Southern blot (Fig. 3.1). The high prevalence of MCPyV in MCC, together with the rarity of virus detection in other high-grade neuroendocrine carcinomas, highlights the potential clinical utility of molecular analysis in problematic cases [160, 161]. A recently developed monoclonal antibody CM2B4 can now  also  be  used  for  immunohistochemical-based  identification  of  MCPyV.  In  addition,  recent evidence  suggests  that  viral  abundance  in  MCC  tumors  may  be  associated  with  distinct  clinical features, including age at diagnosis and  survival outcomes [153]. 

While molecular testing for MCPyV may have a role in the diagnosis and prognostication of MCC, until such time as the natural history of MCPyV infection is more well defined (i.e., route of infection, disease prevalence), it remains unclear as to whether or not viral testing may be useful in screening of at-risk populations. 
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Spindle Cell Tumors

 Dermatofibrosarcoma Protuberans

Dermatofibrosarcoma  protuberans  (DFSP)  is  a  nodular  or  plaque-like  fibrohistiocytic  tumor  of low-grade or intermediate malignant potential, typically showing diffuse infiltration of the dermis and subcutaneous tissue. DFSP shows a propensity for local recurrence, but distant metastasis is rare (Fig. 8.4).  Fibrosarcomatous  change  in  DFSP,  although  a  well-described  phenomenon,  is  actually uncommon [163]. 

 Genetics.   Two cytogenetic changes are characteristic of DFSP (Table 8.2): (a) the reciprocal translocation t(17;22)(q22;q13) and (b) supernumerary ring chromosomes derived from this translocation [164, 165]. Both structural changes produce a fusion gene in which the collagen type Ia1 gene ( COLIA1)  on  chromosome  17  is  fused  with  the  platelet-derived  growth  factor  b-chain  gene ( PDGFB) on chromosome 22 (Fig. 8.5) [166]. Chromosomal breakpoints have been identified in about 20 different  COLIA1 introns. Therefore, marked structural heterogeneity in  COLIA1-PDGFB 

fusion genes is seen, although the breakpoint is almost always within intron 1 of  PDGFB [167]. In addition, many DFSP show gains or amplifications of the  PDGFB gene, although it is currently unknown if these copy number changes correlate with prognosis or response to therapy [168]. 

A  variety of other recurrent structural and numerical chromosomal abnormalities have also been described in DFSP, including trisomy 8 (present in about one third of cases) and trisomy 5 (less frequent) [91, 169]. 

The  COLIA1-PDGFB rearrangement replaces the strong, negative regulatory sequences that are normally  upstream  of  the   PDGFB  gene  with  the  promoter  of  the   COLIA1  gene  [170,  171]. The ensuing  unregulated  production  of  PDGFB  is  thought  to  promote  tumorigenesis  via  autocrine stimulation of the PDGF receptor [166, 169, 172]. 

As  expected,  the   COLIA1-PDGFB  fusion  gene  is  a  characteristic  feature  of  the  pigmented (Bednar tumor) [169, 173] and granular cell [174] variants of DFSP. The fusion gene is also present in  fibrosarcomatous  areas  that  may  evolve  in  these  tumors  [175].  Of  note,  the   COLIA1-PDGFB 

Table 8.2  Summary of recurring genetic aberrations in spindle cell tumors of the skin Estimated 

Tumor

Aberration

Gene(s) involved

prevalence

Synovial sarcoma

t(X;18)(p11;q11)

 SYT-SSX1

65%

t(X;18)(p11;q11)

 SYT-SSX2

35%

t(X;18)(p11;q11)

 SYT-SSX4

Rare

Inflammatory  

Rearrangements of 2p23

 ALK

47%

myofibroblastic tumor

Malignant peripheral  

Complex changes

Unknown

–

nerve sheath tumor

Dermatofibrosarcoma  

t(17;22)(q22;q13)  

 COLIA1-PDGFB

>95%

protuberans

and derivative ring 

chromosomes

Giant cell fibroblastoma  

t(17;22)(q22;q13)  

 COLIA1-PDGFB

>95%

( juvenile form of  

and derivative ring 

DFSP)

chromosomes

Angiomatoid fibrous  

t(2;22)(q33;q12)

 EWS-CREB1

75%

histiocytoma

t(12;22)(q13;q12)

 EWS-ATF1

20%

t(12;16)(q13;p11)

 TLS-ATF1

5%

Leiomyosarcoma

Complex changes

Unknown

–
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Fig. 8.5  Molecular analysis of dermatofibrosarcoma protuberans ( DFSP). (a) Multiplex reverse transcription polymerase chain reaction ( RT-PCR) demonstration of  COLIA1-PDGFB fusion transcripts that result from the t(17;22)(q22;q13) translocation, a characteristic of DFSP. (b) The partial nucleotide sequence of the RT-PCR product from the vulvar tumor shows an in-frame fusion between  COLIA1 and  PDGFB; the  vertical line indicates the region derived from COLIA1 exon 47 fused to the region derived from  PDGFB exon 2. (c) The partial nucleotide sequence of the RT-PCR 

product from the groin tumor shows an in-frame fusion between  COLIA1 exon 40 and  PDGFB exon 2 (Note that the multiplex design of the RT-PCR assay yields bands of similar size, despite the different translocation breakpoints in the vulvar and groin tumors)

fusion gene is also identified in giant cell fibroblastoma (GCF). This observation, together with the similar clinical and histopathologic features of DFSP and GCF, indicates that the two tumors are merely adult and pediatric presentations, respectively, of a single tumor entity [166, 167, 169, 176,  

177]. At the molecular level, the pattern of  COLIA1-PDGFB fusion genes in GCF and DFSP is indistinguishable.  COLIA1-PDGFB  fusion  transcripts,  with  structural  features  typical  of  those occurring  in  DFSP,  have  also  been  demonstrated  in  superficial  adult  fibrosarcomas  that  lack  the microscopic changes of conventional DFSP [178]. Based on this finding, it has been suggested that superficial adult fibrosarcomas represent a higher grade and more advanced stage of DFSP with fibrosarcomatous transformation, but this hypothesis awaits confirmation by analysis of additional cases.  COLIA1-PDGFB gene fusions have not been detected in a number of other tumors that mimic DFSP, including conventional fibrosarcoma, congenital/infantile fibrosarcoma, dermatofibroma, or malignant fibrous histiocytoma [173]. 

 Molecular testing.   FISH-based analysis can identify the  COLIA1-PDGFB rearrangement in metaphase chromosomes, using either spectral karyotyping or probes that are specific for the  PDGFB 

and   COLIA1  loci  [166,  179]. Interphase  FISH,  using  probes  that  bracket  the   PDGFB  gene  in  a break-apart strategy, is another approach that has made a much larger number of cases amenable to testing [180, 181]. 

RT-PCR is also a reliable method for detecting  COLIA1-PDGFB fusion transcripts and has been shown to be at least as sensitive as interphase FISH [180]. When fresh tissue is used as the substrate for analysis,  COLIA1-PDGFB fusion transcripts can be detected in ~97% of cases of DFSP (as well as  in  GCF  and  Bednar  tumor)  [173, 182]. Fusion  transcripts  can  be  detected  in  ~85%  of  FFPE 

examples [173, 182]. Considerable heterogeneity in the location of the  COLIA1 breakpoint necessitates the use of multiple primers spanning virtually the entire  COLIA1 gene. This is easily accomplished in a multiplex format (Fig. 8.5) [166, 167]. Since the many regions of sequence similarity between the various  COLIA1 exons can give rise to spurious PCR products, confirmation of the amplicon’s  identity  by  DNA  sequence  analysis  is  advisable  to  exclude  false-positive  results (Figs. 8.5 and 9.4) [169]. 
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 Prognostic features.   There appears to be no correlation between the location of the translocation breakpoint  within   COLIA1  and  patient  age,  tumor  site,  histopathological  pattern,  likelihood  of fibrosarcomatous or metastatic evolution, or prognosis [169]. 

Since the PDGF receptor is a tyrosine kinase that shows a high level of specific inhibition by imatinib  mesylate  (Gleevec®),  the  autocrine  loop  that  results  from  unregulated  production  of PDGFB provides a rationale for use of this drug in the treatment of DFSP. Recent clinical reports confirm that patients whose tumors harbor the t(17;22), whether localized or metastatic, often show at least a partial therapeutic response, but that patients whose tumors lack the gene fusion do not respond to this drug [181, 183–185]. This indicates that molecular analysis to detect the  COLIA1-PDGFB fusion, even if not required for diagnosis, has a role in treatment decisions. 

 Inflammatory Myofibroblastic Tumor

Inflammatory myofibroblastic tumor (IMT) is composed of spindled myofibroblastic cells accompanied by an inflammatory infiltrate of plasma cells, lymphocytes, and eosinophils (Fig. 8.4). The tumor arises primarily in the soft tissue and viscera of children and young adults, although cases also occur throughout adulthood. Numerous examples of IMT involving the skin have been reported 

[186–188]. 

 Genetics.   Chromosomal rearrangements of the  ALK tyrosine kinase receptor gene at chromosome band 2p23 are a characteristic feature of IMT in children and young adults (Table 8.2) [189]. These 

rearrangements involve a variety of partner genes, paralleling the genetics of anaplastic large cell lymphoma (ALCL), in which translocations involving  ALK were first described [190]. In fact, IMT 

and  ALCL  share  at  least  four  identical  gene  fusions,  including   TPM3-ALK,  TPM4-ALK,  CLTC-ALK, and  ATIC-ALK [191–194]. In IMT, the characteristic rearrangements only occur in the myofibroblasts, a finding that indicates that these cells are the neoplastic component of the tumor. 

 ALK rearrangements are much less frequent in IMT that arise in adults over 40 years of age [195–197].  

The molecular abnormality in these cases remains unknown, although a chromosomal rearrangement involving the  HMGA2 locus on chromosome 12 has been described in a single case [198]. 

The  ALK fusion genes encode proteins in which the N-terminal dimerization or oligomerization domain of a strongly or ubiquitously expressed protein is fused to the C-terminal tyrosine kinase domain of ALK. In all cases, the chimeric proteins are cytoplasmic, and not membrane-bound. Their oligomerization with subsequent upregulation of ALK tyrosine kinase activity is thought to mimic the  kinase  activation  normally  mediated  by  ligand  binding  to  the  native  membrane-bound  ALK 

protein. 

The  fact  that   ALK  fusions  can  be  detected  in  only  a  subset  of  IMT,  even  in  cases  arising  in children and young adults, constrains the utility of testing whether by FISH, RT-PCR, or immunohistochemistry (as discussed below). While the positive predictive value of an  ALK  rearrangement is high, the negative predictive value is quite low. Consequently, the results of testing for  ALK rearrangements  must  be  interpreted  in  the  context  of  the  clinical  and  morphologic  features  of  each individual case. 

In addition to sharing the same fusion gene, both IMT and ALCL can demonstrate ALK immunoreactivity.  Diagnostic  concerns  are  also  highlighted  by  the  broad  morphologic  spectrum  of ALCL. The latter includes a fibroblastic as well as a sarcomatoid variant with spindle-shaped lymphoma cells [199, 200]. The recent report of a sarcomatoid variant of ALCL that expressed both cytoplasmic ALK and a-smooth muscle actin further emphasizes this point [201]. 

 Molecular testing.   Given the genetic heterogeneity of IMT, interphase FISH analysis of the  ALK 

locus using a break-apart approach is a very practical way to test for the presence of a fusion gene 
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[189, 191–193, 202].  ALK rearrangements are found in ~47% of IMT cases [195]. Since break-apart FISH will detect  ALK rearrangements regardless of the fusion partner, novel rearrangements that have yet to be fully characterized will also be detected by the method. Such rearrangements almost certainly exist, given the oncogenic mechanism of  ALK fusion genes. 

While  RT-PCR  can  be  used  to  detect  fusion  transcripts  that  arise  from   ALK  rearrangements 

[191–193,  202], this  approach  is  cumbersome.  Optimal  test  sensitivity  requires  a  panel  of  PCR 

primers in order to identify all the possible  ALK fusion genes described in IMT. Even with a comprehensive panel of primers, novel ALK rearrangements may still not be detected. 

 Immunohistochemistry.   Since  all  the  chimeric  proteins  characteristic  of  IMT  contain  the C-terminal protein kinase domain of native ALK, immunohistochemistry targeting this region provides another method to demonstrate the presence of  ALK rearrangements. Three distinct patterns of cytoplasmic immunohistochemical staining are observed and appear to correlate with specific ALK  fusion  protein  types  [197,  203]. However,  the  proportion  of  cases  that  show  cytoplasmic immunopositivity varies widely between different studies, ranging from 0% to 62% [189, 195–198,  

203,  204].  This  may  reflect  non-standardized  assay  conditions  or  differences  in  other   biological parameters (i.e., age distribution of patients) of the tumors tested. Nonetheless, immunohistochemistry is highly specific; for example, one study demonstrated a 90% correlation between immunohistochemical expression of ALK and the presence of an  ALK rearrangement based on break-apart FISH [195]. 

The lack of cytoplasmic immunopositivity for the C-terminal protein kinase domain of ALK in other lesions, such as nodular fasciitis, desmoid fibromatosis, gastrointestinal stromal tumors, infantile myofibromatosis, synovial sarcoma, leiomyoma, and myofibrosarcoma, indicates that immunohistochemistry for ALK is useful in the differential diagnosis of IMT [197, 205]. However, ALK 

immunopositivity is clearly not specific for IMT, since a significant percentage of cases of MPNST, rhabdomyosarcoma,  leiomyosarcoma,  and  malignant  fibrous  histiocytoma  also  show  ALK 

immunoreactivity [205]. 

 Prognostic features.   There does not appear to be any statistical association between patient sex, tumor site, tumor histology, tumor recurrence, or malignant transformation and the presence of an ALK rearrangement [195]. 

 Angiomatoid Fibrous Histiocytoma

Angiomatoid fibrous histiocytoma (AFH) is a slowly-growing hemorrhagic, multicystic soft tissue tumor that usually arises in the lower dermis or subcutaneous fibroadipose tissue of the limbs, trunk, or head and neck of children and young adults (Fig.  8.6) [206]. Rare cases are encountered in older individuals.  Morphologically,  the  tumor  is  composed  of  solid-to-lobulated  sheets  of  plump-to-spindled cells adjacent to areas of hemorrhage. 

 Genetics.   An  EWS-CREB1 fusion gene is present in ~75% of AFH, and results from a translocation involving  EWS at 22q12 with  CREB1 at 2q33 [100, 207]. About 20% of cases harbor the t(12;22) (q13;q12)  translocation,  that  forms  a  chimeric   EWS-ATF1  fusion  gene  [100,  207];  and  ~5%  of tumors contain the balanced translocation t(12;16)(q13;p11), which produces a  TLS-ATF1 fusion gene  [208,  209].  Given  the  functional  homology  between  TLS  and  EWS  [14,  15], and  between CREB1 and ATF1 [100], the presence of this spectrum of fusion genes is not unexpected. 

Regardless of the particular fusion gene involved, the general structure of the chimeric protein is the same. A strong transcriptional activation domain in the N-terminal region of the native EWS or TLS protein [14, 15] is fused to the bZIP DNA-binding and dimerization domain of the C-terminal region of CREB1 or ATF1 [100]. 
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Fig. 8.6  (a) Angiomatoid fibrous histiocytoma ( AFH). (b) Synovial sarcoma ( SS). (c) Malignant peripheral nerve sheath tumor ( MPNST). (d) Leiomyosarcoma

These  EWS-CREB1 and  EWS-ATF1 fusions can also be found in CCS, as previously discussed (Fig. 8.3). Regardless of the implications of this observation as far as the oncobiology of these two tumor types are concerned (i.e., the need for additional tumor-specific mutations or divergent differentiation programs in the putative precursor cell populations) [100, 207], the presence of the exact same  molecular  alteration  in  both  AFH  and  CCS  has  obvious  significance  for  test  interpretation. 

Furthermore, rearrangements of  EWS are also characteristic of a number of other malignancies that fall within the differential diagnosis of AFH, indicating that analyses limited to interphase FISH break-apart testing of the  EWS locus alone may be insufficient for definitive diagnosis [100]. These observations emphasize that a diagnosis of AFH should be based on all the clinical and histopathological features of a case, rather than the molecular genetic test result alone [100]. 

 Molecular testing.   RT-PCR has been shown to be a useful method for demonstrating fusion gene transcripts in both fresh and FFPE AFH tumor samples [100, 207–209]. However, given the number of different fusion genes that are characteristic of this tumor, the sensitivity of RT-PCR approaches clearly depends on the comprehensiveness of testing protocols. 

Interphase  FISH  has  emerged  as  the  most  useful  method  for  demonstrating  the  chromosomal rearrangements in AFH, especially via a probe break-apart strategy. There is excellent agreement between interphase FISH and RT-PCR in the evaluation of AFH; the two techniques yield results that are concordant in 83–100% of cases [100, 207,  210]. 

 Synovial Sarcoma

Synovial sarcoma (SS) is historically described as a tumor that arises in the periarticular regions of adolescents and young adults; however, despite the name, no biological or pathologic relationship 
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between SS and synovium has been demonstrated. Microscopically, SS is divided into two major subtypes: (a) Biphasic SS and (b) Monophasic SS. Biphasic SS contains both spindle and epithelioid cells often arranged in glandular structures (Fig.  8.6). Immunohistochemical analysis shows that the epithelioid component expresses epithelial membrane antigen (EMA) and less frequently cytokeratins. Monophasic SS is composed entirely of spindle cells. Molecular characterization of the genetic abnormalities characteristic of SS has markedly expanded the clinicopathologic spectrum of this tumor. SS is now known to occur in patients of all ages (including newborns and the elderly) and in a wide variety of anatomic sites, including the skin. 

 Genetics.   The  t(X;18)(p11.2;q11)  translocation  is  the  genetic  hallmark  of  SS.  The  translocation fuses the  SYT gene on chromosome 18 to a member of the  SSX gene family at Xp11 [211–214]. 

 SSX1 and  SSX2 are involved in most examples of SS [212, 213]. Biphasic tumors usually harbor a SYT-SSX1  fusion  gene,  while  most  tumors  with  a   SYT-SSX2  transcript  are  monophasic  subtypes 

[215, 216]. There is little heterogeneity in the structure of  SYT-SSX fusion transcripts, and the rare variant transcripts that have been reported reflect unique and non-recurring breakpoints [212, 213,  

217–219]. Although the t(X;18) is the sole recurring cytogenetic abnormality in SS, more complex translocations and aneuploidy are often also present. Loss of chromosome 3, and gains of chromosomes 7, 8, and 12, may be detected

 SYT-SSX fusion genes encode a chimeric protein in which a transcription activation domain of SYT replaces the Kruppel-associated box (KRAB) transcription repression domain in the N-terminal region of the SSX protein [220]. The resulting chimeric SYT-SSX protein is thought to be oncogenic, as a result of aberrant transcriptional regulation mediated through protein–protein interactions. However, the identity of dysregulated genes is largely unknown. 

Non-SS tumors rarely harbor  SYT-SSX rearrangements, making molecular genetic analysis for  SYT-SSX  fusion  genes  very  useful,  especially  in  problematic  cases  [221–226].  Nonetheless,  SYT-SSX 

fusion transcripts have been detected by RT-PCR in MPNST [227, 228] and rare cases of EWS/PNET 

[229]. Because such  SYT-SSX-containing tumors are relatively uncommon, the “unexpected” finding of a  SYT-SSX fusion in any neoplasm should lead to a review of all the clinical and histopathological aspects of the case, to ensure that the tumor is not simply a misdiagnosed SS. 

 Molecular testing.   RT-PCR-based demonstration of  SYT-SSX chimeric transcripts is a highly sensitive and widely used method to detect the fusion genes characteristic of SS, even in those cases that demonstrate a masked translocation by conventional cytogenetic analysis [230]. Fusion transcripts can be detected in >90% of SS when either fresh or FFPE tissue is used for analysis [32, 36, 224,  

231]. RT-PCR can be performed using consensus primers that will detect both  SYT-SSX1 and  SYT-SSX2 fusions. These can then be distinguished by either direct sequence testing, restriction enzyme digestion of PCR products, or melting curve analysis. Alternatively, RT-PCR or real time PCR can be performed using primers that are specific for the different  SSX genes [213, 223]. 

FISH may be employed to demonstrate the presence of the t(X;18) translocation in SS, using either metaphase chromosomes or interphase nuclei [41, 216,  221, 222, 226]. With appropriately designed probes, FISH can even be used to determine which  SSX gene is involved in the translocation [232]. This is an important advantage, given that different  SYT-SSX fusions may be associated with variable clinical outcomes, as discussed below. 

 Prognostic features.   In most clinical series, the  SYT-SSX2 fusion is associated with a better prognosis than  the   SYT-SSX1  fusion.  The  prognostic  implications  of   SYT-SSX4  fusions,  atypical   SYT-SSX 

fusions, and heterogeneous patterns of fusion transcripts, are presently unknown [229, 233–236]. 

In one study, the  SYT-SSX2 transcript type was the only independent statistically  significant factor for overall survival in patients with localized disease at presentation [236]. Cytogenetic complexity, based on karyotypic analysis, has not been shown to predict clinical outcome [234]. In addition, genomic imbalances detected by CGH also show no correlation with overall survival [237]. 
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 Detection of minimal disease.   In patients with SS, the clinical significance of (a) circulating tumor cells detected by nested RT-PCR [238, 239], and (b) surgical resection margins that show evidence of  tumor  by  RT-PCR,  but  that  are  uninvolved  by  routine  microscopic  examination  [238,  240], remain unclear. This is largely due to the small number of patients thus far evaluated in these studies 

[238–240]. 

 Immunohistochemistry.   Routine  immunohistochemistry  demonstrates  strong  nuclear  expression of SYT in >85% of SS cases known to harbor  SYT-SSX gene fusions. SYT immunostaining is a useful adjunct to diagnosis when insufficient tissue is available for RT-PCR or FISH-based testing 

[241]. However, since a subset of morphologically similar tumors, including EWS/PNET and other malignant sarcomas, can show variable staining for this protein, strict criteria for the interpretation of immunohistochemical studies must be employed [241]. 

 Malignant Peripheral Nerve Sheath Tumor

Malignant peripheral nerve sheath tumor (MPNST) is a spindle cell sarcoma (Fig. 8.6), although several  morphologic  subtypes  have  been  described,  including  rhabdoid  and  epithelioid  variants. 

Traditionally, the tumor is associated with a peripheral nerve, especially in patients with neurofibromatosis. Rare primary cutaneous cases have been described [242]. 

 Genetics.   Conventional  cytogenetic  analysis  has  shown  that  cases  of  MPNST  typically  have  a complex karyotype, with aberrations frequently involving 1p, 7p22, 11q13-23, 20q13, and 22q11-13. Recurrent translocations are not a characteristic finding. However,  SYT-SSX fusion genes have been detected in rare cases of MPNST, by both RT-PCR and FISH in paired analysis [227, 228]. In addition,  the  t(2;5)(p23;q35)  translocation  that  is  characteristic  of  ALCL  may  also  be  found  in MPNST [205]. The significance of these fusion genes in occasional cases of MPNST is unclear 

[243]. The translocations may merely reflect the chromosomal instability and clonal evolution that is a hallmark of malignancy [33, 34]; in which case the mutations are epiphenomena, unrelated to the genetic alterations responsible for tumor development. On the other hand, given the extensive clinical, morphologic, and immunohistochemical overlap between SS and MPNST [244–246], the presence of the  SYT-SSX fusion, in cases for which a definitive distinction between MPNST and SS 

is not possible, may be an indication that the two tumor types are actually related [227]. This latter concept is supported by gene expression profiling studies [247]. In any event, it is clear from the accumulated  data  that  cases  of  MPNST  harboring  unexpected  fusion  genes  are  uncommon. 

Consequently, when faced with an unexpected molecular genetic test result, it is prudent to review all the clinical and histopathological aspects of the case to ensure that the diagnosis of MPNST is correct. 

 Leiomyosarcoma

Leiomyosarcoma is traditionally subdivided into three subgroups. The most common subgroup, and also the most aggressive, comprises tumors that arise in the uterus or deep soft tissues (including the retroperitoneum, abdominal cavity, and extremities). The second subgroup consists of tumors that arise in the walls of blood vessels (often the inferior vena cava). The third subgroup is superficial leiomyosarcomas, composed of subcutaneous lesions (possibly arising from the smooth muscle in the walls of blood vessels) and cutaneous tumors (thought to arise from the arrector pili muscles or the genital dartoic muscles) (Fig. 8.6) [248, 249]. 
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The  superficial  leiomyosarcoma  subgroup  accounts  for  2–3%  of  all  soft  tissue  sarcomas. 

Subcutaneous leiomyosarcomas recur in 50–70% of patients, and metastasize in 30–40% of cases 

[250].  Cutaneous  leiomyosarcomas  tend  to  have  a  more  indolent  clinical  course;  while  local recurrence rates are ~30–50%, hematogenous and/or lymphatic metastases are rare [250]. 

 Genetics.   Conventional cytogenetic analysis and array-based techniques, such as array-CGH, have demonstrated  that  leiomyosarcomas  are  characterized  by  complex  chromosomal  aberrations.  In fact, no two cases of leiomyosarcoma have ever been shown to have identical karyotypes [251, 252]. 

The profile of genetic changes in an individual leiomyosarcoma seems to be more related to the tumor’s anatomic site of origin or subgroup than to its morphology (i.e., spindle, epithelioid, myxoid, or  inflammatory).  Clear  associations  between  specific  cytogenetic  changes  and  clinical  outcome have not been established [251–253]. 

Despite the complexity of chromosomal aberrations, some recurring patterns have emerged. The tumor suppressor genes  RB1 and  PTEN appear to have roles in the development of leiomyosarcoma, as suggested by frequent losses at 10q and 13q chromosomal regions. Recurrent gains at 6q and 8q suggest that the  MYC and  MYB oncogenes may also be involved. Trisomy 8 is another recurring feature of leiomyosarcoma [248, 251]. 

There is a weak association between a familial tumor syndrome, known as hereditary cutaneous leiomyomatosis and renal cell cancer (HLRCC), and cutaneous leiomyosarcoma. HLRCC is inherited  in  an  autosomal  dominant  pattern,  and  results  from  heterozygous  mutations  in  the  fumarate hydratase gene [254]. Mutations in another, as yet unknown, gene may also be involved [249]. 

 Molecular testing.   A role for molecular testing of leiomyosarcoma for any chromosomal abnormality  or  genetic  change  has  not  been  established.  Diagnosis  continues  to  rely  on  traditional morphologic and immunohistochemical evaluation [250]. 

 Other Fibrous Proliferations

The cutaneous fibrous proliferations represent a heterogeneous group of lesions that include true neoplasms  and  fibrohistiocytic  hyperplasias.  To  date,  few  detailed  studies  have  examined  cytogenetic alterations in these entities. Further investigations are needed to determine the frequency and/or types of chromosomal alterations in fibrous proliferations before these observations can be of clinical use. 

 Nodular fasciitis has long been considered a benign reactive proliferation of fibroblasts, with close histological resemblance to soft tissue sarcomas (Fig. 8.7). The limited studies examining genetic aberrations in nodular fasciitis have identified a number of chromosomal alterations, that include rearrangements  involving  chromosomes  2,  15,  and  16  [255–257].  In  a  recent  comparison  of  myofibroblastic sarcomas to nodular fasciitis, a majority of the former showed DNA copy number changes as opposed to ~20% of nodular fasciitis cases [258]. The results of this study suggest that, at least in a subset of cases, nodular fasciitis may not simply represent a reactive proliferation, but rather a true neoplasm. 

 Atypical fibroxanthoma (AFX) is another proliferation of debatable fibrohistiocytic histogenesis and uncertain biological potential (Fig. 8.7). Molecular studies of this lesion are rare. Early investigations demonstrated aneuploidy, especially in the large pleomorphic cells of AFX [259–261]. 

A more recent study, using CGH analysis, demonstrated DNA copy number changes in 80% of cases [262]. The most common cytogenetic alterations included deletions of 9p and 13q. These were also the most common alterations found in cases of undifferentiated high-grade pleomorphic sarcoma [262]. 

 Fibrous histocytoma, also known as  dermatofibroma, is a commonly biopsied lesion. Most authors regard  dermatofibromas  as  reactive  fibrohistiocytic  proliferations.  However,  a  number  of  studies report that some dermatofibromas are clonal in nature [263, 264]. 
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Fig. 8.7  (a) Nodular fasciitis. (b) Atypical fibroxanthoma ( AFX). (c) Infantile digital fibromatosis. (d) Lipoblastoma Pediatric fibrous proliferations include  infantile digital fibromatosis,  infantile myofibromatosis, and  infantile fibrosarcoma. Infantile digital fibromatosis is a localized myofibroblastic neoplasm that  is  characterized  by  spindle  cells  with  distinct  paranuclear  cytoplasmic  inclusions  (Fig. 8.7) 

[265]. Cytogenetic alterations in infantile digital fibromatosis have yet to be documented. Infantile myofibromatosis presents in one of three ways: (a) isolated; (b) multicentric without gastrointestinal involvement; and (c) multicentric with gastrointestinal involvement. Cytogenetic analysis has demonstrated del[6](q12q15), monosomy 9q, and trisomy 16q in this tumor [266, 267]. Infantile fibrosarcoma, a morphologic mimic of infantile myofibromatosis, carries the chromosomal rearrangement t(12;15)(p13;q25), resulting in the  ETV6-NTRK3 fusion gene [268, 269]. 

Tumors of Adipose Tissue

 Lipoblastoma

Lipoblastoma is a benign tumor of adipose tissue that has two patterns of presentation. The localized, well-circumscribed form is referred to as lipoblastoma; the diffuse infiltrative form is termed lipoblastomatosis (Fig. 8.7). Lipoblastoma is usually diagnosed in children less than 5 years old, is more common in males, and occurs most often in the soft tissues of the extremities. Cases arising in  the  skin  have  been  reported  [270].  Histologically,  the  tumor  is  composed  of  an  admixture  of mature and immature adipocytes, variable numbers of lipoblasts, and stellate mesenchymal cells. 

 Genetics.   The genetic hallmark of lipoblastoma is a rearrangement of chromosomal region 8q12 

that generates a  PLAG1 fusion gene [271]. The majority of cases harbor an intrachromosomal 8q 
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Table 8.3  Summary of recurrent genetic aberrations in lipomatous neoplasms of the skin Estimated 

Tumor

Aberration

Gene(s) involved

prevalence

Lipoblastoma

Intrachromosomal  

 HAS2-PLAG1

Combined, 8q11-13 

8q rearrangements

aberrations are 

t(7;8)(q22;q12)

present in up to 

 COLIA2-PLAG1

90%

Low-level amplification  

 PLAG1

of  PLAG1

Other rearrangements  

Unknown

of 8q11-13; polysomy 8

Atypical lipomatous  

Supernumerary ring  

Amplification  

Up to 100%

tumor (ALT/WDLPS)

chromosomes; 

of region 12q14- 

giant marker chromosomes

15, including  

 MDM2, CDK4, 

 HMGA2, SAS, 

 GL1

Dedifferentiated  

Same as for ALT/WDLPS

Same as for ALT/ 

Up to 100%

liposarcoma

WDLPS

Myxoid/round cell  

t(12;16)(q13;p11)

 TLS-CHOP

95%

liposarcoma

t(12;22)(q13;q12)

 EWS-CHOP

5%

Pleomorphic liposarcoma

Complex changes

Unknown

–

rearrangement  that  produces  an   HAS2-PLAG1  fusion,  in  which  the  partner  is  the  hyaluronic synthase  2  gene  at  8q24  (Table  8.3).  A  minority  of  cases  harbor  translocations  that  produce  a COLIA2-PLAG1 fusion gene, in which the partner is the collagen1a2 gene at 7q22 [271–273]. Rare tumors contain other (uncharacterized) translocations involving  PLAG1 [274]. Chromosome 8 polysomy or low-level amplification of  PLAG1 are also characteristic features of lipoblastoma, present in a subset of tumors both with and without 8q12 rearrangements [273, 275]. The  PLAG1 alterations are present in many of the different mesenchymal cell types in lipoblastomas, including lipoblasts, mature  adipocytes,  primitive  mesenchymal  cells,  and  fibroblast-like  cells,  which  suggests  that lipoblastomas originate from a primitive mesenchymal precursor cell with variable differentiation [273]. 

The rearrangements of 8q12 are essentially promoter-swapping events, in which the upstream 5¢ 

regulatory elements of  PLAG1 are replaced by the promoter regions of the fusion partner. Since PLAG1 encodes a zinc finger transcription factor that is normally developmentally regulated [276], the  increased  expression  of  PLAG1  that  results  from  the  promoter-swapping  is  believed  to  be responsible for tumor development, even when the structure of the protein is unaltered by the chromosomal rearrangement [271, 272]. The  PLAG1 dosage alterations that result from polysomy 8 are thought to represent an alternative mechanism for increased PLAG1 expression [273]. 

Rearrangements of 8q12 and polysomy 8 are uncommon in other tumors of adipose tissue that are likely to enter into the differential diagnosis of lipoblastoma. These include lipoma, atypical lipomatous tumor/well-differentiated liposarcoma (ALT/WDLPS), and myxoid/round cell liposarcoma. The utility of molecular testing for rearrangements of  PLAG1, in order to distinguish lipoblastoma from ALT/WDLPS, has recently been emphasized [274]. It is noteworthy that ~40% of pleomorphic adenomas of the salivary gland also harbor  PLAG1 fusion genes, although the  PLAG1 

fusion partners in the latter are different from those in lipoblastoma [272, 277, 278]. While the presence of  PLAG1 fusion genes in such disparate tumors is interesting from the perspective of tumor biology, it obviously has little impact on the diagnostic utility of molecular genetic analysis of fatty tumors. 

 Molecular testing.   FISH, using either metaphase chromosomes or interphase nuclei, can be used to  detect  rearrangements  of   PLAG1,  the  8q12  region,  chromosome  8  polysomy,  and  low-level 
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amplification of  PLAG1 in ~90% of lipoblastomas, including some cases that show no aberrations of  the  8q12  region  by  routine  cytogenetic  analysis  [273–275]. Given  the  variability  and  type  of genetic aberrations, RT-PCR is not ideally suited to routine molecular evaluation of lipoblastomas. 

 Immunohistochemistry.   A  polyclonal  anti-PLAG1  antibody  has  been  used  to  demonstrate increased nuclear staining in a small number of cases [272]. However, since PLAG1 expression has been identified in other tumor subtypes [279], the utility of PLAG1 immunohistochemistry in the diagnosis of lipoblastomas remains unclear. 

 Atypical Lipomatous Tumor/Well-Differentiated Liposarcoma

Atypical  lipomatous  tumor/well-differentiated  liposarcoma  (ALT/WDLPS)  is  a  malignant  soft tissue neoplasm that most commonly arises in adults in the 5th to 7th decade of life. Rare cases developing in the skin have been reported [270]. The tumor is composed of cells that show adipocyte differentiation with variation in cell size and at least focal nuclear atypia (Fig. 8.8). Metastatic potential is associated with dedifferentiation, and prognosis of this tumor is largely determined by the site of origin. Lesions arising at surgically amenable locations rarely recur and virtually never metastasize, while lesions that arise at sites where it may be impossible to achieve wide surgical excision (i.e., retroperitoneum or mediastinum) may demonstrate uncontrolled recurrences that can cause death, even in the absence of dedifferentiation or metastasis. 

 Genetics.   The defining cytogenetic features of ALT/WDLPS are the presence of supernumerary ring or giant marker chromosomes [280], or less commonly supernumerary marker chromosomes Fig. 8.8  (a) Atypical lipomatous tumor/well-differentiated liposarcoma ( ALT/ WDLPS). (b) Myxoid liposarcoma ( ML). 

(c) Kaposi’s sarcoma ( KS). (d) Angiosarcoma
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[281], which contain amplifications of the 12q14-15 region. This locus contains several putative and established  oncogenes,  including   MDM2,  CDK4,  SAS,  and   HMGA2  [282,  283].  Several  other chromosomal regions, the most frequent of which are 12q21-22 and 1q21-25, are often co-amplified with the 12q14-15 region [284, 285]. 

The exact mechanism of tumorigenesis in ALT/WDLPS remains unclear. No single gene of the MDM2,  CDK4,  SAS, and  HMGA2 group seems to play a dominant role. It is likely that these genes promote  tumor  development  via  direct  or  indirect  control  of  cell  proliferation.  Both   MDM2  and CDK4  encode  proteins  that  are  involved  in  regulation  of  the  cell  cycle:  MDM2  by  binding  and inhibiting TP53 activity, and CDK4 by regulating phosphorylation of the retinoblastoma tumor suppressor encoded by the  RB1 gene. In addition,  HMGA2 encodes a protein that modifies chromatin structure and facilitates formation of transcriptional complexes. 

Lipomas have a set of characteristic genetic features that generally do not overlap with those of ALT/WDLPS [286]. It is possible that the rare so-called lipomas with  MDM2 amplification and ring chromosomes  actually  represent  early  non-diagnosable  ALT/WDLPS  [287,  288]. Consequently, any fatty tumor with discordant histopathological and molecular genetic features should be thoroughly reviewed for a definitive diagnosis. 

 Molecular testing.   The vast majority of ALT/WDLPS contain supernumerary ring or giant marker chromosomes [283, 284]. Since conventional cytogenetic techniques, such as G- and R-banding, do not reveal the chromosomal origin of the supernumerary chromosomes, FISH can be used to confirm their identity [281, 289]. Interphase FISH is a useful method for demonstration of  MDM2 gene amplification in FFPE tissue sections [290, 291]. In addition, quantitative PCR and RT-PCR analyses have shown that the level of  MDM2 and  CDK4 gene amplification or expression can be used to reliably distinguish lipoma from ALT/WDLPS, even in FFPE tissue [291–294]. It is important to note that supernumerary ring chromosomes are not absolutely specific for ALT/WDLPS and have also been described in some sporadic lipomas, although the ring chromosomes in lipomas do not harbor 12q14-15 rearrangements [282, 284]. 

 Immunohistochemistry.   Consistent with quantitative RT-PCR results showing increased transcription of genes in the 12q14-15 region in ALT/WDLPS [293, 294], immunohistochemistry demonstrates overexpression of the corresponding proteins. MDM2 and CDK4 are overexpressed in 50% 

and  100%  of  ALT/WDLPS,  respectively,  but  in  0%  and  only  11%  of  lipomas,  respectively. 

Therefore, immunohistochemistry has been proposed as a reliable means to distinguish these two tumor types [290, 291, 295–297]. It is important to note that the  MDM2 gene is frequently amplified or  overexpressed  in  several  other  sarcomas,  including  malignant  fibrous  histiocytoma,  osteosar-coma, and even rare leiomyosarcomas [287, 294, 298–300]. 

 Dedifferentiated Liposarcoma

Dedifferentiated liposarcomas are malignant neoplasms of adipose tissue demonstrating a transition from either a primary or recurrent ALT/WDLPS to a non-lipogenic sarcoma of variable histopathologic grade. Consistent with this derivation, conventional cytogenetic analysis has shown that most dedifferentiated liposarcomas contain ring or giant marker chromosomes with associated amplification  of  12q14-15  [301–303].  The  majority  of  dedifferentiated  liposarcomas  also  show  elevated levels of CDK4 and MDM2 proteins [297], although levels of expression vary with the anatomic site  of  the  tumor  [302]. Immunostains  for  PPAR-g  can  also  be  used  to  demonstrate   evidence  of adipocytic  differentiation  [304].  Additional  genetic  alterations,  including  mutations  of   TP53  and RB1, which may be responsible for tumor dedifferentiation, can be present [302, 305–307]. 
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 Myxoid Liposarcoma/Round Cell Liposarcoma

Myxoid  liposarcoma  (ML)  is  the  second  most  common  subtype  of  liposarcoma.  It  occurs predominantly  in  the  deep  soft  tissues  of  the  extremities,  and  more  than  two-thirds  of  cases arise within the musculature of the thigh (Fig. 8.8). Rare cutaneous cases have been reported 

[270]. 

 Genetics.   Approximately  95%  of  cases  of  ML  contain  the  t(12;16)(q13;p11)  translocation, which fuses the  TLS gene (also known as  FUS) at 16p11 with the  CHOP gene (also known as DDIT3 and  GADD153) at 12q13 [308–310].  TLS-CHOP gene fusions are also characteristic of round cell liposarcoma (RCL), suggesting that the two tumor types are etiologically related [311]. 

Variability in the site of the translocation breakpoint can generate structural heterogeneity in the fusion  genes  [311–313],  and  rare  variant   TLS-CHOP  fusion  genes  have  been  described  [314–

316]. Given the sequence similarity between  TLS and  EWS [14, 15], it is not surprising that ~5% 

of cases of ML/RCL harbor a t(12;22)(q13;q12) translocation, in which  EWS is fused with  CHOP 

[315, 317–319]. 

The fusion gene encodes a chimeric protein in which the N-terminal region of TLS, which includes  a  transcriptional  activation  domain  [14,  15],  is  fused  to  the  full  length  of  CHOP,  a member of the bZIP family of transcription factors. Because the  TLS promoter is strongly and broadly  activated,  the  fusion  protein  is  constitutively  expressed.  Consistent  with  the  normal function  of  CHOP  in  adipocyte  differentiation  and  growth  arrest,  the  fusion  protein  has  been shown  to  inhibit  the  differentiation  of  pre-adipocytes  [320–322]. Presumably,  EWS-CHOP 

fusion proteins exert their oncogenic effect through a mechanism analogous to their TLS-CHOP 

counterparts. 

 Molecular testing.   Interphase FISH, using routinely processed tumor tissue or even cytology samples,  can  be  employed  to  detect  the  translocations  characteristic  of  ML/RCL  [41, 323–

325].  RT-PCR-based  testing  has  been  extensively  used  to  demonstrate  the  presence  of   TLS-CHOP or  EWS-CHOP fusion transcripts, and is especially helpful in cases showing atypical karyotypes [326]. Fusion transcripts can be detected in up to 95% of cases, using fresh tissue [36]. 

RT-PCR analysis of FFPE tissue is not associated with a significant loss of sensitivity [36]. 

Since  ML/RCL  harbor  distinct  cytogenetic  abnormalities  compared  with  lipomas  and  the majority  of  well-differentiated  liposarcomas  (including  those  with  myxoid  change),  the  latter tumor types do not appear to be oncogenetically related to ML/RCL [310, 327–329]. However, rare examples of well-differentiated and pleomorphic liposarcoma with  TLS-CHOP fusions have been  described  [330].  Nonetheless,  the  rarity  of  tumors  other  than  ML/RCL  that  harbor  TLS-CHOP rearrangements makes molecular analysis for this fusion very useful in problematic cases 

[330]. 

 Prognostic features of transcript type.   Preliminary evidence suggests that tumors harboring  TLS 

exon 7 to  CHOP exon 2 fusions (so-called type I fusions) have a more aggressive clinical course than tumors harboring  TLS exon 5 to  CHOP exon 2 fusions (so-called type II fusions) [316]. 

 Detection  of  minimal  disease.   The  clinical  significance  of  submicroscopic  disease  in  ML/RCL 

remains unclear. In a retrospective study, PCR-based testing demonstrated evidence of  TLS-CHOP 

or  EWS-CHOP fusions in PB samples of 20% of patients with this tumor, although the molecular result  did  not  correlate  with  clinical  outcome  [331]. Similarly,  in  a  prospective  study,  RT-PCR 

analysis detected  TLS-CHOP fusion transcripts in the BM and/or PB of a subset of patients with ML; however, an interpretation of the  significance of these results was limited by the small study size and short duration of follow-up [330]. 
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Vascular Tumors

 Kaposi’s Sarcoma

Kaposi’s sarcoma (KS) is a low-grade vascular neoplasm of which four clinical subtypes have been described:  (a)  an  indolent  form,  that  usually  involves  the  lower  extremities  of  elderly  men  of Mediterranean or eastern European origin; (b) KS associated with long-term immunosuppressive therapy (usually in transplant recipients); (c) as an endemic disease in young adults and children in central Africa; and (d) KS in the setting of human immunodeficiency virus infection/acquired immunodeficiency syndrome (HIV/AIDS) [332]. KS has traditionally been divided into three clinical-histopathological stages: (a) patch, (b) plaque, and (c) nodular, which form a morphologic continuum (Fig. 8.8). 

 Genetics.   Kaposi’s sarcoma-associated herpes virus (KSHV), also known as human herpes virus-8 

(HHV-8), is the causative agent of KS [333]. The virus has a primary tropism for endothelial cells and B-lymphocytes, but can also infect other cell types with much lower efficiency [334]. As with other members of the gamma herpes virus subfamily, the virus encodes a number of proteins that can result in latent infection [334, 335]. 

 Molecular testing.   PCR-based testing of FFPE tissue detects HHV-8 sequences in 88–100% of KS 

cases,  regardless  of  the  clinical  form  or  histopathological  stage  of  disease  [336–338]. RT-PCR 

analysis  of  FFPE  tissue,  in  which  transcripts  encoding  the  latency-associated  nuclear  antigen (LANA) are the target for amplification, detects HHV-8 in virtually 100% of cases [339]. In situ RT-PCR testing of FFPE tissue has also been described; although technically demanding, it also demonstrates a sensitivity of virtually 100% [340]. 

HHV-8 infection is also associated with a subset of primary effusion lymphomas [332, 341–343],  

solid/extra-cavitary lymphomas [344], multicentric Castleman’s disease [342, 344], primary pulmonary hypertension [345], and IMT [346]. The virus has even been detected in reactive mesothelium 

[347]. Since these diseases rarely enter into the differential diagnosis of KS, molecular testing for this virus is useful for confirmation of the latter, especially at an early stage of disease evolution or in patients with an unusual clinical presentation [340, 348]. 

It  is  important  to  note  that  other  endothelial  neoplasms  have  been  reported  to  harbor  HHV-8, including angiosarcoma (up to 29% of cases in one series, by PCR and Southern blot analysis) [349,  

350], pyogenic granuloma/lobular capillary hemangioma (by PCR and Southern blot analysis) [351],  

retiform  hemangioendothelioma  [352], angiolymphoid  hyperplasia  with  eosinophilia  [353],  and hemangioma [350]. It is possible that the extreme sensitivity of some molecular strategies may be responsible for false-positive test results in lesions other than KS. For example, PCR-based approaches can detect intralesional blood mononuclear cells that are infected with HHV-8, even when the lesional cell (i.e., endothelial) population itself is not [339, 354]. In any event, since the cumulative data indicate that only exceedingly rare vascular lesions (other than KS) harbor HHV-8 [336, 337, 339,  355],  

a positive molecular result must be interpreted in the context of all the clinical, serological, histopathological, and immunohistochemical features in order to ensure that a lesion is accurately diagnosed. 

 Immunohistochemistry.   Monoclonal antibodies to LANA-1 (HHV-8) strongly stain the nuclei of spindle cells that line the vascular channels of KS. Immunostaining has a sensitivity of 92–100%, with a specificity that is virtually 100%, since immunoreactivity is not seen in other vascular proliferations (including angiosarcoma, Kaposiform hemangioendothelioma, and pyogenic granuloma) or non-vascular lesions (including DFSP and spindle cell melanoma) [355–357]. In parallel analyses,  immunohistochemistry  shows  higher  specificity  than  RT-PCR  for   LANA  transcripts  [339], indicating how more complete knowledge of the molecular mechanisms underlying tumorigenesis can lead to the development of conventional protein expression assays that are both more accurate and less cumbersome than nucleic acid-based tests. 
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 Angiosarcoma

Angiosarcomas  are  malignant  tumors  that  are  comprised  of  cells  with  the  morphologic  and immunohistochemical features of endothelial cells (Fig.  8.8). Many angiosarcomas occur at cutaneous sites, often in association with long-standing lymphedema. However, a subset of these tumors can  develop  adjacent  to  synthetic  vascular  grafts  or  other  foreign  material,  following  radiation therapy  for  other  malignancies,  or  in  association  with  benign  or  malignant  nerve  sheath  tumors (usually in the setting of neurofibromatosis type 1) [358–360]. Angiosarcoma rarely, if ever, arises from pre-existing KS [361]. 

 Genetics.   Conventional cytogenetic analysis shows that angiosarcomas typically contain complex non-recurrent cytogenetic aberrations. Sporadic angiosarcomas involving non-hepatic sites demonstrate   TP53  mutations  in  11–52%  of  cases  using  DNA  sequence  analysis  [362,  363], and  TP53 

protein accumulation in 53% of cases by immunohistochemistry [363]. Based on the observations that wild-type TP53 can be functionally inactivated via binding to the MDM2 protein, and  MDM2 

gene amplification has cellular effects similar to those of mutated   TP53, deregulation of  MDM2 

expression is thought to serve as an alternative mechanism for escape from TP53-regulated growth control [364]. Consistent with this hypothesis, overexpression of MDM2 is found in the majority of sporadic  angiosarcomas  [363]. Since  mutant  TP53  induces  expression  of  vascular  endothelial growth factor (VEGF) [365], the finding that VEGF levels are increased in ~80% of angiosarcomas is not unexpected [363]. 

Despite the observed link between  TP53 and  MDM2 mutations, as well as aberrations in several other genes, in the pathogenesis of angiosarcoma, molecular genetic assays to detect these abnormalities have not been evaluated for routine clinical use. The fact that mutations in these genes are present in only a subset of tumors will probably diminish the utility of testing from a diagnostic point of view. Since there is no evidence that these mutations correlate with clinical outcome, there is apparently no value in testing from a prognostic perspective either. 

Sarcomas Arising in Other Cutaneous Tumors

 Carcinosarcoma, also known as metaplastic carcinoma, represents a rare primary cutaneous tumor with both malignant epithelial and mesenchymal components (Fig. 8.9). The epithelial component often consists of a trichoblastic carcinoma or squamous cell carcinoma [366]. The mesenchymal component  is  usually  quite  variable  (and  sometimes  poorly  differentiated),  often  demonstrating fibrous,  smooth  muscle,  skeletal  muscle,  cartilaginous,  or  osteogenic  components  [367,  368]. 

Molecular diagnostic testing of these tumors has a limited role. To date, recurrent genetic aberrations have not been described within the sarcomatous components of these lesions. 

Sarcomas Metastatic to the Skin

Cutaneous metastases have been reported for a myriad of tumors. Although it is uncommon for a sarcoma to present as a cutaneous metastasis, case reports documenting this phenomenon do exist (Fig. 8.9). Sarcomas  account  for  <3%  of  cutaneous  metastases  in  adults  [369],  but  50%  of  non-hematopoietic cutaneous metastases in children [370]. In most instances, the site/differentiation of the primary tumor has already been identified, and skin biopsy is merely performed to document the presence of metastasis. However, molecular analysis of cutaneous tissue may aid in the accurate classification of some tumors (see Chap. 9). 

[image: Image 55]
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Fig. 8.9  (a) Carcinosarcoma. (b) Sarcoma with rhabdoid features, metastatic to the skin. (c) Sclerotic fibroma. 

(d) Angiofibroma

Syndrome-Associated Mesenchymal Tumors

For years, both dermatologists and pathologists have noted the close association between specific clinical syndromes and certain mesenchymal tumors (Table 8.4). Thus, a pathologist can suggest the possible presence of a syndrome based on the diagnosis of particular tumor. In the appropriate clinical  setting,  this  may  direct  the  clinician  to  perform  syndrome-specific  screening  for  associated genomic  abnormalities,  or  initiate  a  referral  of  the  patient  to  a  medical  geneticist.  In  general, molecular  diagnostic  testing  of  skin  specimens  is  not  routinely  used  to  confirm  the  diagnosis  of these  syndromes.  For  illustration  purposes,  four  syndromes  and  their  associated  mesenchymal tumors will be discussed: Cowden disease, neurofibromatosis type 1, tuberous sclerosis, and multiple cutaneous and uterine leiomyomatosis. 

 Cowden  disease  is  caused  by  a  germline  mutation  in  the  tumor  suppressor  gene   PTEN 

(Phosphatase and TENsin homologue, chromosome 10) [371]. Associated cutaneous mesenchymal tumors  include  sclerotic  fibromas,  lipomas,  and  neuromas.  Sclerotic  fibromas  are  uncommon fibrous tumors characterized by a distinctive “raked earth”-like appearance (Fig. 8.9). A diagnosis of sclerotic fibroma may prompt the pathologist to suggest an association with Cowden disease, initiating appropriate genetic testing [372].  PTEN mutations can easily be detected in FFPE tissue specimens.  However,  it  is  important  to  consider  that  somatic   PTEN  mutations  can  be  found  in sporadic tumors [373]. Therefore, non-tumorous tissue must be used for syndrome testing, in order to demonstrate the presence of germline mutations in this gene. For large specimens, this can be achieved simply by testing normal tissue adjacent to any tumorous lesion. However, as is often the case with small skin biopsies, normal tissue may not be available. Cowden disease is now regarded as part of the  PTEN hamartoma syndrome, which includes Bannayan–Riley–Ruvalcaba syndrome, Proteus syndrome, and Proteus-like syndrome [373]. 
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 Neurofibromatosis type 1 (NF1) is caused by a mutation in the  NF1 gene. Neurofibromas are the  most  common  mesenchymal  tumors  in  patients  with  NF1.  Although  sporadic  neurofibromas commonly occur in non-NF1 individuals, plexiform neurofibromas are considered pathognomonic of NF1. Neurofibromas in patients with NF1 have a risk of malignant transformation to MPNST. 

The  latter  are  characterized  by  multiple  complex  cytogenetic  aberrations,  frequently  involving chromosomes 1p, 7p22, 11q13-23, 20q13, and 22q11-13 (as discussed previously). 

The common variant of NF1, termed “segmental neurofibromatosis,” is caused by a post-zygotic somatic mutation in  NF1. In the typical scenario, a patient presents with unilateral neurofibromas, without the other clinical findings of NF1. The patient’s risk of germline involvement is related to the extent and location of the segmental neurofibromas. 

 Tuberous sclerosis demonstrates several skin findings, including ashleaf spots, shagreen patches, ungual/subungual  fibromas,  and  facial  angiofibromas  (“adenoma  sebaceum”)  (Fig. 8.9).  Noncutaneous  mesenchymal  tumors  include  glioblastoma  multiforme  and  other  neural  tumors,  renal angiomyolipoma,  and  pulmonary  lymphangioleiomyomatosis.  Tuberous  sclerosis  is  caused  by mutations in the  TSC1 or  TSC2 genes. Similar to NF1, somatic and germline mosacism can produce a pattern of disease characterized by a segmental distribution of tumors [374–378]. 

 Multiple  cutaneous  and  uterine  leiomyomatosis,  and  the  closely  related  condition   hereditary leiomyomatosis and renal cell cancer, are syndromes caused by mutations in the fumarate hydratase gene [379]. Based on a high frequency of germline fumarate hydratase mutations in patients with multiple leiomyomata, some authors have suggested that screening tests for aberrations in this gene should be part of the standard clinical work-up in such instances. Screening could be performed on lesional tissue, and would likely have a high level of clinical utility, since sporadic leiomyomata (and  sporadic  leiomyosarcomas)  do  not  appear  to  harbor  fumarate  hydratase  mutations  [380]. 

Examples  of  segmental  cutaneous  leiomyomatosis  have  been  described,  demonstrating  that  this syndrome can also present in a mosaic form [381–384]. 
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Chapter 9

Molecular Determination of Tissue Margins, Clonal 

Origin, and Histogenesis of Skin Cancers

Michael J. Murphy

Technologies  are  being  increasingly  employed  to  identify  the  biological  pathways,  genes,  and proteins  involved  in  disease  pathogenesis  and  progression.  These  investigations  have  uncovered diagnostic and prognostic biomarkers for a variety of cutaneous tumors. Molecular testing may have a role in the evaluation of tissue margins, clonal origin, and histogenesis of skin cancers. 

Molecular Evaluation of Tissue Margins of Skin Cancers

The concept of field cancerization, first proposed by Slaughter in 1953, describes a process whereby cells in a particular tissue or organ are sequentially transformed by multiple cumulative genetic and epigenetic alterations, such that a clonal expansion of pre-neoplastic genetically altered, but morphologically normal-appearing cells is present, prior to the development of overt malignancy [1]. 

Additional genomic aberrations are required for cancer development, but these precursor cells may persist with the malignant cells of a tumor [1]. The skin is the most suitable organ to investigate the mechanisms and potential clinical utility of field cancerization - due to its contiguous nature, accessibility, and ease of removing wide tumor margins. The study of field cancerization in the skin may have a role in: (1) the assessment of tumor risk; (2) the detection of early neoplasia; (3) the study of tumor pathogenesis and progression; and (4) the accurate delineation of “true” tumor margins (i.e., overt tumor and surrounding “field cells”), and as a consequence, the planning of adequate surgical treatment. 

The standard treatment of primary melanoma is wide excision with a defined margin of clinically uninvolved skin, in an effort to reduce the risk of local recurrence. It is the presence of occult field cells peripheral to a tumor which explains the efficacy of wide excisions in reducing local recurrences in  patients  with  melanoma  [2].  At  present,  standardized  excision  recommendations  are  based  on Breslow thickness (i.e., 0.5-cm margins for melanoma in situ, 1-cm margins for invasive melanoma of <2 mm, and 2-cm margins for melanoma of >2 mm) [3]. These guidelines are supported by subsequent  histopathological  assessment  of  the  microscopic  distance  between  the  excision   specimen margins and any residual melanocytes which are cytologically atypical, abnormally  distributed, and/

or  increased  in  number  [3].  However,  studies  have  noted  that  the  frequency  of  local,  regional,  or distant metastases is not affected by the margins of excision in some patients with  melanoma [4]. 
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Fig. 9.1  CCND1 (cyclin D1) amplification in acral lentiginous melanoma ( ALM). Fluorescence in situ hybridization ( FISH) demonstrating CCND1 (11q13) amplification in an invasive ALM ( left panels) and an adjacent in situ macular lesion ( middle panels). An additional case of  ALM in situ with CCND1 amplification is shown ( right panels). 

CCND1 probe,  red signal; chromosome 11 centromeric probe/CEP11,  green signal (Courtesy of Dr. Minoru Takata, Shinshu University School of Medicine, Asahi, Matsumoto, Japan)

The development of such melanoma recurrences following recommended excision guidelines could be due to: (1) false-negative microscopic review of the excision specimen (due to different tissue processing techniques, pathologist experience, etc.); or (2) intraepidermal pre- neoplastic or frankly neoplastic melanocytes (i.e., melanocytic field cancerization), which cannot be readily identified by current routine histopathological methods, present at or peripheral to the excision site. 

The recent use of fluorescence in situ hybridization (FISH) analysis to determine the presence of overt  residual  disease  and/or  field  cells  in  acral  lentiginous  melanoma  (ALM)  is  a  potentially exciting application of a molecular test to guide management and control local recurrence of this disease (Fig. 9.1). Recent studies have demonstrated frequent amplifications of regions on chromosomes 5p15, 22q11–13 and 11q13 (site of CCND1) in ALM [2, 3, 5, 6]. Interestingly, in 84% of cases studied, copy number increases of 11q13 and 5p15 have also been identified in the melanocytic cells of histopathologically normal epidermis at varying distances from the overt ALM tumor margins (mean: 6.1 mm for melanoma in situ, 4.5 mm for invasive melanoma) [3]. However, the extent of these latter findings does not appear to correlate with the Breslow thickness or diameter of the ALM 

[3].  Both  (1)  the  pattern  of  aberrations  (i.e.,  stable  or  progressive  increase  in  gene  amplification levels from field cells to in situ to invasive components) and (2) the  asymmetric distribution of field  cells  support  the  acquirement  of  additional  oncogenic  aberrations  for  progression  to  frank malignancy [3]. According to the concept of field cancerization, these morphologically normal, but genetically aberrant melanocytes would represent a latent progression phase/early  melanoma in situ  (supported  by  gene  profiling  studies),  which  precedes  a  stage  of  uncontrolled  melanocyte proliferation within the epidermis [3, 5, 6]. The results of these FISH studies would suggest that the current recommendations for excision margins based on the Breslow thickness are suboptimal for a subset of melanomas [4]. The routine clinical use of FISH technology to detect field cells in melanoma could help determine the appropriate surgical margins required to minimize the risk 
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of tumor recurrence. At present, this technique is only applicable to those melanomas with frequent gene amplifications (i.e., ALM and mucosal subtypes). 

A number of studies have investigated the use of additional technologies, such as immunohistochemistry (IHC), for margin analysis in melanomas [3, 7, 8]. Protein expression in excision specimens has been evaluated using antibodies directed against cyclin D1 and melanocyte-differentiation markers, such as MART-1, HMB-45, S-100, and Mel-5 [3, 7, 8]. Of note, HMB-45 (an antibody directed against a melanosomal antigen) has been reported in overt in situ and invasive ALM, but can also be identified in field cell areas of these tumors (in up to 56% of cases) [3, 8]. However, HMB-45 is a marker of melanocytic differentiation, and not genetic instability per se, and therefore its  ability  to  reliably  distinguish  between  benign,  premalignant  or  overtly  malignant  individual melanocytes in the epidermis is questionable. Levels of cyclin D1 protein have also been found to increase from the periphery toward the in situ and invasive portions of ALM [3]. However, the use of IHC analysis for this marker to delineate the extent of the field area in ALM has also been questioned, as cyclin D1 protein expression has not been identified in all field cells that show FISH-determined increased copy numbers of 11q13 [3]. 

Pathologists  often  identify  changes  designated  as  “atypical  melanocytic  hyperplasia”  (AMH) adjacent to melanomas in tissue sections [9]. However, histopathological and immunohistochemical criteria  for  distinction  of  AMH  from  otherwise  benign  sun-damaged  melanocytes  are  not  fully defined (i.e., such as the number of atypical melanocytes per high-power field/number of keratinocytes). Using loss of heterozygosity (LOH) analysis, Pashaei et al. [9] found increasingly higher defects in the hOGG1 gene progressing from AMH to adjacent melanoma in situ (60%  vs.  80%) (Fig. 9.2).  hOGG1  is  an  important  gene  for  repair  of  free  radical-induced  DNA  damage  [9]. 

Fig.  9.2  Atypical  melanocytic  hyperplasia  (AMH).  DNA  samples  were  subjected  to  analysis  with  microsatellite markers D3S1289 (a–c) for case #1 and D3S1300 (d–f) for case #2: (a, d) normal subcutaneous tissue; (b, e) melanoma in situ (MIS); (c, f) AMH. Normal tissues in both cases were heterozygous (informative) for their respective marker, as indicated by the presence of two alleles. The matched DNA samples of case #2 retained heterozygosity in both MIS (e) and AMH (f), whereas those from case #1 lost one larger allele [i.e., loss of heterozygosity (LOH)] 

in both MIS (b) and AMH (c). The allelic loss is illustrated by a shorter second allele in MIS ( arrow in b) and AMH 

( arrow in c), as compared with the corresponding allele in normal subcutaneous tissue from the same patient ( arrow in a) (From Pashaei et al. [9]. Reprinted with permission from Wiley, Copyright © 2008)
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The  authors  suggested  that  AMH  could  represent  an  early  microscopically-evident  stage  in melanoma  development,  and  that  its  presence  at  the  resection  margins  of  melanoma  warrants appropriate treatment or close clinical follow-up. 

Other  studies  have  used  LOH  and  microsatellite  instability  testing  [10–12],  serial  analysis  of gene expression (SAGE) [13], and whole-genome expression profiling [14], to determine genetic aberrations in melanomas and matched normal (skin) samples. 

In the future, the tailoring of surgical management, in order to ensure removal of both overt melanoma and its field cells, could be based on the results of molecular diagnostic tests, and may be particularly useful at those cutaneous sites where function or cosmetic outcome are impacted by current margin guidelines. 

The above findings are somewhat analogous to the proposed model for pathogenesis of nonmelanoma skin cancers (NMSC), which include actinic keratosis, squamous cell carcinoma (SCC), and basal cell carcinoma (BCC) [1, 6]. As with melanoma, DNA damage and gene mutations play a critical role in the development of these cancers. It is known that high levels of and/or long-term ultraviolet radiation (UVR) exposure induce persistent single-strand nuclear DNA breaks, pyrimidine dimer formation, UVR-signature mutations in TP53, CDKN2A/p16, RAS and PTCH genes, mitochondrial DNA (mtDNA) aberrations, and other types of DNA lesions in human skin [1, 6,  

15–19]. Of note, in the absence of pyrimidine dimer repair, mutations in the DNA sequence can occur [19]. Changes in the form of C→T and CC→TT transitions are described as UVR-signature mutations [19]. In addition, epigenetic alterations in skin cancer cells (i.e., promoter hypo-/hypermethylation; histone and chromatin modifications) may also be a response to UVR [19]. These changes are paralleled by altered expression patterns of genes representing a variety of functional classes, including cell cycle control, apoptosis, transcription factors, receptors, transporters, signaling  intermediates,  growth  factors,  intermediary  metabolism,  hormones,  translation  factors, tumor suppressor genes, and oncogenes [1, 6, 15, 17, 19, 20]. Importantly, these alterations are detectable in chronically sun-exposed, but morphologically normal skin adjacent to both melanomas and other UVR-induced NMSC, and appear related to sunburn history in many cases [1, 15,  

17,  19,  20]. For  example,  clones  of  morphologically  normal  p53-expressing  keratinocytes  are identified in chronic UVR-exposed epidermis, with the size and number of these clones directly proportional to both the level of sun exposure and increasing age (Fig. 9.3) [1, 21]. Approximately 60% of p53 clones in “normal” skin surrounding NMSC have missense TP53 gene mutations (the vast  majority  of  which  are  UVR-signature  mutations),  resulting  in  the  translation  of  an  altered protein [21]. While no firm link between epidermal p53 clones and synchronous tumors (including precancers) has been identified, there appears to be some association between these clones and skin  cancer  development  [21]. In  addition,  from  studies  of  melanoma  and  NMSC,  it  has  been shown  that  both  tumors  and   perilesional  “normal”  tissue  contain:  (1)  identical  UVR-induced homoplasmic mtDNA mutations and (2) mtDNA deletions, with the perilesional skin containing different and/or more deletions in some cases (Fig. 9.3) [1, 15, 16]. Therefore, morphologically normal skin surrounding melanoma and NMSC may harbor clonal expansions of cells with mutant mtDNA (i.e., melanocytes and keratinocytes), analogous to p53 clones. Additional, but yet unde-fined, genetic alterations are required for subsequent development of the recognizable malignant phenotype of these cancers [1, 17, 19, 21]. 

It is postulated that many of the identified genes with UVR-altered expression play no role in UVR-induced oncogenesis, but may turn out to be useful markers of underlying genomic instability and photo-aging (see Chap. 20) [16, 17]. Nonetheless, the identification of those aberrations that are oncogenic, and their subsequent analysis in morphologically normal (i.e., tumor-free) marginal tissue of skin cancers, could potentially help determine risk for local relapse/recurrence, and thereby, define appropriate excision margins. For instance, Fabricius et al. [20] recently utilized polymerase chain reaction-enzyme linked immunosorbent assay (PCR-ELISA) to investigate the significance of  telomerase  activity  (an  RNA-dependent  DNA  polymerase  required  for  continual  division  of 
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Fig. 9.3   Left panels: Mitochondrial DNA (mtDNA) mutations in basal cell carcinoma (BCC) and squamous cell carcinoma (SCC) samples. (a) mtDNA isolated from the representative tumor (T) and respective tumor-free photoaged “margin” skin (M) was amplified and resolved. An inverted image of a 0.8% agarose gel is shown. The age of the patient from whom the tumor and margin samples were isolated is indicated above the T and M. DNA from a 30-year-old control patient (c) is shown at the  right. A molecular weight marker is shown on the  left; sizes of marker fragments are given in kb. Full-length mtDNA is indicated by the amplification of a 16.3 kb product (the only species observed in the control patient). mtDNAs harboring deletions are indicated by the presence of shorter fragments. 

Tumors contained predominantly or exclusively full-length mtDNA, while margin samples contained readily detectable mtDNA deletions. Older patients had more mtDNA deletions, and sometimes deleted mtDNAs were the only species detected in this assay. (b) The number of deleted mtDNA species is plotted versus patient age for the tumor and margin samples in (a). The number of deleted mtDNA species in margins, but not in tumors, strongly correlated with patient age (From Eshaghian et al. [16]. Reprinted with permission from Nature Publishing Group, Copyright 

© 2005).  Upper Right Panel: High power view of an epidermal p53 clone. The p53 immunoreactive ( brown), morphologically normal keratinocytes are sharply delineated from the negative epidermis ( blue) (From Bäckvall et al. 

[21]. Reprinted with permission from Elsevier, Copyright © 2005).  Lower right panel: Kaplan–Meier curve showing outcome in 25 patients with BCC in relation to telomerase activity within histopathological tumor-free margin tissue, as determined by PCR-ELISA. Telomerase-positivity was associated with a significantly shorter relapse-free period (From Fabricius et al. [20]. Reprinted with permission from Spandidos Publications, Copyright © 2003) somatic cells) in the tumor marginal tissue of patients with BCC (Fig. 9.3). In all patients with histopathologically  tumor-free  margins,  telomerase-positivity  was  associated  with  a   significantly shorter recurrence-free period  [20]. In addition to microsatellite instability assays [12], a number of studies  have  used  cDNA/oligonucleotide  microarray  technology  to  investigate  and  compare  gene expression profiles in NMSC and “normal” skin (perilesional in many cases) ([22–29], reviewed in 

[19]). Pathways and biological processes underlying BCC and SCC development were investigated in  these  studies,  but  genes  dysregulated  as  a  consequence  of  field  cancerization  effects  were  not determined ([22–29], reviewed in [19]). As a function of the methodologies used (i.e., comparative strategies based on tumor and “normal” cDNA co-hybridization), investigators sought to determine and validate (with PCR and IHC) differentially expressed genes, and not common and aberrantly expressed transcripts and proteins [22–29]. 
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Molecular Evaluation of Clonal Origin and Histogenesis of Skin Cancers

The ability to differentiate between a cutaneous metastasis and a primary skin tumor has obvious significance for prognosis, therapy, and survival outcome in individual patients, as well as implications for broader epidemiological studies. Patients with a history of melanoma have an increased risk  (1–8%)  of  developing  a  second  primary  tumor,  but  are  also  at  varying  risk  (2–20%)  of developing  cutaneous  metastases  from  any  prior  lesion  [30–33].  In  the  case  of  non-melanoma tumors,  it  may  be  difficult  to  distinguish  between  a  skin  metastasis  originating  from  a  primary NMSC or from an internal malignancy [34]. 

Currently,  a  distinction  between  a  second  primary  tumor  and  a  recurrent/metastatic  lesion  is based on clinical history, changes on physical examination (i.e., proximity of lesions), and microscopic findings (i.e., similarity of cytomorphological and immunohistochemical features, presence or absence of a precursor lesion, epidermotropism, and/or epidermal connection). However, it can be difficult to definitively categorize a skin cancer as a primary lesion or a metastasis on the basis of comparative histopathological and immunophenotypic findings [34, 35]. 

A number of studies have investigated whether molecular technologies could be used to delineate a clonal relationship or independent origin among pairs of melanoma samples, and therefore have potential  diagnostic  utility  in  the  differentiation  of  metastatic  melanomas  from  second  primary melanomas,  or  from  other  tumors  of  different  origin/differentiation.  In  this  respect,  melanoma samples  have  been  evaluated  by  techniques  such  as  karyotyping,  FISH,  comparative  genomic hybridization (CGH), X-chromosome inactivation analysis, LOH analysis, and single gene mutational analysis [30–32, 36–44]. These studies are discussed in more detail in Chap. 6. In the future, clinical and histopathological evaluation may be supplemented by molecular diagnostic testing, in order to definitively identify the origin of second malignancies in patients with melanoma. 

The origin of non-melanoma cancers in the skin (i.e., second primary tumor  vs.  metastasis) could potentially be determined by molecular analysis, if the particular tumor(s) under investigation are associated with a “signature” genetic aberration. For example, most cases of dermatofibrosarcoma protuberans (DFSP) are associated with the presence of a chimeric COL1A1-PDGFB fusion gene 

[45]. However, the breakpoints within COL1A1 vary greatly, and are scattered among 20 exons [45]. 

Combined with the potential for multiple PDGFB exon 2 breakpoints, the likelihood of two DFSPs showing  identical  mutations  would  theoretically  be  1  in  150,000.  Kabumoto  et  al. [45]  recently investigated the relationship between two temporally and anatomically separated DFSPs with divergent histopathological features in the same patient (i.e., interval 23 years, forehead  vs.  occipital scalp, and herringbone  vs.  storiform microscopic pattern). Because both tumors in this patient possessed identical chimeric COL1A1-PDGFB fusion genes, the authors reported that the metastatic nature of the second tumor was confirmed by molecular analysis (Fig.  9.4) [45]. In another study, Nagy et al. 

[46] confirmed what they described as a second field metachronous Merkel cell carcinoma (MCC) of the lip and the palatine tonsil using array-CGH and real-time PCR analysis (Fig.  9.5). The authors hypothesized that, in addition to comparable microscopic features and close proximity, the partly similar and partly different molecular patterns between the paired-tumors could be interpreted as: (1) indicating a genetic relationship between the cancers; (2) supporting a second field tumor; and (3) excluding the possibility of a metastasis [46]. Schrama et al. [47] reported that sequencing of the recently  identified   Merkel  cell  polyomavirus  (MCPyV)  genome  was  helpful  in  distinguishing between  delayed  metastasis  and  multiple  primary  MCCs  in  another  patient.  Hafner  et  al. [48], employing a combination of TP53 sequencing and LOH analysis of chromosome 9q, reported that molecular genetic testing demonstrated different genomic alterations between two adjacent BCCs, thereby excluding a possible implantation metastasis mechanism (i.e., direct inoculation of malignant cells to neighboring sites). In a study of patients who developed multiple primary cutaneous SCC  following  renal  transplantation,  Blokx  et  al. [49]  reported  that  a  combination  of  TP53  and 
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Fig. 9.4  Dermatofibrosarcoma Protuberans (DFSP). (a, b) Two temporally and anatomically separated DFSPs with divergent histopathological features in the same patient (i.e., interval 23 years; forehead  vs.  occipital scalp; and herringbone  vs.  storiform microscopic pattern). (c, d) Direct sequencing revealed identical chimeric COL1A1-PDGFB 

fusion  genes  (codon  3550  in  COL1A1  exon  47  and  codon  110  in  PDGFB  exon  2)  in  both  tumors  (Courtesy  of Dr. Takenori Kabumoto, Niigata University School of Medicine, Niigata, Japan)

CDKN2A gene mutational analysis was useful in identifying the exact primary tumor responsible for any subsequent metastatic disease. Clonality studies have also been used to determine whether a wide variety of other cutaneous processes are either hyperplastic/hamartomatous or neoplastic in nature (Fig. 9.6). By definition, a hyperplastic or hamartomatous process does not originate from a single cell and is therefore polyclonal [50]. In contrast, neoplasms are regarded as monoclonal in origin [50]. Evidence concerning the possible clonal nature of seborrheic keratoses [50], dermatofibromas  [51],  and  melanocytic  nevi  [52–55]  is  conflicting,  with  both  monoclonal  and  polyclonal results found for all these lesions. For patients with multiple BCC, each tumor is likely to be of monoclonal origin, although individual lesions at anatomically distinct sites may not have arisen from the same progenitor cell [56]. 

Cutaneous  metastases  often  represent  locoregional  recurrence,  in-transit  disease,  or  distant spread of a primary skin cancer (i.e., melanoma and NMSC). However, metastases to the skin from internal  malignancies  (reported  in  up  to  10%  of  cases)  must  also  be  considered  [34,  57–59]. 

Although the latter account for a small minority of all skin tumors, and are often a late manifestation of widely disseminated disease associated with a poor prognosis, cutaneous metastases may be the initial clinical presentation in as many as 20% of cases [34, 57–59]. The most common internal malignancies associated with cutaneous metastases are breast, lung, gastrointestinal, ovarian, head and  neck,  and  renal  cell  carcinomas  [34,  57–59].  The  clinical  and  histopathological  features  of metastases from internal sites can vary depending on the tumor origin, and require differentiation from primary and metastatic cutaneous cancers. It may be difficult to definitively identify the site of the primary tumor on the basis of microscopic features alone, as up to 5% of metastatic tumors do not retain the morphologic characteristics of their organ of origin [34, 59, 60]. Clinical correlation 
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Fig. 9.5  (a) Merkel cell carcinoma ( MCC) of the lip and (b) subsequent anaplastic carcinoma of the tonsil in the same patient. Both tumors exhibited chromogranin positivity and paranuclear dot-positivity for cytokeratin-20 (not shown).  Lower panel: Copy number aberrations found in both tumors using array-based comparative genomic hybridization ( array-CGH) and real-time polymerase chain reaction ( qPCR).  Boxes on the left side of each chromosome ideogram show regions of reduced copy number (losses of DNA in the tumor genome).  Circles on the left side of each chromosome ideogram show regions of increased copy number (gains of DNA in the tumor genome).  Filled boxes denote (a) MCC of lip and  empty boxes denote (b) tonsillar tumor (Courtesy of Dr. László Puskás, Hungarian Academy of Sciences, Szeged, Hungary)

and adjunct IHC are required in many cases [34, 59, 60]. However, even with the use of a panel of immunohistochemical stains, the success rate in identifying the origin of metastatic tumors only approaches 67% [61]. Molecular technologies may have a role in determining the histogenesis of these tumors. Recently, Moyano et al. [62] reported cutaneous metastases of an alveolar soft part sarcoma, that were diagnosed by reverse transcription (RT)-PCR/sequencing identification of a type 2  alveolar  soft  part  locus-transcription  factor  E3  (ASPL-TFE3)  fusion,  secondary  to  a  der[17]

t(X;17)(p11.2;q25) translocation (Fig.  9.6). Increasingly, gene expression profiling techniques, such as  cDNA/oligonucleotide  microarrays  and  RT-PCR,  are  being  used  to  classify  cancer  types  and determine  diagnostic,  prognostic,  and  drug  response  signatures  [60].  For  example,  differences between  the  transcriptional  profile  of  melanoma  metastases  and  other  solid  tumors  have  been described [63]. The overall accuracy of transcriptome-based cancer classification appears to be high (~80–90%), based on the premise that metastatic tumors retain the gene expression patterns of their respective primaries [60]. Of note, a number of commercial gene profiling platforms are now available for the molecular classification of metastatic tumors and cancers of unknown primary origin (CUP) [60]. There are some anecdotal reports on the use of these tests (i.e., microarrays, RT-PCR, and microRNA expression) to identify the tissue origin of metastatic tumors and CUP in the skin 

[61, 64–66]. However, to date, these assays have not been validated for routine diagnostic use in cutaneous specimens. 
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Fig. 9.6  (a) Basal cell carcinoma (BCC). Clonal analysis of normal skin (N) and BCC (B) from the same female subject,  by  a  molecular  assay  depicting  X-chromosome  inactivation  patterns  (HUMARA).  Absence  of  a  band  on upper right in the BCC denotes “non-random” X-chromosome inactivation, indicative of a monoclonal proliferation (Courtesy of Dr. Douglas S. Walsh). (b, c) Alveolar soft part sarcoma (ASPS). The neoplasm was composed of large cells with abundant clear or eosinophilic cytoplasm, arranged in a nested pattern, with surrounding capillary-sized vascular  channels.  RT-PCR/sequencing  identified  a  type  2  alveolar  soft  part  locus-transcription  factor  E3  (ASPL-TFE3) fusion (310 bp,  arrow), secondary to der[17]t(X;17)(p11.2;q25), which is a specific finding in ASPS (Courtesy of Dr. Llucia Alos, University of Barcelona, Barcelona, Spain; and Dr. Enrique de Alava, University of Salamanca, Salamanca, Spain)

Interestingly, UVR-fingerprint mutation analysis may have some utility in determining the origin of  clinically  and  histopathologically  equivocal  skin  tumors  (Fig. 9.7). As  previously  described, UVR  induces  a  variety  of  photoproducts  in  DNA,  which  have  been  implicated  in  human  skin carcinogenesis [19, 67, 68]. The two most frequent types are: (1)  cis-syn cyclobutane pyrimidine dimers  (CPD)  and  (2)  pyrimidine  pyrimidone  photoproducts,  or  6-4  photoproducts  [19,  67,  68]. 

NMSC commonly show C→T transitions, and in particular, a high frequency of CC→TT transitions, accounting for up to 39% of the mutations found in SCC, and up to 18% of those in BCC [19,  

67, 68]. While C→T transitions can be detected in all tumor types (albeit at a lower frequency than in  NMSC),  tandem  CC→TT  transitions  are  extremely  rare  in  internal  malignancies  [67]. 

Theoretically,  the  detection  of  C→T  and/or  CC→TT  transitions  at  dipyrimidine  sequences (i.e., UVR-signature mutations) in a test sample would provide strong evidence that UVR played a role in tumor pathogenesis (i.e., the tumor being examined was associated with past exposure to UVR, and therefore most likely originated in the skin). 
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Fig. 9.7  Ultraviolet radiation (UVR)-signature mutations. UVR induces the formation of cyclobutane pyrimidine dimers (CPD) and 6-4 photoproducts in DNA. In instances of inappropriate DNA repair mechanisms, typical UVR-fingerprint mutations (C→T, CC→TT transitions) are introduced.  Upper panel: Electropherogram of DNA from (a) normal skin (wild-type) and (b) basal cell carcinoma (BCC) showing an UVR-induced CC→TT transition, resulting from a pre-mutagenic CPD lesion.  Lower panel: Electropherogram of DNA from (c) normal skin (wild-type) and (d) BCC showing an UVR-induced C→T transition, resulting from a pre-mutagenic 6-4 photoproduct. The detection of UVR-signature mutations provides strong evidence that the tumor originated in the skin (Courtesy of Drs. Peter Wolf and Ellen Heitzer, Medical University of Graz, Graz, Austria)
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Chapter 10

Mycosis Fungoides and Related Lesions

Michael J. Murphy 

More than 65% of all cutaneous lymphomas are T-cell disorders. Cutaneous T-cell lymphomas (CTCL)  represent  a  heterogeneous  group  of  non-Hodgkin  lymphomas  that  share  the  common feature of malignant T-cell infiltration of the skin (Table 10.1) [1, 2]. The most common forms of CTCL are mycosis fungoides (MF) and its leukemic counterpart Sézary syndrome (SS), accounting for ~44% and ~3% of cases, respectively. MF evolves through several skin-localized clinical stages (patch, plaque, and tumor stage) with extracutaneous involvement seen as a late manifestation of this disease. SS is characterized by generalized erythroderma, lymphadenopathy, pruritus, and  leukemic  cells  in  the  peripheral  blood,  and  is  associated  with  a  poorer  prognosis  [1,  2]. 

Diagnostic and staging systems for MF have historically been based on the clinical and histopathological  features  of  the  disease,  and  include  primary  tumor,  lymph  node,  metastasis,  and peripheral blood (TNMB) parameters (Table 10.2) [3, 4]. Similar to other cutaneous and systemic lymphomas,  the  prognosis  for  patients  with  MF  is  primarily  related  to  the  stage  of  disease  at presentation [4, 5]. However, some cases, particularly early MF lesions, can demonstrate nonspecific clinical and/or histopathological features, and staging systems cannot predict outcome in all patients [4–6]. While many patients have relatively indolent disease, others experience rapidly progressive and often fatal outcomes [4, 5]. It has been proposed that ancillary molecular technologies with high sensitivities and specificities may be useful for more accurate diagnosis, staging,  and  prognostication  of  patients  with  MF.  Based  on  revised  International  Society  for Cutaneous  Lymphomas/European  Organization  of  Research  and  Treatment  of  Cancer  (ISCL/

EORTC)  guidelines,  molecular  tests  (Southern  blot  and  polymerase  chain  reaction-based)  are now recommended for the initial evaluation/staging of patients with MF [3]. It is anticipated that future studies, which incorporate these molecular techniques, will provide additional prognostic information for patients with CTCL, allowing further refinements of classification and staging guidelines [3]. 

The  purpose  of  this  chapter  is  to  introduce  the  concepts  of  molecular  testing  in  patients  with CTCL. Studies of T-cell clonality, karyotyping and other molecular technologies, such as in situ hybridization (ISH), comparative genomic hybridization (CGH), array-CGH, loss of heterozygosity (LOH)  analysis,  and  cDNA/oligonucleotide  microarrays,  will  be  discussed.  The  advantages  and limitations  of  these  technologies  will  be  described,  in  addition  to  the  concepts  of:  (1)  clonal dermatoses and cutaneous T-cell lymphoid dyscrasia; (2) pseudomonoclonality; (3) stable clones M.J. Murphy (*) 
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Table  10.1  WHO-EORTC  classification  of  cutaneous  lymphomas  with  primary  cutaneous manifestations (2005) (Adapted from Willemze et al. [1])

Cutaneous T-cell and NK-cell lymphomas

Mycosis fungoides (MF)

MF variants and subtypes

Folliculotropic MF

Pagetoid reticulosis

Granulomatous slack skin

Sézary syndrome

Adult T-cell leukemia/lymphoma

Primary cutaneous CD30+ lymphoproliferative disorders

Primary cutaneous anaplastic large cell lymphoma (C-ALCL)

Lymphomatoid papulosis (LyP)

Subcutaneous panniculitis-like T-cell lymphoma

Extranodal NK/T-cell lymphoma, nasal type

Primary cutaneous peripheral T-cell lymphoma, unspecified

Primary cutaneous aggressive epidermotropic CD8+ T-cell lymphoma (provisional) Cutaneous gamma-delta (g/d) T-cell lymphoma (provisional)

Primary cutaneous CD4+ small/medium-sized pleomorphic T-cell lymphoma (provisional) Cutaneous B-cell lymphomas

Primary cutaneous marginal zone B-cell lymphoma

Primary cutaneous follicle center lymphoma

Primary cutaneous diffuse large B-cell lymphoma, leg type

Primary cutaneous diffuse large B-cell lymphoma, other

Intravascular large B-cell lymphoma

Precursor hematologic neoplasm

CD4+/CD56+ hematodermic neoplasm (blastic NK-cell lymphoma; now known as blastic plasmacytoid dendritic cell neoplasm)

versus  clonal  heterogeneity;  and  (4)  composite  lymphomas,  dual  lineage  rearrangements  and lineage infidelity. Most studies have been performed on samples from patients with MF, and therefore the discussion will be largely directed toward this disease. Nonetheless, the concepts described are  theoretically  applicable  to  any  form  of  CTCL.  There  are  numerous  reports  investigating  the molecular  biology  and  pathogenesis  of  CTCL  [2,  7–9].  However,  only  those  studies  with  direct clinical  applicability  will  be  discussed.  An  exhaustive  list  of  prior  studies  will  not  be  provided. 

Rather the scope of this chapter is to provide a focused view of how molecular assays can aid in the diagnosis, staging, and prognostication of CTCL. In addition, the role of such testing in monitoring response to treatment, defining minimal residual disease and remission, detecting early relapse, and identifying novel therapeutic targets in patients with CTCL will be described. 

Diagnosis of CTCL

In  many  instances,  the  diagnosis  of  MF  can  be  made  with  confidence  on  the  basis  of  combined clinical  and  histopathological  features  of  the  disease  [2,  3,  6].  Diagnostic  microscopic  changes include prominent epidermotropism of cytologically atypical T-cells both singly and in small collections  (i.e.,  Pautrier’s  microabscesses)  and/or  a  band-like  dermal  infiltrate  of  cytologically atypical  T-cells  [3].  Several  different  grading  systems,  purportedly  incorporating  reliable  and reproducible criteria for the diagnosis of early lesions, have been proposed [3, 10–12]. However, the clinical presentation of CTCL can be highly variable, and the microscopic features of early MF are 
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Table  10.2  ISCL/EORTC  revision  to  the  classification  of  mycosis  fungoides  (MF)  and  Sézary  syndrome  (SS), incorporating results of molecular studies for T-cell clonality ( italics) (Adapted from Olsen et al. [3]) TNMB stages

 Skin

T1

Limited patches, papules, and/or plaques covering <10% of the skin surface: T1a (patch only) versus T1b (plaque ± patch)

T2

Patches, papules, or plaques covering ³10% of the skin surface: T2a (patch only) versus T2b (plaque ± patch)

T3

One or more tumors (³1 cm diameter)

T4

Confluence of erythema covering ³80% body surface area

 Node

N0

No clinically abnormal peripheral lymph nodes; biopsy not required

N1

Clinically abnormal peripheral lymph nodes; histopathology Dutch grade 1 or NCI LN0–2

N1a

 Clone negative

N1b

 Clone positive

N2

Clinically abnormal peripheral lymph nodes; histopathology Dutch grade 2 or NCI LN3

N2a

 Clone negative

N2b

 Clone positive

N3

Clinically abnormal peripheral lymph nodes; histopathology Dutch grades 3–4 or NCI LN4; clone positive or negative

Nx

Clinically abnormal peripheral lymph nodes; no histologic confirmation

 Visceral

M0

No visceral organ involvement

M1

Visceral involvement

 Blood

B0

Absence of significant blood involvement: £5% of peripheral blood lymphocytes are atypical (Sézary) cells

B0a

 Clone negative

B0b

 Clone positive

B1

Low blood tumor burden: >5% of peripheral blood lymphocytes are atypical (Sézary) cells, but do not meet the criteria of B2

B1a

 Clone negative

B1b

 Clone positive

B2

High blood tumor burden: >1,000/mL Sézary cells  with positive clone

often nonspecific and overlap with a number of otherwise benign dermatoses, such that a definitive diagnosis  may  be  particularly  difficult  in  some  patients  [3,  6].  Furthermore,  there  is  significant interobserver variability among pathologists in the biopsy interpretation of early CTCL [6]. 

The  increasing  availability  of  antibodies  applicable  to  formalin-fixed  paraffin-embedded  (FFPE) tissue  has  resulted  in  the  widespread  use  of  supplementary  immunohistochemistry  (IHC)  in  the diagnosis of human diseases. IHC has been used as an adjunctive tool to differentiate malignant from benign T-cells in cutaneous lymphocytic infiltrates. The restriction of T-cell subset antigens (i.e., CD4  vs.  CD8) and/or the loss of one or more pan-T-cell antigens (i.e., CD2, CD3, CD5, and CD7) have been used as immunophenotypic criteria for the diagnosis of malignant T-cell infiltrates 

[6].  However,  MF  cells  are  immunophenotypically  heterogeneous,  and  many  benign  dermatoses show overlapping immunophenotypic findings with CTCL, thus reducing the sensitivity and specificity of IHC in distinguishing benign from malignant infiltrates [6, 13, 14]. Rarely, flow cytometric analysis of T-cells recovered from skin biopsies has been used to evaluate immunophenotypic aberrations in CTCL [13]. Unlike cutaneous B-cell lymphomas and plasma cell disorders (i.e., kappa  vs.  

lambda light chain restriction), there is no reliable protein marker for malignancy in CTCL. 
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Ancillary molecular testing, which is based on the detection of genetic changes within tumor cells using available technologies, has been proposed as a means to achieve a more accurate diagnosis of CTCL. Importantly, a holistic approach to the diagnosis of CTCL is required, and molecular  results  should  be  interpreted  in  the  context  of  available  clinical,  histopathological,  and immunophenotypic  data.  These  technologies  include  karyotyping,  loss  of  heterozygosity  (LOH) analysis,  cDNA  microarrays,  and  most  commonly,  T-cell  clonality  studies  that  are  based  on  the detection of T-cell receptor gene rearrangements (TCR-GRs) by either Southern blot analysis (SBA) or polymerase chain reaction (PCR) [6]. Of note, the costs for PCR-based clonality studies and IHC 

in suspected MF lesions are comparable [15]. An evaluation of a skin biopsy specimen for MF typically requires a minimum of four IHC-based stains (i.e., CD3, CD4, CD7, CD8). Thurber et al. [15] 

point out that the technical and professional Medicare reimbursement of four IHC stains (current procedural  terminology  88342)  is  similar  to  that  for  PCR-based analysis of TCR-GRs (current procedural terminology 83891, 83909 × 3, 83900, 83901 × 6, 83912). 

 T-Cell Receptor and T-Cell Clonality


During early T-cell differentiation, genes encoding the T-cell receptor (TCR) are formed by stepwise rearrangement  of  variable  (V),  diversity  (D),  and  joining  (J)  gene  segments,  referred  to  as  V(D)J 

recombination (Fig. 10.1) [16–18]. The many different combinations of V, D, and J gene segments (combinatorial repertoire) can result in ~3 × 106 molecules for TCR-ab and ~5 × 103 molecules for TCR-gd. In addition, deletion and random insertion of nucleotides occur at the junction sites of the V, D, and J gene segments during the rearrangement process, resulting in highly diverse junctional regions,  which  significantly  contribute  to  the  total  repertoire  of  TCR  molecules,  estimated  to  be 

>1012. As TCR-GRs occur sequentially in the earliest stages of lymphoid differentiation, they are present  in  almost  all  immature  and  mature  lymphoid  cells.  Functionally  rearranged  TCR  genes result in surface membrane expression of TCR-ab (95% of mature T-cells) or TCR-gd molecules 

[16–18]. 

Since  lymphomas  and  leukemias  are  theoretically  derived  from  a  single  transformed  cell,  the tumor cells of a T-lymphoid malignancy contain, in principle, identical (clonal) TCR-GRs, reflecting a monoclonal T-cell population [16–18]. The presence of polyclonally-activated reactive T-cells, in the setting of a benign inflammatory process, would be reflected in heterogeneity of TCR-GRs (i.e., the rearranged genes will vary in both size and nucleotide sequence, as a function of  differences in the gene segments used and variable nucleotide deletion/insertion at junctional regions) [16–18]. 

 Evaluation of T-Cell Clonality in Cutaneous Lymphocytic Infiltrates

The determination of T-cell clonality (monoclonal  vs.  polyclonal), based on the presence or absence of  clonally  rearranged  TCR  genes,  is  now  established  as  an  important  method  to  determine  if  a lymphocytic  infiltrate  is  benign  (inflammatory  dermatosis  or  pseudolymphoma)  or  malignant (CTCL) [15, 19–46]. 

SBA  is  the  gold  standard  for  the  detection  of  T-cell  clonality,  because  of  the  low  risk  of false-negative and/or false-positive results if the optimal restriction enzyme(s) and probe(s) are utilized. However, SBA is rarely used to investigate T-cell clonality status in cutaneous lymphocytic infiltrates [19–22]. It has several disadvantages compared to PCR-based techniques, including the need for fresh or frozen tissue (due to its requirement for larger amounts of higher quality DNA), high cost, prolonged  turnaround  time,  technical  difficulty  including  labor-intensive  hybridization 
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Fig. 10.1  Heteroduplex analysis ( HDA) and GeneScan ( GS) fragment analysis of PCR products from TCR gene rearrangement clonality testing. (a) Rearranged TCR-b genes show heterogeneous junctional regions that differ in size and nucleotide composition, with V, D, and J germline nucleotides ( large capital) and randomly inserted nucleotides ( small capital). This junctional heterogeneity can be used to differentiate between polyclonal and monoclonal PCR products based on differences in size and composition (HDA) or size only (GS). (b) In HDA, PCR products are denatured  and  allowed  to  rapidly  reanneal.  Monoclonal  PCR  products  result  in  homoduplexes  (distinct  bands), whereas polyclonal PCR products form predominantly heteroduplexes (smear of differentially migrating fragments). 

(c)  In  GS,  fluorochrome-labeled  PCR  products  are  denatured  for  high-resolution  fragment  analysis  of  the  single-stranded fragments. Monoclonal PCR products of identical size result in a peak, whereas polyclonal PCR products demonstrate a Gaussian size distribution (Courtesy of Dr. Zendee Elaba, Department of Pathology, Hartford Hospital, Hartford, CT, USA: Modified from Groenen et al. [16])

with  radioactive  probes,  and  a  lower  level  of  sensitivity  (i.e.,  it  requires  that  the  clonal  population represents at least 5% of the total T-cell infiltrate) [19–22]. While SBA readily detects T-cell monoclonality in advanced stage CTCL, the lower sensitivity of SBA in detecting T-cell clones is most evident in early patch and limited plaque stage disease. Of note, skin biopsy specimens with dense lymphoid infiltrates and marked nuclear atypia of T-cells are more likely to demonstrate T-cell monoclonality by SBA [21]. 

PCR-based methods are more widely utilized, as a result of increased sensitivity (i.e., detection of clonal cells when they represent between 0.001% and 1% of the infiltrate), speed, reduced labor costs, lower amounts of DNA required, no requirement for radioactive substances, and applicability to archival FFPE tissue (i.e., lower quality DNA) [16–18, 46]. For PCR-based assays, rearrangements of the TCR genes can be detected by amplifying extracted DNA using primers directed against the b-, d- and/or g-chains (Fig. 10.1) [17]. Of note, the TCR-g gene is most commonly utilized, in view of:  (1) the limited number of V and J region gene segments and lack of D segments, thereby requiring fewer specific primers (i.e., V , V , V , and V ) to detect as many TCR-g GRs as pos-g1–8

g9

g10

g11

sible; and (2) TCR-g GRs are found not only in TCR-gd+ malignancies (where they are functional), but  also  in  TCR-ab+  malignancies  (where  nonfunctional  TCR-g  GRs  are  observed  as  a  consequence of the chronological order of rearrangements of TCR genes in progenitor T-cells; of note, T-cells retain at least one intact rearranged TCR-g allele, even though most no longer express TCR-g 
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proteins on their surfaces) [17]. Molecular assays directed against the TCR-g locus have a relatively high sensitivity for detection of T-cell clonality, particularly in pure monoclonal populations, and have demonstrated their diagnostic utility in the evaluation of cutaneous T-cell processes [15, 22–

41]. It has been suggested that the presence of a monoclonal neoplastic population within a polyclonal reactive background may be more readily detected with assays directed against the TCR-b locus, because of its greater combinational diversity [41, 42]. However, an assessment of TCR-b clonality is rarely undertaken in the evaluation of cutaneous T-cell processes [41, 42]. In theory, combined TCR-g and TCR-b gene rearrangement analysis could increase the sensitivity of clonality detection [41]. 

PCR products are analyzed using various electrophoretic techniques (Fig. 10.1), including agarose gel (AG) [23, 24], non-denaturing polyacrylamide gel (PAGE) [22, 23, 25–27], single strand conformational polymorphism analysis (SSCP) [28, 29], denaturing gradient gel electrophoresis (DGGE)  [30–35],  temperature  gradient  electrophoresis  (TGGE)  [23],  multiplex/heteroduplex analysis (multiplex/HDA) [19, 36–38], and fluorescent-based PCR with automated high-resolution capillary electrophoresis (GeneScan, GS) [15, 19, 37–42]. Using gel electrophoresis methods, a single band (or in some cases, two bands due to bi-allelic rearrangements) is interpreted as evidence of monoclonality. A smear indicates a polyclonal population, while the presence of three to four distinct bands (± a smear) is regarded as evidence of oligoclonality. AG and PAGE separate the PCR products on the basis of length (size) alone and are prone to false-positive results. SSCP, DGGE,  TGGE,  and  multiplex/HDA  separate  PCR  products  on  the  basis  of  both  length  and sequence (conformation) of the nucleotides, reducing this risk of false-positivity. The latter techniques take advantage of the junctional regional diversity to distinguish between monoclonal cells with  identical  junctional  regions  and  polyclonal  cells  with  highly  diverse  ones.  GS-based  techniques utilize length-dependent separation of amplicons and are increasingly employed in diagnostic laboratories, as they are faster, more accurate, more sensitive, and easier to interpret than other methodologies  [19].  Patterns  of  monoclonal,  polyclonal,  and  oligoclonal  TCR-GRs  using  GS 

analysis  are  outlined  in  Fig. 10.2. Other  techniques,  such  as  tumor-specific  PCR-based  testing Fig. 10.2  GeneScan analysis of PCR products demonstrating patterns of T-cell receptor gene rearrangements ( TCR-GRs). (a) Polyclonal. (b) Monoclonal. (c) Monoclonal with biallelic complete clonal rearrangements. (d) Monoclonality with  polyclonal  background.  (e, f)  Oligoclonality,  defined  as  the  presence  of  three  to  four  dominant  peaks,  in  the absence  of  a  polyclonal  background  (Courtesy  of  Dr.  Zendee  Elaba,  Department  of  Pathology,  Hartford  Hospital, Hartford, CT, USA)
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[43, 44, 46], PCR-based RNA protection assay (PCR/RPA) [31], in situ PCR [45], oligonucleotide microchip analysis [47], and cloning and sequencing of PCR products [27, 38, 39, 43, 44], have also been used as tools to evaluate T-cell clonality. Sequencing is the gold standard, but it is too expensive and time-consuming for routine diagnostic testing. In situ PCR for TCR-b can be performed on FFPE biopsies and allows direct correlation of molecular data with microscopic findings [45]. Tumor-specific PCR-based clonality assays depend on the isolation and sequencing of a monoclonal TCR-GR from a diagnostic CTCL sample [43, 44, 46]. Using this dominant sequence, tumor-specific probes or PCR primers can then be generated and used to detect tumor involvement in additional tissue samples of the same patient (“molecular fingerprint”) [43, 44, 46]. PCR/RPA is another clone-specific molecular technique, which has been advocated as a means to accurately stage, monitor response to therapy, and/or detect early recurrence of disease in individual patients with diagnosed CTCL [31, 44, 46]. It does not require analysis of nucleotide sequences or synthesis of tumor clone-specific DNA primers or probes. However, with an ability to detect one malignant  cell  within  a  background  on  105  non-tumorous  cells  (0.001%),  it  may  be  too  sensitive  for routine clinically relevant testing [6, 31]. Currently, a clonal detection threshold of ~1% is widely regarded as the most appropriate sensitivity level for studies of cutaneous T-cell infiltrates [6]. In addition, laser capture microdissection (LCM) has been used to increase the sensitivity of subsequent  clonality  studies  on  skin  biopsies  [26]. This  technique  allows  for  selective  sampling  of operator-determined cell populations. It is particularly applicable to dermatopathology, given the small size of specimens, heterogeneous cell populations present in the skin, and difficulty of culturing  cutaneous  tumors.  However,  it  is  important  to  note  that  the  amplification  of  a  restricted number of LCM-extracted TCR-encoding DNA molecules from a skin biopsy could potentially lead to a monoclonal/restricted oligoclonal result, even in the presence of reactive inflammatory cells (see Section on Pseudomonoclonality). 

The  detection  of  a  dominant  T-cell  clone  has  been  reported  in  76–100%  of  patients  with advanced-stage  MF,  including  tumor  stage  and  erythrodermic  disease  [22,  26,  30,  36].  In  this group,  the  correlation  of  clinical  findings  with  histopathological  features  and  immunophenotypic data is usually diagnostic for CTCL, and molecular studies for T-cell clonality are generally less important  in  confirming  the  disease.  Nonetheless,  there  is  some  evidence  that  T-cell  clonality assessment may have a role in the staging and prognostication of these patients (see later discussions). PCR-based methods are particularly useful adjuncts to the diagnosis of cases with inconclusive or borderline histopathology and/or IHC findings (i.e., early CTCL). T-cell monoclonality can be identified in early-stage MF, with detection rates ranging from 40% to 88% reported in various studies [15, 22, 23, 25, 26, 28, 30, 32, 34, 37]. Of note, the sensitivity of molecular testing in early-stage lesions varies with the method used to analyze the PCR amplicons (i.e., 60% monoclonal with multiplex/HDA  vs.  79% for GS) [37]. Interestingly, oligoclonality is a common finding in skin lesions of early MF, and does not exclude the diagnosis of CTCL (Fig. 10.2) [19, 37]. In some cases, oligoclonality may result from associated reactive antitumor T-cell infiltration, so that the ratio of clonal tumor cells to polyclonal reactive cells is below the detection threshold of the PCR-based method used [19, 37]. 

PCR-based studies show variability in both their sensitivities (detected positives relative to true positives) and their clonal detection thresholds (the minimum percentage of clonal cells detectable). 

These variations may be due to:  (1) lack of uniformity in sample selection (i.e., differences in stage and/or duration of lesions, inclusion of nonspecific lesions, interobserver variability in microscopic interpretation among pathologists, and classification system used [i.e., Kiel  vs.  EORTC]); (2) technical  factors  (use  of  fresh  or  frozen  tissue,  DNA  extraction  methods,  TCR  locus  analyzed  [i.e., TCR-g  vs.  TCR-b], numbers of PCR primers used for that particular TCR locus, and method of PCR 

product analysis); and (3) biological factors (absence, mutation, trans-rearrangement or deletion of TCR-GRs in some lymphomas, or low absolute or relative numbers of malignant clonal T-cells [the latter found in cases with high numbers of background polyclonal reactive T-cells], and therefore 

210

M.J. Murphy

below the detection threshold for the PCR assay used). The overall sensitivity and specificity of PCR for the diagnosis of MF is ~70% and ~97%, respectively [13]. However, the lack of consistency and standardization, in addition to differences in TCR-GR profiles and detection rates (i.e., percentage of positive cases), between different protocols has resulted in poor consensus regarding the  utility  of  clonality  assays  in  the  diagnosis  of  CTCL.  To  address  this  concern,  the  European BIOMED-2  Concerted  Action  BMH4-CT98-3936  was  established  in  2003,  in  order  to  develop standardized PCR primers sets and protocols to detect TCR-GRs in lymphomas [17]. The introduction of standardized PCR analysis should allow for comparison of T-cell clonality studies performed at different centers. 

T-cell  monoclonality  has  also  been  reported  in  MF  variants,  including  follicular  MF  [48], granulomatous MF [49], hypopigmented MF [27], and the palmaris et plantaris subtype [50], in addition to other primary and secondary T-cell lymphoproliferative disorders [19, 30, 33, 42]. It is important to note that some mature extranodal peripheral T-cell lymphomas, in addition to precursor T-lymphoblastic lymphomas/leukemias, natural killer (NK)-cell and NK/T-cell lymphomas, do not show rearrangements of the TCR genes (i.e., TCR loci remain in germline configuration) [17,  

19]. In addition, many of the previously cited clonality-based studies have included both MF and SS samples, based on the assumption that they are variants of the same disease [19, 30, 33, 36–38]. 

However,  the  recent  demonstration  of  different  genomic/transcriptomic  profiles  in  MF  and  SS 

suggest  that  they  may  in  fact  be  separate  diseases  with  distinct  clinical  features  and  behavior 

[51–53]. 

 Correlation of Histopathologic Parameters with Results of TCR-GR Analysis

As stated previously, detection rates for T-cell clonality in CTCL generally increase with advancing stage. Higher sensitivities are found for tumor and erythrodermic disease compared with early patch and plaque lesions (i.e., clonality rates generally correlate with tumor load in biopsy specimens, with higher rates of detection in biopsies with heavier/denser infiltrates). A number of studies  have  investigated  whether  there  is  a  correlation  between  results  of  molecular  studies  and histopathologic  diagnoses  (i.e.,  such  as  “diagnostic  of,”  “consistent  with,”  “suggestive  of,”  or 

“nondiagnostic of ”) in early MF lesions [25, 26, 34, 36]. Similar to results from SBA [21], Ponti et al. [36] have demonstrated that the extent and density of the lymphocytic infiltrate and presence of cytologic atypia, in addition to the degree of epidermotropism, were predictive of PCR-detected T-cell  clonality  in  early  CTCL.  However,  a  study  by  Hsiao  et  al.  [26]  found  that  TCR-g  PCR-negative results were more likely to be associated with denser dermal infiltrates, in addition to the degree  of  cytologic  atypia  and  presence  of  Pautrier’s  microabscesses,  in  early  MF  lesions. 

Similarly, Liebmann et al. [25] found that a lower percentage of plaque stage MF lesions demonstrated clonal TCR-GRs compared to patch stage MF lesions. The reason for these contradictory results is unclear, but may be related to different detection methods used in these studies (multiplex/

HDA [36]  vs.  PAGE [25, 26]). In addition, a recruited antitumoral inflammatory response would increase  the  levels  of  reactive  T-cells  compared  with  neoplastic  T-cells,  potentially  diluting  the 

“clonal”  signal  and  masking  it  within  a  polyclonal  smear.  Therefore,  caution  is  required  in  the interpretation of negative PCR results in subsets of early MF lesions, particularly if the ratio of malignant clonal T-cells to background reactive polyclonal T-cells is low. Indeed, it has been suggested that PCR-based assays to detect clonal TCR-GRs may be most informative in lymphocyte-poor lesions of early MF, which represent perhaps the greatest diagnostic difficulty [25, 26]. In such cases, there would theoretically be less dilution of any putative clonal signal by background polyclonal events. However, it is also important to consider other issues, such as pseudomonoclonality, as outlined below. 
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 Algorithmic Approaches to the Diagnosis of MF

A number of algorithms to aid in the diagnosis of early MF lesions have been published [3, 10–12].  

These include a grading system based on microscopic criteria alone [10], and other systems incorporating clinical and histopathological features with the results of ancillary diagnostic tests, such as IHC 

and TCR-GR analysis [3, 11, 12]. Points are awarded for certain criteria, referred to as “basic or additional” [11] or “major and minor” [10] features, depending on the algorithm used. A defined number of total points are then required for the diagnosis of MF, based on a combination of points from the different criteria [3, 10–12]. In the algorithm proposed by Pimpinelli et al. [11], IHC and molecular criteria always require additional clinical and/or histopathological points to establish the diagnosis of MF. However, if sufficient clinical and histopathological criteria are present, then incorporation of ancillary test results is regarded as unnecessary [11]. These efforts have been undertaken in order to develop  standardized  criteria  for  diagnosis  and  prognostication,  the  selection  of  stage-appropriate treatment, and the design of clinical trials in patients with CTCL. However, these algorithms have yet to  be  clinically  validated  or  widely  adopted,  and  are  associated  with  both  false-positive  and  false-negative results [12]. 

 Clonal Dermatoses and Cutaneous T-Cell Lymphoid Dyscrasia

It has become increasingly evident that while monoclonality is a feature of CTCL, it is not pathognomonic  of  malignancy.  In  this  regard,  the  detection  of  a  monoclonal  TCR-GR  is  not  reliable evidence of CTCL, as a growing body of evidence points to the presence of T-cell clones in a variety of  cutaneous  disorders,  which  in  many  cases  are  biologically  and  prognostically  distinct  from CTCL.  The  terms  “clonal  dermatitis”  and  “abortive/latent  lymphoma”  were  originally  coined  to describe  a  group  of  apparently  benign  dermatoses  that  demonstrated  T-cell  clonality,  despite  the absence  of  diagnostic  histopathological  features  of  CTCL  [6, 11].  It  was  postulated  that  these lesions were either precursors of CTCL or nondiagnosable CTCL, with 20–25% of cases progressing to overt CTCL within a 5-year period [6, 11]. 

TCR-GR  studies  have  subsequently  demonstrated  monoclonal  and/or  restricted  oligoclonal T-cell profiles in: (a) eczematous/contact dermatitis [6, 33], lymphocytic infiltrate of Jessner [33], bullous  pemphigoid  [33],  lichenoid  eruptions  including  lichen  planus  and  lichen  sclerosus  et atrophicus [15], psoriasis [15], and erythema nodosum [15]; (b) lesions of lymphomatoid lupus profundus/discoid lupus erythematosus [42]; (c) up to 50% of cutaneous drug-associated lymphomatoid hypersensitivity reactions (reversible on discontinuation of the implicated agent) [42]; and (d) up to 30% of cases in a miscellaneous group that includes hypopigmented interface-type lesions 

[54], syringolymphoid hyperplasia with alopecia [54], idiopathic follicular mucinosis [42], pityriasis lichenoides  chronica  [42],  pityriasis  lichenoides  et  varioliformis  acuta  (PLEVA)  [42], atypical lymphocytic lobular panniculitis [42], idiopathic and drug-induced pigmented purpuric  dermatosis  [42],  and  large  plaque  parapsoriasis  [42,  54].  In  addition,  oligoclonal  molecular profiles  have  been  detected  in  biopsies  of  morphea  and  HIV-associated  T-cell-rich  pseudolymphoma (unrelated to drug therapy) [42]. 

These  cases  have  now  been  categorized  as  either:  (1)  reactive  benign  T-cell  infiltrates  in  the context of autoimmune disease or endogenous immune dysregulation (i.e., lupus erythematosus); (2) reversible drug-induced lymphomatoid hypersensitivity reactions (iatrogenic immune dysregulation);  or  (3)  the  recently  described  entity,  cutaneous  T-cell  lymphoid  dyscrasia  (CTLD)  [54]. 

Guitart  and  Magro  [54]  have  proposed  this  latter  term  to  describe  a  group  of  idiopathic  chronic dermatoses, with persistent cutaneous infiltrates of monoclonal or restricted oligoclonal T-cells that 
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Fig. 10.3  Cutaneous T-cell lymphoid dyscrasia ( CTLD). (a) Classic changes of pityriasis lichenoides as defined by epithelial  hyperplasia  and  striking  migration  of  lymphocytes  to  involve  all  layers  of  the  epidermis.  Extensive  red blood cell extravasation is seen amid a superficial interstitial and perivascular lymphocytic infiltrate. (b) Molecular studies of samples from a 56-year-old woman with long-standing pityriasis lichenoides chronica obtained at different times showing an oligoclonal process with similar molecular profiles.  bp base pairs,  PCR polymerase chain reaction, TCR-b T-cell receptor b (From Guitart et al. [54]. Reprinted with permission from the American Medical Association, Copyright © 2007)

fail to fulfill clinical and/or histopathological criteria for a definitive diagnosis of CTCL (Fig. 10.3) 

[10, 11]. CTLD includes a hypopigmented interface variant, pigmented purpuric dermatosis, atypical lymphocytic lobular panniculitis, syringolymphoid hyperplasia with alopecia, idiopathic follicular mucinosis,  pityriasis  lichenoides,  large  plaque  parapsoriasis,  and  clonal  erythroderma  [54]. All these conditions are characterized by a persistent chronic course, in the absence of a known antigenic  trigger,  resistance  to/relapse  following  topical  therapy,  a  lack  of  definitive  architectural  or cytomorphological evidence of malignancy, and reduced antigen expression (i.e., CD7 and CD62L) by T-cells, but with detectable T-cell monoclonality (or oligoclonality with a few restricted T-cell clones), and a potential, albeit low, for progression to CTCL [54]. It has been suggested that CTLD 

patients  with  identical  molecular  clonal  profiles  at  different  biopsy  sites,  and/or  in  whom  stable repetitive dominant T-cell clones persist over time, could benefit from therapeutic modalities similar to those administered to patients with “diagnostic” early CTCL [42]. Long-term follow-up of these patients  for  evidence  of  progression  to  overt  CTCL,  including  molecular  analyses  of  multiple concurrent or sequential skin biopsy specimens, is required. This will help to determine the significance  of  dominant  T-cell  clones  in  “dermatoses”  without  initial  clinical,  histopathological,  or immunophenotypic  evidence  of  lymphoma,  and/or  without  an  “inciting”  factor  such  as  prior  drug therapy or known history of an autoimmune disorder. In addition, these findings reaffirm the necessity  to  correlate  the  results  of  molecular  studies  with  available  clinical,  histopathological,  and immunophenotypic data. 

The development of frank CTCL within the pretext of “clonal dermatitis”/CTLD is not surprising. 

In fact, the concept of progression from clonal precursor to overt lymphoma has been described in other  settings,  including  lymphoid  hyperplasia  to  lymphoma,  lymphomatoid  papulosis  (LyP)  to T-cell lymphoma (both MF and large cell lymphoma), angioimmunoblastic lymphadenopathy with dysproteinemia (AILD) to AILD-like T-cell lymphoma, and monoclonal gammopathy of uncertain 
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significance to myeloma [6]. For example, a common clonal origin has been demonstrated for LyP, Hodgkin  lymphoma,  CD30+  large  T-cell  lymphoma  and  MF  developing  in  individual  patients 

[46, 55, 56]. It is also interesting to note that recent studies suggest an increase risk of CTCL in patients with certain chronic inflammatory dermatoses, including psoriasis [57] and atopic dermatitis  [58].  An  association  between  these  inflammatory  conditions  and  CTCL  may  be  related  to chronic  lymphoproliferation  which  eventually  evolves  to  overt  lymphoma  in  some  patients. 

Alternatively, certain psoriasis/atopic dermatitis therapies, misdiagnosis, or a combination of these factors may explain any association [57, 58]. Nonetheless, research does suggest that CTCL can develop within the context of chronic inflammatory reaction(s) to antigenic stimuli, possibly arising as subclones at different cutaneous sites, with subsequent emergence of more aggressive clones, and gradual selection of one dominant clone that becomes increasingly malignant over time, probably as a result of sequential somatic mutations [54]. 

 Pseudomonoclonality

It is important to consider the possibility of pseudomonoclonality when evaluating the results of TCR-GR analyses. Cutaneous infiltrates may be quite sparse, particularly in inflammatory T-cell proliferations (reactive dermatoses) and early-stage MF lesions. In these settings, the presence of a monoclonal band or oligoclonal pattern in a single analyzed sample is not an uncommon finding 

[37]. An “apparent” monoclonal result may represent a true monoclonal neoplastic T-cell population, but could also be due to the amplification of a few TCR-GRs derived from a limited number of T-cells in a patient sample. For example, PCR amplification of a restricted number of extracted DNA molecules encoding the TCR-g chain from either a small skin biopsy [16] or limited microdissected  areas  [59]  can  produce  a  monoclonal/restricted  oligoclonal  banding  pattern,  even  in  the presence of reactive inflammatory cells. Repeated analyses using the same DNA template, a second independent DNA extraction from the same sample and/or DNA from synchronous/metachronous samples are necessary to evaluate the consistency of results. In reactive conditions, dominant PCR 

amplicons typically vary in repeated PCR analyses of the same sample (i.e., pseudomonoclonality), whereas dominant TCR-GRs are usually reproducible (i.e., true monoclonality) in neoplastic T-cell proliferations  [60]. Therefore,  overinterpretation  of  pseudomonoclonality  and  overdiagnosis  of CTCL can be avoided by repeated independent PCR analyses of the same sample, and should be part of any standard protocol. 

 Stable Clones Versus Clonal Heterogeneity

In an effort to increase the specificity of PCR analysis in the diagnosis of early MF lesions, some authors have analyzed TCR-GRs in skin biopsy specimens from two or more anatomically distinct sites (in some cases at different times) in the same patient [15, 22, 23, 25, 28, 32, 34, 39, 42]. By comparing banding patterns, these studies concluded that an identical T-cell clone [15, 22, 23, 25, 

28, 32, 34, 39] or a restricted molecular profile (including two or more dominant clones) [42] can be identified at different cutaneous sites in 46–100% of patients with MF studied over the course of their disease (irrespective of disease stage or time interval between biopsies). The presence of concordant positive results (i.e., “stable clonal pattern” [37]) in two or more synchronous or sequential skin biopsies is consistent with a genetic imprint that is stable and specific for an individual patient, and useful in confirming the diagnosis of MF (Fig. 10.4). The presence of an identical T-cell clone at anatomically distinct sites using PCR is reported to be associated with a specificity of >95% in 
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Fig. 10.4  Stable T-cell clone. (a, b) Sequential skin biopsies in the same patient that were reported as concerning for involvement by cutaneous T-cell lymphoma ( CTCL), with demonstration of a stable clonal T-cell receptor gene rearrangement  ( TCR-GR)  pattern  in  both  biopsies  (c, d)  (Courtesy  of  Drs.  Jennifer  M.  McNiff  and  Pei  Hui,  Yale University School of Medicine, New Haven, CT, USA)

discriminating  between  MF  and  inflammatory  dermatoses  [15]. It  has  also  been  reported  that TCR-GR studies on multiple samples are reproducible (with identical banding patterns) in patients whose skin biopsies are interpreted as “consistent with” or “diagnostic of” CTCL [34]. However, discordant results may be found in patients whose sequential biopsies are only “suggestive of” or 

“nondiagnostic of” CTCL [34]. In addition, lesions of CTLD (defined in a previous section) may also  show  identical  TCR-GR  results  in  skin  samples  taken  at  different  times  and  from  different anatomic sites in the same patient (Fig. 10.3) [42, 54]. Interestingly, drug-induced lymphomatoid hypersensitivity  reactions  [42],  a  case  of  interstitial  granulomatous  dermatosis  (which  did  not progress to CTCL) [15], and an unspecified benign dermatosis [19] have shown similar findings. 

Therefore, the identification of a constant and stable T-cell clone at different biopsy sites cannot be held as indicative of CTCL. However, close long-term follow-up for possible progression to CTCL 

would be judicious in any patient with nonspecific/nondiagnostic histopathology and a stable T-cell clonal pattern. 

Molecular studies on human malignancies have demonstrated the presence of genetically unstable  subclones  during  tumor  pathogenesis  and  progression  [59]. By  SBA  and  PCR,  22–48%  of patients with MF (up to 80% of patients with SS) show clonal heterogeneity in lesions from different anatomic sites [20, 37, 39]. Depending on the study, this has been defined as the presence of (1) different monoclonal TCR-GRs (“unstable clonal pattern”) or (2) a common clone (“stable pathological clone”), but with additional reproducible clonal TCR-GRs, in distinct samples from the same patient (Fig. 10.5) [20, 37, 39]. Indeed, mutational analyses of microsatellite DNA from multiple microdissected areas of FFPE skin biopsy specimens suggest that CTCL may evolve by multilin-eage progression, tumor subclones can be detected in early-stage disease [59]. Clonal heterogeneity has been demonstrated in both early and advanced MF lesions, in addition to other cutaneous T-cell lymphoproliferative disorders (i.e., LyP) and B-cell lymphomas [20, 37]. It has been proposed that 
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Fig. 10.5  Clonal heterogeneity in multiple cutaneous T-cell lymphoma ( CTCL) samples from the same patient. (a–c) GeneScan ( GS) analysis of PCR products demonstrating patterns of T-cell receptor gene rearrangements ( TCR-GRs). 

(a) Ambiguous GS pattern in skin biopsy at diagnosis; TCRVgII GR (*) confirmed by comparison with blood pattern; (b) GS pattern in blood sample at diagnosis showing a pathological GR (*) and a concomitant transient GR (**); (c)  TCRVgII  clonal  GR  (*)  in  the  second  skin  sample  (From  Ponti  et  al.  [37]. Reprinted  with  permission  from Macmillan, Copyright © 2007)

early lesions of MF may arise from polyclonal or oligoclonal activation of T-cells, possibly under the proliferative influence of super-antigens (such as bacterial antigens) [37]. In early MF, the phenomenon of clonal heterogeneity could be explained by: (1) a mixture of neoplastic and reactive T-cell clones; (2) the independent and simultaneous malignant transformation of two or more T-cells following long-term antigen stimulation, with evolution of several distinct clones at different sites; or (3) the evolution of subclones from a single dominant T-cell clone by subsequent rearrangements or deletions at TCR loci [37, 39]. Theoretically, a multiple subclonal pattern would be followed by the emergence of a stable dominant T-cell clone in advanced MF lesions, whose persistence would depend  on  further  mutagenic  events  and/or  therapeutic  intervention.  Nonetheless,  some  CTCL 

patients show persistence of clonal instability with different clonal TCR-GRs detected in sequential skin  and  peripheral  blood  (PB)  samples  [37].  This  suggests  that  repetitive  cycles  of  alternating dominant-subclone-dominant-subclone formation may occur in some individuals [37]. One question is:  does the distinction of clonal homogeneity from clonal heterogeneity in multiple samples from the same patient provide prognostic information related to disease progression? Vega et al. 

[39] noted that patients with a common T-cell clone identified in multiple  concurrent biopsies at the time of diagnosis were more likely to have progressive disease than those who had different clonal TCR-GRs. Their findings were noted to be independent of the clinical stage of disease at the time of diagnosis [39]. Interestingly, the same study found no correlation between TCR-GR clonal patterns in  sequential skin biopsies and clinical progression [39]. Bignon et al. [20] and Ponti et al. [37] also 
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found  no  significant  correlation  between  TCR-g  clonal  heterogeneity  and  progressive  disease. 

Therefore, the prognostic significance of clonally heterogenous TCR-GR patterns in MF patients remains unclear and warrants further study. 

 Composite Lymphomas, Dual Lineage Rearrangements and Lineage Infidelity

CTCL is associated with a high incidence of both synchronous and metachronous lymphoproliferative disorders of different lineage (such as B-cell lymphomas and Hodgkin lymphoma) [61–63]. 

A number of theories have been proposed for the simultaneous occurrence of lymphomas of different lineages, including an inherited genetic predisposition, an oncogenic molecular defect in a common  progenitor  cell,  the  presence  of  a  common  risk  factor  (i.e.,  carcinogen  or  oncogenic  virus exposure), prior chemotherapy and/or immunosuppression [61–63]. Problems in clinical and histopathological interpretation can obviously arise, particularly if both lesions develop concurrently and show skin involvement. It is important to note that composite T- and B-cell lymphomas in the skin can  show  monoclonal  rearrangements  of  both  the  TCR  and  immunoglobulin  heavy  chain  (IgH) genes (Fig. 10.6) [61–63]. 

Other studies have discussed the finding of dual lineage rearrangements in cutaneous lymphoproliferative disorders, which occur in ~1% of cases [20, 64]. Kazakov et al. [64] have suggested that the detection of monoclonal TCR-GRs in some cases of cutaneous B-cell lymphoma could be explained  by  either  (1)  monoclonal  or  oligoclonal  expansion  of  exuberant  reactive  T-cells  (or reactive B-cells in the case of T-cell lymphoproliferative disorders with monoclonal IgH-GRs) or (2) lineage infidelity. Clonality studies based on rearrangements of surface receptor genes (TCR and IgH) can be regarded as lineage-specific in most cases. Genotypic lineage infidelity is rare in mature lymphoid  malignancies  [64]. However,  immature  B-cell  and  T-cell  neoplasms  may  demonstrate monoclonal lineage crossover (i.e., have both monoclonal TCR- and IgH-GRs) [61, 65]. In addition, a small percentage of myeloid leukemias can show monoclonal TCR- and/or IgH-GRs [65]. 

Fig. 10.6  Patient with composite lymphoma of mycosis fungoides ( MF) and chronic lymphocytic leukemia ( CLL). 

(a) There are patches and plaques on the face, neck, and upper back, with a tumoral lesion on the neck. Skin biopsies of patches/plaques showed histopathological and immunohistochemical findings of early MF (not shown). The tumor showed composite findings of both early MF in the epidermis and upper dermis, with CLL in the deep dermis (not shown). (b) Monoclonal rearrangements of both the immunoglobulin heavy chain ( IgH) and T-cell receptor ( TCR) genes were identified (Courtesy of Dr. Emmilia Hodak, Tel Aviv University, Tel Aviv, Israel)
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Therefore, the integration of clinical, morphological and immunophenotypic data, with testing for  both  TCR-  and  IgH-GRs  in  some  cases,  is  required  for  correct  interpretation  of  molecular clonality  studies  with  regard  to  accurate  lineage  determination  and/or  the  possible  presence  of  a synchronous or metachronous lymphoproliferative disorder. 

 Cytogenetics and Other Molecular Techniques

Compared to other neoplastic disorders, there is a relative paucity of information on genetic aberrations in CTCL, and a consistent pattern or diagnostic signature has not been identified in most cases. Contributing factors include the phenotypic variability of CTCL, the difficulties in obtaining substantial amounts of tumor cells from skin biopsies, and the absence or rarity of tumor cells in the PB [66]. Nonetheless, progress has been made in defining the cytogenetic aberrations and molecular/immunopathogenesis  of  this  disease  using  karyotyping,  ISH,  CGH,  array-CGH,  LOH,  and microarray techniques [2, 7]. CTCL is defined by a large spectrum of chromosomal abnormalities; any chromosome may be numerically or structurally altered [7]. In addition, mutations and/or epigenetic alterations of a number of tumor suppressor genes (TSGs), oncogenes and apoptosis pathway genes have been described [7, 67]. The relationship between cytogenetic abnormalities and the pathobiology  of  CTCL  is  beyond  the  scope  of  this  chapter,  and  reviews  are  available  elsewhere 

[7–9].  However,  the  evaluation  of  genomic  changes  as  an  aid  to  the  diagnosis  of  CTCL  will  be discussed further. 

Conventional cytogenetics and other molecular studies can be combined with TCR-GR analysis for CTCL diagnosis and follow-up [7]. Interestingly, the coexistence of a dominant T-cell clone and a clonal chromosomal aberration may be a more specific indicator of malignancy [68]. Muche et al. 

[68] have found concordant results for both features in the majority (88%) of CTCL specimens, including skin, PB, and lymph node (LN) samples. 

Using  a  cDNA  microarray-based  approach,  Tracey  et  al. [69]  identified  27  genes  that  were differentially expressed between MF and inflammatory dermatoses, including tumor necrosis factor receptor (TNFR)-dependent apoptosis regulators, STAT4, CD40L, and other oncogenes and apoptosis inhibitors. A 6-gene (FJX1, STAT4, SYNE1, TRAF1, BIRC3, Hs.127160) prediction model for differentiation of MF from inflammatory dermatoses was constructed. This model correctly  assigned  97%  of  cases  in  a  blind  test  validation  using  24  MF  patients  with  low  clinical stages [69]. Gene expression signatures associated with abnormal immunophenotype (11 genes) and  tumor  stage  disease  (5  genes:  IKBKAP,  FZD7,  PDIA2,  hAC2387,  hAD7824)  were  also identified [69]. 

cDNA microarray [70] and quantitative real-time PCR [71] expression analyses of PB samples, using a panel of five to eight genes (including STAT4, GATA-3, PLS3, CD1D, and TRAIL), are reported to identify CTCL patients (who have at least 5% circulating tumor cells) with an accuracy of 90%. 

Tumor-specific chromosomal translocations and/or infections by oncogenic viruses may play a role in the pathogenesis of a subset of CTCL – the presence of which may also provide avenues for diagnostic testing in some tumors. For example, the t(2;5)(p23;q35) chromosomal translocation is found in ~10% of cases of LyP and 20% of cases of CD30+ primary cutaneous large cell lymphoma, in addition to ~40% of lymph node-based CD30+ anaplastic large cell lymphomas of T-cell or null-cell  lineage  [72,  73]. This  translocation  results  in  inappropriate  expression  of  NPM-ALK/p80 

tyrosine  kinase,  which  is  believed  to  play  a  central  role  in  the  pathogenesis  of  these  tumors. 

Karyotyping, SBA, RNA-based RT-PCR, DNA-based PCR, ISH, and IHC for the p80 fusion protein have  all  been  employed  to  identify  the  chimeric  t(2;5)  transcripts  [72,  73].  In  addition,  adult T-cell  leukemia/lymphoma  (ATLL)  is  associated  with  retroviral  infection  by   human  T-cell 
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 lymphotropic virus 1 (HTLV-1), exhibiting clonal integration of the viral genome (Fig. 11.6) 

[74].  No  signature  chromosomal  translocation  or  demonstrable  viral  etiologic  factor  has  been identified for MF. 

Staging of CTCL

Historically, the staging of patients with CTCL has been based on an evaluation of clinical and histopathological features (i.e., TNMB), including tumor, LN, metastasis, and PB parameters [3, 4]. More recently, the ISCL/EORTC has recommended revisions to this classification system, in an effort to incorporate advances related to tumor biology and diagnostic technologies (Table 10.2) [3]. 

 Lymph Nodes

Peripheral LNs are the most common site of extracutaneous disease in MF and SS [75]. Patients with more extensive or advanced skin involvement are at increased risk for progression to LN disease, which often presents as clinically palpable lymphadenopathy [75]. The histopathological assessment of clinically palpable LNs in MF/SS patients is essential for:  (1) accurate staging; (2) prognostication; and (3) selection of appropriate treatment strategies (i.e., extracutaneous involvement typically requires systemic therapies) [3, 19, 20, 22, 41, 75–79]. In patients with CTCL, clinically abnormal LNs (palpable and/or >1.5 cm in diameter) can be evaluated by surgical excision (preferred method) or  fine-needle  aspiration  biopsy,  with  the  integration  of  microscopic  features,  immunophenotypic (IHC and flow cytometry) findings, and molecular data often required for a definitive evaluation [3,  

75].  The  histopathological  features  in  LNs  of  CTCL  patients  can  be  reported  as  normal,  reactive (dermatopathic),  or  demonstrating  varying  degrees  of  involvement  by  lymphoma  [3, 77].  Several classification systems that assess the histopathological extent of LN disease in patients with CTCL 

have been proposed, and are generally found to be reproducible and to correlate with disease involvement and outcome [3, 77, 80]. However, atypical lymphocytes may be seen in the LNs of patients with benign inflammatory dermatoses, and a subset of CTCL patients exists who have a poor prognosis despite histopathologically “normal” LNs or early/minimal LN disease [77]. It has been suggested that molecular analysis may provide more reliable diagnostic and prognostic information [41,  

76, 77, 79]. Accordingly, the revised ISCL/EORTC guidelines incorporate supplementary molecular testing for LN staging in patients with MF/SS [3]. For example, N1 and N2 stages can be subdivided (i.e., N1a  vs.  N1b and N2a  vs.  N2b) based on T-cell clonality status (Table 10.2). 

Clonal TCR-GRs have been detected by SBA in LNs of patients with CTCL, predicting a poor clinical  outcome  and  reduced  probability  of  survival  [3, 19,  20,  22, 76,  78].  The  frequency  of monoclonal T-cell detection in LNs by SBA increases with skin stage [76]. Of note, up to 12% 

of CTCL patients can show monoclonal TCR-GRs in clinically normal LNs [76]. Furthermore, SBA for TCR-GRs can stratify CTCL patients with clinically normal, histopathologically indeterminate LNs into good prognosis (polyclonal) and poor prognosis (monoclonal) groups [76]. In addition, identical TCR-GRs have been found in LNs, skin lesions, and PB samples of individual patients using SBA [22]. 

PCR-based strategies have also been used to detect monoclonal TCR-GRs in LNs of patients with CTCL [3, 39, 41, 75, 77–79]. PCR detection of monoclonal T-cells in LNs increases with advancing skin stage, overall clinical stage and degree of histopathological LN involvement, and is associated with a poorer prognosis (Fig.  10.7) [41, 77, 78]. PCR can demonstrate identical T-cell clones in LNs and samples from other sites (i.e., skin, PB and bone marrow [BM]) in an individual 
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Fig. 10.7  Survival curves based on clonal and non-clonal lymph node ( LN) samples in mycosis fungoides ( MF) patients,  corrected  for  age  and  sex  (From  Fraser-Andrews  et  al. [77].  Reprinted  with  permission  from  Wiley-Blackwell, Copyright © 2006)

patient  [39,  41,  77].  However,  as  previously  discussed  for  skin  biopsies,  different  clones  (i.e., clonal heterogeneity) may be detected in the LN compared with synchronous/metachronous specimens from other sites [20, 39, 41]. 

PCR/RPA,  a  highly  sensitive  tumor-specific  receptor  gene  rearrangement  assay,  has  demonstrated T-cell monoclonality in microscopically normal LNs, in addition to PB and BM samples, in patients with limited patch stage MF and SS [6, 31, 43, 44, 46]. However, many patients with early-stage  MF  have  a  normal  life  expectancy  and  do  not  develop  extracutaneous  disease  [6,  31]. 

Therefore, PCR/RPA would obviously appear to be too sensitive for diagnosis, staging, or monitoring of disease activity in some patients. An important objective of any molecular staging strategy should be  the  determination  of  a  clinically  relevant  sensitivity  threshold  for  detection  of  occult  CTCL. 

Prospective molecular staging of individuals with early CTCL might help identify (1) subgroups of patients at risk for progression who would benefit from aggressive systemic therapy or (2) those in whom such potentially toxic therapy would not significantly alter prognosis. 

 Bone Marrow, Peripheral Blood, and Other Biological Fluids

The diagnosis of PB involvement by MF and SS has historically been based on a subjective assessment  of  the  percentage  of  total  lymphocytes  that  exhibit  an  atypical  convoluted/cerebriform morphology  (Sézary  cells)  by  light  microscopy  [3]. In  addition,  flow  cytometry  can  be  used  to identify circulating neoplastic T-cells through the demonstration of: (1) altered CD4/CD8 ratios; (2) absent, reduced, or increased expression of surface antigens (i.e., CD3, CD4, CD7, and CD26); (3) expression of CD10; and/or (4) restricted TCR V-b gene usage [3, 13]. However, surface antigen deletion has also been found in the PB of patients with benign dermatoses [3]. Molecular testing for T-cell clonality offers an alternative objective means of identifying PB involvement by CTCL, and has been incorporated into the revised ISCL/EORTC staging and classification system for MF and SS (Table 10.2) [3]. 

Some studies have found different monoclonal TCR-GRs between PB samples and those from other  sites  (skin  and  LN)  in  individual  patients  [20,  37,  40].  These  discordant  results  may  be explained by the concept of clonal heterogeneity in CTCL (as previously discussed). However, it is important to note that a monoclonal T-cell population in the PB could be related not only to (1) a  circulating  neoplastic  T-cell  clone,  but  also  to  (2)  a  reactive  antitumor  population,  (3)  the well-described phenomenon of age-related monoclonal T-cell expansion, and/or (4) the development 
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of circulating T-cell clones secondary to long-term immunostimulatory states [37, 54]. It is known that elderly patients (>60 years old) can show monoclonal T-cell expansions (both CD4+ and CD8+ 

subsets) in the PB [33]. Autoreactive T-cell clones may also develop in patients with multiple sclerosis, sarcoidosis, graft-versus-host disease and autoimmune diseases, such as rheumatoid arthritis and lupus erythematosus [54]. Therefore, a definitive diagnosis of PB involvement by MF and SS 

would require the demonstration of the same clonal TCR-GR as that detected at other sites (i.e., skin or LNs), and exclusion of other potential causes of T-cell monoclonality. 

Both SBA and PCR-based studies have found that patients with CTCL can show monoclonal TCR-GRs in the PB, BM, and other biological fluids (ascites and synovial fluid) that are identical to those detected in the skin and LNs (Fig. 10.8) [19, 20, 22, 30, 33, 37, 38, 40, 77, 81, 82]. In general, PCR-positivity at extracutaneous sites correlates with disease stage; monoclonality is either not detected or infrequently found in early-stage (stages I–II) MF, and more commonly identified 

in erythrodermic and/or late-stage (stages III–IV) MF [19, 20, 22, 30, 33, 37, 38, 40, 77, 81, 82]. In some cases of early-stage MF, monoclonal TCR-GRs may be found in the PB, in the absence of a significant population of morphologically or immunophenotypically abnormal T-cells [3, 81]. 

PCR results may become negative in PB samples following therapy; however, some patients with clinical and histopathological (skin) remission continue to demonstrate clonal T-cell populations in their PB [37, 40]. Similar to such findings in the skin (see Section on Minimal Residual Disease), the persistence of a dominant T-cell clone in the PB may be a risk factor for disease recurrence and requires further investigation. Fraser-Andrews et al. [81] have shown statistically significant differences in patient outcome based on the presence or absence of a T-cell clone in the PB (i.e., 30%  vs.  50% 10-year survival, respectively), independent of skin stage. Furthermore, Beylot-Barry et al. [30] reported that the Fig. 10.8  Rearranged T-cell receptor g ( TCR-g ) gene PCR products, amplified from the skin (S) and blood (B) of a patient  with  Sézary  syndrome,  were  subjected  to  capillary  electrophoresis  ( left  panel)  and  heteroduplex  analysis ( HDA)  ( right  panel).  TCR-g  V-JG1/JG2  and  V-JP1/JP2  primers  showed  identical  monoclonal  results  in  skin  and blood samples, indicated in the two corresponding graphs as JG (size 175 bp) and JP (size 191 bp), respectively. 

Internal size standards are shown in opaque peaks. For HDA, the sizes (bp) of bands in the molecular weight ladder (L)  are  noted  (Courtesy  of  Dr.  Sophie  Marty-Grès,  Prof.  Jean-François  Eliaou,  and  Prof.  Olivier  Dereure,  CHU 

Montpellier, Montpellier, France)

[image: Image 71]

10  Mycosis Fungoides and Related Lesions

221

Fig. 10.9  (a) Probability of progression of patients with MF/SS according to the initial clinical stage (early stage  vs. 

late stage). (b) Probability of progression of patients with MF/SS according to clonality results in skin and blood (no T-cell clone in skin, T-cell clone in skin only, and identical T-cell clone in skin and blood) (Courtesy of Dr. Zendee Elaba, Department of Pathology, Hartford Hospital, Hartford, CT, USA: Modified from Beylot-Barry et al. [30]

presence of an identical T-cell clone in the PB and skin is an independent prognostic factor for disease progression in patients with MF and SS (Fig. 10.9). 

Importantly, otherwise healthy elderly individuals, and patients with both non-CTCL malignant disease  (including  cutaneous  B-cell  lymphomas)  and  benign  dermatoses,  can  also  show  clonal TCR-GRs in their PB [3, 19, 33, 37], with identical T-cell clones found in both PB and skin samples in up to 3% of the latter cases [33]. Clinical–histopathological correlation, repeat/serial molecular studies, and/or long-term follow-up would be required for a definitive diagnosis in such instances. 

 Internal Organs

PCR-based analysis can also be used to confirm tumor involvement by internal organs (i.e., myocardium, liver, spleen, and lung) in patients with CTCL [83]. 
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Prognosis of CTCL

The type and extent of skin involvement (T parameter), and presence or absence of extracutaneous disease (NMB parameters), which determine overall clinical stage, are the most important prognostic parameters in patients with CTCL [4]. Patients with limited patch/plaque disease (<10% of total-skin surface, stage IA) have an excellent prognosis with a long-term life expectancy similar to age-, sex-, and  ethnicity-matched  control  populations  [4].  However,  ~9%  of  these  patients  will  show  disease progression. Patients with generalized patch/plaque disease (³10% of total-skin surface, stage IB) have a 24% risk of progression and a median survival of 11 years [4]. At the other end of the spectrum are individuals with cutaneous tumors (stage IIB), generalized erythroderma (stage III), and extracutaneous disease at presentation (LNs [stage IVA] and viscera [stage IVB]) who show median survivals of 3, 4.5, and <1.5 years, respectively [4]. Patients with MF can also show transformation to a clonally-related large cell lymphoma, associated with rapid disease progression and less favorable prognosis 

[4, 55, 56]. SS has a 5-year survival of only 11% [5]. Survival probability can be accurately predicted in  most  cases  using  a  formula  that  evaluates  involvement  of  skin,  LNs,  PB,  and  visceral  organs (CTCL-Severity-Index) [84]. Measurable serological biomarkers (i.e., LDH, sIL-2R, neopterin) may also show some association with disease stage and progression [84]. The prognostic utility of immunophenotyping, T-cell clonality studies, and other molecular tests has also been evaluated. 

Phenotypic variations of the tumor cells (i.e., T-helper  vs.  T-cytotoxic; TCR-a/b+  vs.  TCR-g/d+; and CD4  vs.  CD8 expression) have shown no correlation with prognosis in patients with early-stage MF [24]. 

As stated previously, the detection of clonal T-cell populations in LNs [3, 41, 76–78] and/or PB 

samples [30, 81] is associated with poor outcomes in patients with MF. Very few studies have investigated if T-cell clonality status in skin biopsies of early MF influences prognosis in these patients. 

Massone et al. [24] reported that PCR-detected monoclonality did not have any prognostic significance in early lesions of MF. However, Ponti et al. [36] found that PCR-negativity was associated with prolonged stable disease, with only a minority (14%) of PCR-positive patients showing disease progression.  In  an  SBA-based  study  by  Guitart  et  al. [21],  the  presence  of  T-cell  monoclonality negatively influenced short-term survival compared with a polyclonal result (i.e., 5-year survival 67%  vs.  87%), but no significant differences in long-term survival were noted between both groups. 

Furthermore, a number of studies have suggested that the risk of clinical progression in an individual patient is significantly correlated with the presence of an identical monoclonal TCR-GR in: (1) multiple concurrent skin biopsies at diagnosis [39]; (2) in both LN and skin samples [41]; and (3) in both PB and skin samples (Fig. 10.9) [30, 82]. The prognostic significance of monoclonal TCR-GRs in the BM is unclear [3, 82]. It has been proposed that the presence of cytologically atypical lymphoid aggregates in the BM correlates with shortened survival of patients with MF, but multivariate  analysis  has  not  confirmed  BM  involvement  as  an  independent  prognostic  parameter  [3]. 

Prospective molecular testing of BM samples in these patients may help to clarify this point. 

Karyotyping  and  ISH-based  studies  have  shown  that  the  rate  of  chromosomal  aberrations  is associated  with  disease  activity  and  has  prognostic  significance  in  patients  with  CTCL  [85]. 

Aberrations of chromosomes 1, 6, and 11, although increasing in prevalence with activity of the disease,  are  also  detectable  in  remission  (i.e.,  are  hallmarks  of  existing  disease).  Aberrations  of chromosomes 8 and 17 are found to correlate with active or progressive disease [85]. 

cDNA/oligonucleotide microarray technologies also hold great promise for the identification of prognostic biomarkers, in addition to pathogenic mechanisms, in CTCL. cDNA microarrays have been used for classification and prediction of survival in patients with leukemic CTCL [70]. Kari et al. [70] demonstrated that analysis of PB samples using a panel of ten genes identifies patients with poor prognosis, independent of tumor burden (Fig. 10.10) [70]. Gene expression profiling has also been accomplished in lesional skin samples of CTCL patients [5, 7]. Clinically relevant signatures have been shown to correlate with disease stage and outcome (i.e., poorest survival seen with 
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Fig. 10.10  cDNA microarray analysis of a small number of genes can be used to predict survival in patients with leukemic CTCL.  Left: Results of cross-validation using the 40 most informative genes (20 most positive and 20 most negative). Positive scores indicate short-term ( ST ) survivors. The first 12 bars represent the ST survivors.  Right: The genes used for classification.  Left column, overexpressed in long-term ( LT ) survivors;  right column, overexpressed in ST survivors. The top ten genes, five from each column, are sufficient for 100% accurate cross-validation (From Kari et al. [70]. Reprinted with permission from Rockefeller University Press, Copyright © 2003) activated lymphocyte cluster) [5]. It has also been demonstrated that a subset of patients with cutaneous anaplastic large cell lymphoma (i.e., those with extensive limb involvement) have an unfavorable prognosis associated with a distinct gene expression profile [86]. The possible prognostic utility of microarray analysis in skin biopsies of early MF remains to be fully explored. However, its application in this scenario may be confounded by the paucity of malignant cells and/or the presence of reactive T-cells in skin biopsies of early-stage lesions [7]. 

Using CGH, Fischer et al. [66] found that genomic aberrations in skin biopsy samples correlated with outcome in CTCL patients (Figs. 10.11 and 10.12). The presence of greater than or equal to five aberrations, gain of 8q, and loss of 6q, 10q and 13q, were associated with a significantly shorter survival [66]. However, gain of 7 and loss of 17p (the most frequently observed chromosomal aberrations) did not influence patient prognosis [66]. 

Array-CGH-based studies have also identified genomic subgroups and prognostic markers for tumor  stage  MF  [52,  53]. The  presence  of  greater  than  five  DNA  aberrations  (genomic  unstable group), in addition to deletion of 9p21 and 10q26, and gain of 8q24 and 1q21-q22, is associated with poor outcome in these patients [52, 53]. Additional prospective long-term studies to validate the findings of all these reports are required. 

Response to Treatment, Minimal Residual Disease, and Identification  

of Novel Therapeutic Targets in CTCL

Molecular-based strategies may be employed to determine response to standard therapies, define minimal residual disease and remission, detect early relapse, and uncover novel treatment strategies in patients with CTCL. 

Delfau-Larue  et  al.  [32]  showed  that  PCR  findings  at  diagnosis  are  predictive  of  treatment response in MF patients. The absence of a detectable cutaneous T-cell clone was associated with a 
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Fig. 10.11  Results of the CGH analysis of 32 patients with indolent and aggressive CTCL. (a) Lines on the left of the chromosome ideograms indicate loss of a chromosomal region in a patient (diminished chromatin), and lines on the right side represent gains (enhanced chromatin). (b) Box chart of aberrations for the long and short chromosomal arms in the 32 patients.  Red = loss of chromatin,  green = gain of chromatin,  yellow = loss and gain of chromatin (From Fischer et al. [66]. Reprinted with permission from Macmillan, Copyright © 2004) higher rate of complete remission [32]. However, complete remission may not be the therapeutic goal, as it has not been found to correlate with improved survival in patients with MF [30]. 

Discrepancies do exist between clinical and light microscopic responses to therapy in patients with MF, and the histopathological interpretation of post-treatment biopsies can be problematic in some cases  [27].  Accordingly,  the  use  of  clonality-based  testing  has  been  proposed  as  a  means  to  more objectively determine the presence of residual/recurrent skin involvement by MF [22, 27, 35, 37, 40]. 

Poszepczynska-Guigne et al. [35] have defined minimal residual disease (MRD) in MF as the persistence of a T-cell clone in treated MF skin lesions, despite evidence of complete clinical remission. 

10  Mycosis Fungoides and Related Lesions

225

a 1.0

b 1.0

0.8

0.8

al

al

viv

viv

0.6

0.6

normal

normal

0.4

0.4

calculated sur

calculated sur

enh 7q

0.2

0.2

p = 0.0011

p = 0.3009

0.0

dim 6q

0.0

n.s. 

0

24

48

72

96

120

144

168

192

0

24

48

72

96

120

144

168

192

survival time (m)

survival time (m)

c1.0

d 1.0

0.8

0.8

al

al

viv

viv

0.6

normal

0.6

normal

0.4

0.4

calculated sur

calculated sur

0.2

0.2

p = 0.0049

p = 0.0165

enh 8q

dim 10q

0.0

0.0

0

24

48

72

96

120

144

168

192

0

24

48

72

96

120

144

168

192

survival time (m)

survival time (m)

e

1.0

f

1.0

0.8

0.8

al

al

normal

viv

rviv 0.6

0.6

normal

0.4

0.4

dim 17p

calculated su

calculated sur

0.2

0.2

p = 0.0001

p = 0.8709

dim 13q

n.s. 

0.0

0.0

0

24

48

72

96

120

144

168

192

0

24

48

72

96

120

144

168

192

survival time (m)

survival time (m)

Fig. 10.12  Correlation of chromosomal imbalances with cumulative survival rates in patients with CTCL. Gain of chromatin in 8q, and loss of chromatin in 6q, 10q, and 13q, correlated with a significantly shorter survival. Loss in 17p and gain in 7 did not influence the prognosis of the disease (From Fischer et al. [66]. Reprinted with permission from Macmillan, Copyright © 2004)

Of note, PCR-based detection of MRD has been reported in 31–75% of skin and/or PB samples in such  patients  [22,  35,   40].  These  findings  might  explain  the  occurrence  of  frequent  relapses  when clinical and/or histopathological remission appeared to have been achieved [40]. In fact, the skin may serve  as  a  reservoir  for  clinically  occult  residual  disease  in  CTCL  [46].  However,  unlike  other hematopoietic tumors, the prognostic value of MRD detection in MF patients is at present unclear and requires large-scale prospective study [35]. In patients with identical TCR-GRs at different sites/times, the clonospecific imprint has been reported as a patient-dependent marker of MF [35]. In such cases, sensitivity and specificity can be increased by cloning and sequencing PCR products, with subsequent development  of  patient-specific  primers  directed  against  “their”  clonally  rearranged  TCR  gene(s) (i.e., “molecular fingerprint”) [31, 43, 44, 46]. It has also been proposed that quantitative analysis of PCR products (i.e., real-time PCR) may have a role in defining the maximal tumor clone density that would allow the discontinuation of treatment, in order to balance the risk of relapse following treatment cessation with the risk of side effects from prolonged therapy [87]. 
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The  increasing  use  of  proteomic  and  genomic  technologies  has  led  not  only  to  a  better understanding of the pathogenesis and tumor biology of CTCL, but also to the discovery of targets for  therapeutic  intervention  and  the  development  of  novel  drugs.  Currently,  targeted  therapy  for CTCL is largely based on the blockade/inhibition of specific receptors/proteins (i.e., IL-2R/CD25, CD4, CD30, CD52), whose expression by tumor cells can be determined by techniques as simple as  IHC  [8,  88]. Molecular  technologies  may  reveal  gene  signatures/clusters  that  correlate  with response to treatments and also provide new options for therapeutic intervention, which are more effective  and/or  less  toxic  than  those  currently  available.  An  in-depth  discussion  of  the  clinical management of CTCL is beyond the scope of this chapter, and comprehensive reviews are available elsewhere [4, 8,  88]. However, a number of potential therapeutic biomarkers in MF, which have been uncovered by molecular strategies, will be discussed. 

Using  oligonucleotide  microarray-based  analysis  of  lesional  skin,  Shin  et  al. [5]  identified differentially expressed genes significantly associated with lower-stage/treatment-responsive CTCL 

versus higher-stage/treatment-resistant CTCL. In the poor treatment response group, downregulated genes were involved in extracellular matrix pathway, WNT signaling pathway, epidermal development, and frizzled signaling, whereas upregulated genes included those involved in mitosis, immune response, response to virus, apoptosis, and T-cell activation [5]. 

In addition, the molecular (and immunologic) characterization of apoptosis pathway (STAT3, bcl-2, CD95 receptor) and cytokine (IL-2, IL-5, IL-10, CTLA-4) transcripts/proteins expressed in different stages of CTCL (i.e., cancer immunoediting principal) helps to explain the variable effectiveness of current therapies, and may be used for the development of new therapeutic strategies [8, 9]. 

As discussed previously, array-CGH has identified deletion of 9p21 and 10q26, and gain of 8q24 

and  1q21-q22,  as  negative  prognostic  biomarkers  in  tumor  stage  MF  [52,  53]. These  loci  may contain genes that modify the biological behavior or treatment responses of MF (i.e., CDKN2A, CDKN2B, MTAP, MGMT, EBF3, MYC, MCL1). Van Doorn et al. [53] have proposed that gain of chromosome 1q21-q22 may be associated with increased expression of the MCL1 gene and gluco-corticosteroid resistance in CTCL. The demonstration of 1q21-q22 gain in treatment-refractory MF 

patients may identify a cohort that could potentially benefit from the addition of rapamycin (a  modulator of MCL1 activity) to the chemotherapeutic regimen and restoration of glucocortico-steroid sensitivity in neoplastic T-cells [53]. 

An  epigenetic  profiling  study  by  van  Doorn  et  al.  [89]  found  a  high  frequency  of  promoter hypermethylation  of  putative  TSGs  involved  in  DNA  repair,  cell  cycle,  and  apoptosis  signaling pathways  (i.e.,  BCL7A,  PTPRG,  THBS4,  TP73,  CDKN2A,  CDKN2B,  CHFR,  PYCARD)  in CTCL. The concept that epigenetic dysregulation may be a target for therapy in CTCL is supported by the observed favorable response to treatment with epigenetic modulators (i.e., histone deacetylase inhibitors) in these tumors [8, 88,  89]. Using cDNA microarray-based gene expression profiling and quantitative real-time PCR, Ellis et al. [90] reported the activation of 3 genes and repression of 20 genes in skin biopsies of CTCL patients following oral therapy with panobinostat, a histone deacetylase inhibitor. These genes mediate biological responses such as apoptosis, immune regulation,  and  angiogenesis.  However,  the  low  number  of  patients  ( n  =  6)  precluded  a  correlation between altered expression of an individual gene or gene set and clinical outcome. Nonetheless, these genes are potential molecular biomarkers for panobinostat response in patients with CTCL, and further assessment of their possible role(s) in mediating the antitumor effects of this drug are warranted [90]. 

Transcription  factor  profiling  of  MF  and  SS  has  revealed  constitutively  active  NF-kB,  STAT, and their respective signal transduction pathways as possible therapeutic targets [91]. Such testing has also identified several prototypic drugs as inhibitors of these targets and altered pathway components [91]. 

Tracey et al. [92, 93] have performed comparative gene expression profiling studies on interferon alpha  (IFN-a)-sensitive  and  IFN-a-resistant  variants  of  a  CTCL  cell  line.  Their  experiments 
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revealed that IFN-a is responsible for the regulation of hundreds of genes in both variants, including regulators of signal transduction, cell cycle control, apoptosis, and transcription [92, 93]. In CTCL 

cells, response to IFN-a was due to a combination of apoptosis induction (involving TNFSF10 and HSXIAPAF1) and cell cycle arrest (via CDK4 and CCNG2 downregulation, and CDKN2C and TSG 

upregulation). Resistance to IFN-a was associated with an inability to induce IRF1 and IRF7, and deregulation of HSXIAPAF1, TRADD, BAD, and BNIP3 apoptotic signals. Upregulation of RELB 

and LTB suggested a critical role for NF-kB in promoting cell survival in IFN-a-resistant CTCL cells 

[93]. Importantly, resistance to IFN-a was consistently associated with changes in the expression of a set of 39 genes, and in particular upregulation of MAL, a T-cell differentiation antigen [92]. MAL was also found to be expressed by tumor cells in a series of CTCL patients treated with IFN-a and/or photochemotherapy. MAL expression correlated with delayed response to treatment in this study (i.e., 80% of slow-responders were MAL+  vs.  70% of rapid-responders were MAL−) [92]. 

In the future, molecular techniques could be routinely used to subgroup MF patients based on predicted  survival  and  putative  drug  targets,  and  thereby  influence  the  selection  of  treatment strategies. 

In summary, monoclonality is not synonymous with malignancy, and results of molecular-based T-cell  clonality  studies  must  be  correlated  with  available  clinical,  histopathological,  and  immunophenotypic data in any individual patient. In patients with either suspected or diagnostic CTCL, the molecular confirmation of T-cell clonality status in the skin and other sites can be of diagnostic, staging,  and/or  prognostic  value.  The  presence  of  an  oligoclonal/polyclonal  T-cell  population  in  skin specimens, particularly from individuals without definitive clinical signs of malignancy, supports a benign reactive process. Importantly, the detection of a monoclonal T-cell population in a skin sample, in the absence of an inciting factor, may be an early sign of malignancy or identify those lesions with a  risk,  albeit  low,  for  malignant  transformation.  The  analysis  of  additional  specimens  (both  skin-derived and from other sites) and close clinical follow-up is warranted in these latter individuals. With increased sensitivity and sophistication of molecular assays for clonality, it is likely that the quantitative level at which a clonal T-cell population is detected will become a more clinically relevant variable than a purely qualitative result (i.e., presence or absence of a T-cell clone). In addition to TCR-GR 

analyses, other cytogenetic and molecular techniques may have a role in the diagnosis and prognostication of patients with CTCL, and selection of appropriate therapy. As additional clinical, histopathological, immunophenotypic, and genetic information is uncovered, it is envisioned that there will be further revisions to the classification and staging guidelines for CTCL. 
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Chapter 11

Cutaneous Non-MF T-Cell and NK-Cell 

Lymphoproliferative Disorders

Shih-Sung Chuang 

Southern blot analysis (SBA) and polymerase chain reaction (PCR)-based testing for monoclonal T-cell  receptor  gene  rearrangements  (TCR-GRs),  fluorescence  in  situ  hybridization  (FISH)  for t(2;5)(p23;q35), in situ hybridization for Epstein-Barr virus-encoded mRNA (EBER-ISH), and SBA for  human  T-cell  lymphotropic  virus  type  I  (HTLV-I)  provirus  integration  are  the  most  common molecular  techniques  used  for  the  diagnosis  of  primary  cutaneous  non-mycosis  fungoides  (MF) T-cell and natural killer (NK)-cell lymphoproliferative disorders. 

SBA  is  the  gold  standard  for  the  study  of  T-cell  clonality.  However,  this  technology  requires fresh/frozen tissue as substrate, is labor-intensive, and is not widely available in pathology laboratories. It has been largely replaced by PCR-based methods using DNA extracted from formalin-fixed  paraffin-embedded  (FFPE)  tissue  as  template.  PCR  analysis  of  TCR-GRs  employs  either conventional or BIOMED-2 primers [1–5]. The latter were developed by a consortium of European laboratories  in  an  effort  to  provide  standardized  primers/protocols  and  allow  for  comparison  of T-cell clonality studies performed at different centers [2]. In our recent investigation of a series of primary intestinal T-cell lymphomas, we reported that the standardized BIOMED-2 protocols were more sensitive in detecting monoclonal T-cell proliferations than the conventional primer sets [6]. 

Nonetheless, as conventional primers are less expensive and require fewer analysis tubes than the BIOMED-2 protocols, our strategy has been to use the former for initial screening. Those samples showing polyclonal results with these conventional primer sets are then further evaluated using the BIOMED-2 protocols. 

FISH  is  frequently  used  in  the  diagnosis  of  B-cell  non-Hodgkin’s  lymphomas  (NHL).  For example,  the   c-MYC  rearrangement  in  Burkitt  lymphoma  and  t(14;18)  translocation  in  follicular lymphoma can be detected by this method. However, due to the lack of specific chromosomal aberrations in the majority of T-cell NHL, with the possible exception of the t(2;5)(p23;q35) chromosomal translocation in anaplastic large cell lymphoma (ALCL), FISH is rarely used in the routine diagnosis of T-cell lymphoproliferative disorders. The t(2;5)(p23;q35) translocation results in inappropriate expression of NPM-ALK/p80 tyrosine kinase, which is believed to play a central role in the pathogenesis of ALCL. 

EBER-ISH is necessary for the diagnosis of extranodal NK/T-cell lymphomas. The majority of tumor cells are EBER-positive in almost all cases. Owing to improvements in automation, many laboratories now currently perform EBER-ISH using autostainers developed for immunohistochemistry, albeit with modified staining protocols. 
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SBA can also be used to demonstrate the integration of human T-cell lymphotropic virus type I (HTLV-I) provirus in tumor cells of adult T-cell leukemia/lymphoma (ATLL) [7]. 

MF is the prototypic primary cutaneous T-cell lymphoma (CTCL) and accounts for nearly half of all CTCL cases in Western populations [8]. However, non-MF CTCL subtypes are more frequent among  Asians  [9–13].  Importantly,  the  prognosis  for  patients  with  non-MF  CTCL  subtypes  is generally poorer than for those with MF. Table 10.1 summarizes the 2005 WHO-EORTC classification of cutaneous non-MF T-cell and NK-cell neoplasms [8, 14, 15]. In this chapter, the application of molecular techniques to the diagnosis of these lymphoproliferative disorders is discussed. 

Primary Cutaneous CD30-Positive Lymphoproliferative Disorders

Primary cutaneous CD30-positive lymphoproliferative disorders (CD30-positive LPD) are the second most common group of CTCL and include lymphomatoid papulosis (LyP), primary cutaneous anaplastic large cell lymphoma (PC-ALCL), and borderline lesions [8, 16, 17]. These diseases form a continuum with overlapping clinical and histopathological features. LyP is at the clinically benign end of this spectrum and is characterized by a recurrent, self-healing, papulonodular skin eruption. 

In contrast, most cases of PC-ALCL present as a solitary skin nodule or tumor, often with ulceration and without the waxing and waning features of LyP. Borderline lesions are those in which a definitive distinction between LyP and PC-ALCL cannot be made, despite careful clinical–histopathological correlation. 

 Lymphomatoid Papulosis (LyP)

Despite its clinically benign nature, LyP was first shown to be a monoclonal T-cell disorder in 1986  by  Weiss  et  al.  [18].  Using  either  whole  tissue  sections  or  single  CD30-positive  cells, identical dominant T-cell clones can be found in both (1) multiple regressing skin lesions of LyP 

and  (2)  LyP  lesions  and  any  “associated”  primary  CTCL  (such  as  MF  or  PC-ALCL)  that develops, in an individual patient [19–22]. The latter indicates related T-cell lymphoproliferative disorders in such patients, despite distinct clinical and histopathological characteristics. Three microscopic subtypes of LyP (A, B and C) have been described and represent a continuum with overlapping  features  [8,  16,  23,  24].  In  type  A  lesions,  scattered  or  small  clusters  of  CD30-positive large lymphocytes are admixed with numerous inflammatory cells. Type B lesions are uncommon (less than 10% of cases), and are characterized by an epidermotropic infiltration of small atypical CD30-negative cells with cerebriform nuclei similar to MF. Type C lesions are comprised  of  monotonous  or  large  sheets  of  CD30-positive  large  lymphocytes  with  relatively few inflammatory cells. 

A diagnosis of LyP is typically made on the basis of its distinct clinical and histopathological features, and molecular studies add little value. Greisser et al. [25] used a highly sensitive PCR-based automated high-resolution fragment analysis on FFPE tissues, but did not detect monoclonal TCR-GRs in any of the ten type A and B LyP lesions studied. The negative results of their study probably reflected the presence of small numbers of neoplastic cells in both types of lesions that were below the detection threshold of their method. In contrast, using PCR-heteroduplex analysis for TCR-g GRs in FFPE tissues, Zackheim et al. [21] identified monoclonal T-cells in 100% (7/7) of type A LyP cases tested [21]. Evidence of T-cell clonality has been found in up to 50% of type C LyP lesions [25]. 

[image: Image 74]

11  Cutaneous Non-MF T-Cell and NK-Cell Lymphoproliferative Disorders

235

 Primary Cutaneous Anaplastic Large Cell Lymphoma (PC-ALCL)

PC-ALCL is composed of large anaplastic, pleomorphic or immunoblastic lymphocytes, with the majority of cells (>75%) demonstrating CD30 expression. Patients should not have clinical  evidence or a history of MF, thereby excluding large cell transformation in a pre-existing disorder. Systemic ALCL with secondary cutaneous involvement should also be excluded. Studies have shown monoclonal  TCR-GRs  in  ~50–100%  of  PC-ALCL  [25–27]. However,  in  routine  daily  practice,  T-cell clonality studies are usually not required to definitively diagnose this clinical entity. Figure 11.1 

demonstrates a situation where TCR-GR analysis may be useful in certain cases of PC-ALCL. This patient  presented  with  four  concurrent  cutaneous  lesions  on  his  right  big  toe  and  bilateral  heels without lymphadenopathy. The tumor cells in the right big toe and left heel lesions shared the same immunophenotype,  including  CD30-positivity.  Interestingly,  the  cells  in  the  right  big  toe  tumor Fig.  11.1  Primary  cutaneous  anaplastic  large  cell  lymphoma  ( PC-ALCL)  in  an  84-year-old  male.  The  patient presented with four concurrent skin lesions on both lower legs without evidence of lymphadenopathy. (a, c) Indurated, nonulcerated tumor on the right big toe, showing marked nuclear pleomorphism with formation of multinucleated giant cells. (b, d) Two ulcerated nodules on the left heel, with relatively monomorphous tumor cells. Tumor cells in both specimens showed identical phenotypes by immunohistochemistry (coexpression of CD4 and CD30, with loss of CD7 [data not shown]). (e) Gel electrophoresis of PCR amplicons using conventional TCR-g gene primers demonstrated the same monoclonal T-cell pattern in both tumors. This supports the same clonal origin, despite the variable histopathological features.  N negative control,  M 25 bp size marker with the most intense band at 125 bp,  P 

positive control. The patient underwent local radiotherapy and achieved complete resolution of all the skin lesions within 5 months

[image: Image 75]
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were  highly  pleomorphic,  while  those  in  the  left  heel  lesion  were  relatively  monomorphous  in appearance.  TCR-GR  analysis  confirmed  that  both  tumors  were  of  the  same  monoclonal  T-cell origin, despite different histopathological features. 

Systemic ALCL may occasionally involve the skin and should be differentiated from primary cutaneous  CD30-positive  LPD.  The  clonal  origin  of  synchronous  or  metachronous  nodal  and cutaneous  tumors  may  be  resolved  by  TCR-GR-based  studies,  and  if  necessary,  cloning  and sequencing of PCR products [28–30]. If both tumors are of the same clonal origin, the resultant amplicons should be of the same size and sequence. TCR-GR analysis may be a challenge if the systemic ALCL is an unusual microscopic variant, such as the lymphohistiocytic subtype, in which the tumor cells are scant and inadequate for accurate T-cell clonality analysis [31]. Figure 11.2 

illustrates such a case in which a young woman developed concurrent lymph node and cutaneous lesions. The skin findings included multiple, nontender, nonitching, erythematous papules on the neck,  chest,  and  abdomen.  Using  a  dual-color,  break-apart  probe  directed  at  the   ALK  gene  for locus-specific FISH, we demonstrated  ALK gene rearrangements in both the nodal and cutaneous lesions. Our results confirmed that the skin findings represented secondary cutaneous involvement by systemic ALCL rather than a primary CTCL. Unlike their systemic counterparts, PC-ALCL 

does not carry translocations involving the  ALK gene on chromosome 2. 

Fig.  11.2  Secondary  cutaneous  involvement  by  nodal  lymphohistiocytic  variant  of  systemic  anaplastic  large  cell lymphoma ( ALCL) in a 30-year-old woman. The lymph node was diffusely infiltrated by numerous histiocytes and a lesser population of medium-sized atypical lymphocytes expressing CD30 and ALK protein (not shown). (a, b) The skin biopsy showed a perivascular and perifollicular infiltrate of numerous histiocytes and scant tumor cells. 

(c) Immunohistochemistry demonstrated scattered ALK-positive tumor cells. (d) FISH using dual-color, break-apart rearrangement probes for the  ALK gene identified one fused (normal) signal and two split (one  green and one  orange) signals, indicating translocation involving one  ALK gene ( arrow) (From Chuang et al. [31]. Reprinted with permission from Elsevier, Copyright © 2009)
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Primary Cutaneous Extranodal NK/T-Cell Lymphoma, Nasal Type

Primary cutaneous extranodal NK/T-cell lymphoma, nasal type (PC-NKTCL) is a very aggressive hematopoietic  neoplasm.  While  most  cases  are  of  natural  killer  (NK)-cell  origin,  rare  examples show T-cell lineage. The tumor cells usually express cytoplasmic CD3, cytotoxic markers [T-cell intracellular antigen-1 (TIA-1), granzyme B, and perforin], and the NK-cell marker CD56. Most importantly,  the  tumor  cells  are  positive  for  Epstein-Barr  virus-encoded  mRNA  (EBER).  The majority of cases show germline TCR genes indicating a true NK-cell origin. Rarely, monoclonal TCR-GRs  are  found  as  a  function  of  T-cell  lineage.  Hemophagocytosis  and/or  hemophagocytic syndrome/hemophagocytic lymphohistiocytosis (HLH) may occur at presentation or during disease course, as shown in Fig. 11.3. In a recent study, we found that PC-NKTCL is one of the most common forms of primary CTCL in Taiwan, and is associated with a poorer prognosis compared to other subtypes [13]. 

Subcutaneous Panniculitis-like  a  / b (Alpha/Beta) T-Cell Lymphoma Subcutaneous  panniculitis-like  a/b  T-cell  lymphoma  (SPTCL)  was  first  reported  in  1991  by Gonzalez et al. [32]. In their initial description, tumors were composed of small and large atypical lymphocytes that rimmed subcutaneous adipocytes, simulating a panniculitis. An association with HLH and an aggressive clinical course were seen [32]. Monoclonal T-cells were detected in one of three cases studied for TCR-b GRs [32]. More recent studies have shown that SPTCL is comprised of two distinct entities: (1) cases with a TCR-a/b phenotype, a lower rate of HLH, and a much better prognosis;  and  (2)  cases  with  a  TCR-g/d  phenotype,  a  higher  frequency  of  HLH,  and  a  poorer Fig.  11.3  Primary  cutaneous  extranodal  NK/T-cell  lymphoma,  nasal  type,  on  the  left  lower  leg  of  a  26-year-old woman. (a) Skin biopsy showed a diffuse lymphocytic infiltration involving dermis and subcutaneous fat with sparing of the overlying epidermis, and an incidental epidermal inclusion cyst. No angioinvasion or tumor necrosis was identified. (b) Subcutaneous infiltration by atypical small- to medium-sized lymphocytes with irregular nuclear contours and a mitotic figure was noted ( arrow). (c) Tumor cells universally expressed CD56. (d) In situ hybridization for Epstein-Barr virus-encoded mRNA (EBER-ISH) was positive in the majority of tumor cells. Polyclonal TCR-g GRs were detected using conventional primers (data not shown). The patient’s skin disease was refractory to chemotherapy, and she developed a relapse on her lip and bone marrow involvement with hemophagocytic lymphohistiocytosis. 

(e) A neoplastic lymphocyte and (f) a benign histiocyte showing hemophagocytosis in the bone marrow aspirate
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prognosis [33–35]. In the 2005 WHO-EORTC classification, SPTCL is reserved for those examples with the a/b phenotype, while tumors with the g/d phenotype are reclassified as primary cutaneous g/d T-cell lymphoma (PC-GDTCL) [8]. 

Rimming of adipocytes by lymphocytes is not specific for SPTCL or indeed malignancy. This histopathological  feature  may  be  seen  in  other  CTCL  subtypes,  in  addition  to  lesions  of  lupus erythematosus panniculitis (lupus profundus) and cytophagic histiocytic panniculitis. Therefore, the latter reactive entities can be microscopic mimics of SPTCL and a distinction requires the integration of clinical features, serological data, and TCR-GR clonality studies [36–38]. Monoclonal TCR-GRs are  detected  in  the  majority  of  SPTCL  cases  [34,  35,  39],  in  contrast  to  lupus  erythematosus panniculitis and cytophagic histiocytic panniculitis which show polyclonal results [36–38]. 

Primary Cutaneous Peripheral T-Cell Lymphomas, Rare Subtypes

Peripheral T-cell lymphomas (PTCL) involve the skin either as primary lesions or secondary manifestations of systemic disease. Three provisional entities of primary cutaneous non-MF T-cell lymphomas  are  defined  in  the  2005  WHO-EORTC  classification:  (1)  primary  cutaneous  gd  T-cell lymphoma (PC-GDTCL); (2) primary cutaneous CD8-positive aggressive epidermotropic cytotoxic T-cell  lymphoma  (PC-CD8TCL);  and  (3)  primary  cutaneous  CD4-positive  small/medium-sized pleomorphic T-cell lymphoma (PC-CD4TCL) [8]. The remaining rare cases of non-MF CTCL that do not fit neatly into the above categories are classified as peripheral T-cell lymphoma, not otherwise specified (PTCL, NOS). 

There are only a few clonality-based studies on these uncommon entities and T-cell monoclonality detection rates seem to differ among subtypes. Due to the rarity of these tumors, authors of early studies usually combined cases of each entity together for analysis, with only very recent publications dealing with each specific subtype. 

 Primary Cutaneous g  / d T-Cell Lymphoma

PC-GDTCL  is  a  group  of  primary  CTCL  of  g/d  T-cells  with  a  cytotoxic  phenotype,  and  now includes the g/d variant of SPTCL [40]. Three histopathological patterns (epidermotropic, dermal, and subcutaneous) may be present within a single biopsy specimen or different specimens from the same patient. The vast majority of cases analyzed show monoclonal TCR-GRs, except in one series where monoclonal T-cell expansion was detected in only 50% (4/8) of cases studied [34, 41, 42]. 

 Primary Cutaneous CD8-Positive Aggressive Epidermotropic Cytotoxic  

 T-Cell Lymphoma

PC-CD8TCL  is  a  very  rare  subtype  of  CTCL,  usually  characterized  by  generalized  skin  lesions composed  of  a  proliferation  of  small/medium  or  large  pleomorphic  cytotoxic  T-cells  showing marked epidermotropism. An aggressive clinical course is typical (median survival of 32 months). 

To  date,  there  are  only  approximately  twenty  cases  reported  in  the  scientific  literature.  In  most studies, almost all cases tested for TCR-GRs were found to be monoclonal and had poor outcomes 

[43–47].  However,  in  one  study,  only  one  of  five  cases  showed  T-cell  monoclonality  [34].  The reason for the discrepancy in monoclonal TCR-GR detection rates between studies is unknown. 

[image: Image 77]

11  Cutaneous Non-MF T-Cell and NK-Cell Lymphoproliferative Disorders

239

One possible cause may be a lower sensitivity of the conventional TCR-g gene primers used in the latter study, rather than the more sensitive and extensive BIOMED-2 primer sets. In another report, all five epidermotropic CD8-positive primary CTCL analyzed were polyclonal for TCR-GRs [48]. 

Four of these patients showed spontaneous regression of their lesions, while the remaining patient, who initially also had lymph node involvement, died of disease dissemination within 20 months of diagnosis [48]. The high rate of spontaneous regression and good prognosis in this Japanese study by Hagiwara et al. [48] are at variance with the poor prognosis of previously reported PC-CD8TCL 

cases  [43–47].  This  suggests  that  either  the  former  represent  a  subtype  of  CTCL  distinct  from PC-CD8TCL or that a wider spectrum of clinical behavior exists for PC-CD8TCL. 

 Primary Cutaneous CD4-Positive Small/Medium-Sized Pleomorphic  

 T-Cell Lymphoma

PC-CD4TCL  are  comprised  of  predominantly  small-  to  medium-sized  neoplastic  T-cells  with  a minor  population  of  large  lymphocytes  (<30%),  usually  admixed  with  numerous  reactive  cells, including B-cells, histiocytes, plasma cells, and sometimes eosinophils [49, 50]. Figure 11.4 illustrates a typical case with a demonstrable monoclonal TCR-g GR. Detection rates of T-cell monoclonality in PC-CD4TCL are high. In 1995, Friedmann et al. [51] reported a series of 11 primary Fig. 11.4  Indolent but recurrent primary cutaneous CD4-positive small/medium-sized pleomorphic T-cell lymphoma in a 43-year-old man. (a) Biopsy from a recurrent preauricular skin lesion showed a diffuse proliferation of small lymphoid cells with slightly irregular nuclei. The lymphoid cells expressed CD3 (b) and CD4 (c), but were negative for  CD8  (not  shown).  (d)  Monoclonal  result  with  polymerase  chain  reaction-based  analysis  of  TCR-g  GRs  using BIOMED-2  Vgfl  and  Vg10  primers.  Top  panel,  monoclonal  control;  middle  panel,  polyclonal  control;  and   lower panel, patient sample (Courtesy of Dr. Siok-Bian Ng, Department of Pathology, National University Health System, Singapore)
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cutaneous pleomorphic small T-cell lymphomas. Most of these cases were CD4-positive, and all nine cases tested for TCR-g GRs were found to be monoclonal. In a separate Mayo Clinic study, all 15 cases of PC-CD4TCL showed T-cell monoclonality [52]. In two recent Spanish studies, a dominant T-cell clone was detected in 14 of 16 and 15 of 17 cases, using the BIOMED-2 protocols for TCR-b and TCR-g GRs, respectively [50, 53]. Grogg et al. [52] noted that the tumor cells in these lesions are often small with only mild-to-moderate cytologic atypia. Furthermore, immunophenotypic aberrancy is rare [52], although a high frequency of CD7 loss was reported by Garcia-Herrera et al. [50]. Therefore, the differentiation of this entity from lesions with reactive T-cell infiltrates (i.e.,  T-cell  pseudolymphomas)  relies  heavily  on  the  demonstration  of  T-cell  monoclonality. 

However, it is important to note that results of T-cell clonality studies should be interpreted in the context of clinical, histopathological, and immunophenotypic features, as reactive conditions may, on occasion, show monoclonal TCR-GR results [8, 14, 50, 52, 54, 55]. 

 Primary Cutaneous Peripheral T-Cell Lymphoma, Not Otherwise Specified

Rare examples of primary CTCL that do not fit into the above subgroups are classified as PTCL, NOS. 

This is a poorly defined and rare category, and more cases are needed for a better understanding of these lesions. Figure 11.5 illustrates a case of primary cutaneous PTCL, NOS. The lesion was initially diagnosed as PC-NKTCL based on the expression of CD2, CD3, granzyme B, and diffuse EBER-positivity,  although  CD56  was  negative.  Additional  immunohistochemical  stains  revealed that the tumor cells expressed other T-cell lineage markers. Furthermore, a monoclonal T-cell population was identified by TCR-g GR analysis. According to the 2005 WHO-EORTC classification of cutaneous lymphomas [8], this case might be classified either as a PC-NKTCL (of T-cell lineage) or a primary cutaneous (Epstein-Barr virus-positive cytotoxic) PTCL, NOS, which was favored. 

Fig. 11.5  Primary cutaneous peripheral T-cell lymphoma, not otherwise specified (PTCL, NOS) on the right thigh of a 78-year-old woman. (a) Lymphocytic infiltration of the dermis and superficial subcutaneous tissue with a predilection for skin adnexae. (b, c) The atypical lymphocytes were medium-sized with marked nuclear pleomorphism and frequent  mitotic  figures,  but  without  epidermotropism.  The  tumor  phenotype  was  CD2+  CD3+  CD4−  CD5+  CD7+ 

CD8+ CD16+ CD20− CD30− CD56− CD57− TIA-1+ granzyme B+ and beta F1− (not shown). (d, e) Tumor cells were diffusely positive for Epstein-Barr virus-encoded mRNA by in situ hybridization (EBER-ISH). (f ) T-cell lineage was indicated by monoclonal result on gel electrophoresis of PCR amplicons, generated using conventional TCR-g gene primers.  N negative control,  P positive control,  M 25 bp size marker with the most intense band at 125 bp. The patient showed progressive disease, despite combination chemotherapy, and died within 4 months

[image: Image 79]
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Adult T-Cell Leukemia/Lymphoma

Adult  T-cell  leukemia/lymphoma  (ATLL)  is  a  hematopoietic  neoplasm  caused  by  human  T-cell lymphotropic virus type I (HTLV-I) infection, which is endemic in southwestern Japan, the Caribbean Basin, and parts of central Africa [56]. Most HTLV-I-infected individuals remain asymptomatic, but 1–5%  of  carriers  have  a  lifelong  risk  of  ATLL  development.  ATLL  is  characterized  by  a  broad spectrum of cytologic features varying from small, medium, and large tumors cells, to most commonly,  anaplastic  cells  with  polylobated  nuclei  (so-called  “floral  cells”  in  the  peripheral  blood). 

Skin lesions are seen in more than 50% of patients with ATLL. Epidermal infiltration with Pautrier-like microabscesses is common. Dermal infiltration typically shows a perivascular distribution, with extension into the subcutaneous fat in some cases. Figure 11.6 illustrates a case of ATLL with cutaneous involvement. The Japanese Lymphoma Study Group has defined four clinical variants of this disease:  (1)  acute,  (2)  lymphomatous,  (3)  chronic,  and  (4)  smoldering  [57]. Patients  in  the smoldering  phase  usually  present  with  skin  lesions,  but  without  lymphocytosis,  hypercalcemia, lymphadenopathy,  or  hepatosplenomegaly.  In  contrast,  patients  with  chronic  phase  disease  show Fig. 11.6  Adult T-cell leukemia/lymphoma (ATLL) in a 68-year-old Japanese man. (a) Multiple cutaneous nodules, some with central ulceration, on the neck. (b) Extensive lymphomatous infiltration in the epidermis and dermis. 

(c) Pleomorphic tumor cells forming Pautrier-like microabscesses in the epidermis. (d) Southern blot analysis, using HTLV-I probe and digestion with  Eco RI (E) and  Pst I (P) restriction enzymes, demonstrates monoclonal integration pattern for HTLV-I provirus (one distinct band >9 kb) in the patient’s tumor cells ( arrow).  M size marker,  Lane 1 

positive control,  Lane 2 negative control,  Lane 3 patient sample (Courtesy of Prof. Koichi Ohshima, Department of Pathology, School of Medicine, Kurume University, Kurume, Japan)
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lymphocytosis with mild lymphadenopathy and/or hepatosplenomegaly without hypercalcemia. 

In patients with ATLL and cutaneous lesions, a poorer prognosis is associated with clinical evidence of  papulonodular  disease  than  with  generalized  erythroderma.  The  prognosis  is  also  worse  for patients with histopathological evidence of nodular or diffuse infiltration of medium- to large-sized tumor cells in the skin, compared with those showing perivascular infiltration of small- to medium-sized cells [58]. ATLL may initially present as a skin-limited disorder. Cutaneous-type ATLL without the development of leukemic change or visceral organ involvement for many years has been described [58–61]. 

For  the  majority  of  individuals  infected  with  HTLV-I,  the  clonality  of  T-cells  with  respect  to proviral DNA integration varies from undetectable to polyclonal. In a small proportion of patients, monoclonal integration is associated with malignant transformation, namely, ATLL. The diagnosis of ATLL is based on seropositivity for HTLV-I infection, and histopathologically and/or cytologically proven PTCL of helper T-cell phenotype. A recent international consensus meeting on ATLL 

recommended molecular analysis for HTLV-I integration in all suspected ATLL cases [62]. In all types of ATLL, the tumor cells show monoclonal integration of HTLV-I proviral DNA. Using SBA for the detection of HTLV-I proviral integration, the cellular DNA is digested with both  Eco RI and Pst I endonucleases (restriction enzymes). There is no cleavage site in the “normal” HTLV-I proviral genome for  Eco RI. Therefore, when the DNA is digested by  Eco RI, most cases (93%) of ATLL with monoclonal HTLV-I integration show one distinct band >9 kb (i.e., ordinary/complete pattern), as illustrated in Fig. 11.6. Digestion with  Pst I shows one or more clear bands containing viral-cellular DNA, in addition to the three internal fragments of 2.5, 1.8, and 1.2 kb. Importantly, extraordinary integration patterns (i.e., (1) defective type: one or two bands <9 kb and (2) multiple type: two or more bands >9 kb), following DNA digestion with  Eco RI, can be observed in a minority of cases 

[63–65]. The detection of bands that are <9 kb results from the presence of an  Eco RI cleavage site within a “defective” HTLV-I proviral genome. Of note, the presence of extraordinary integration patterns in patients with ATLL is associated with distinct clinical–histopathological subtypes and prognosis [63–65]. 

For  patients  from  endemic  areas,  it  is  important  to  note  that  HTLV-I  carriers  (those  with seropositivity for anti-HTLV antibody) may also develop PTCL unrelated to this virus. SBA for tumoral  HTLV-I  proviral  integration  can  help  to  differentiate  these  PTCL  subtypes  from  true ATLL.  This  distinction  is  of  important  clinical  significance.  The  outcome  for  patients  with ATLL is poor, while individuals with HTLV-I-unrelated PTCL show intermediate prognosis [7]. 

In nonendemic areas (such as Taiwan), rare patients with PTCL can also have seropositivity for anti-HTLV  antibody,  again  raising  the  differential  of  either  HTLV-I-related  ATLL  or  PTCL 

developing  in  incidental  HTLV-I  carriers.  SBA  for  integrated  provirus  is  mandatory  for  such patients. For example, the author has experience with a case of angioimmunoblastic T-cell lymphoma (AITL) in a Taiwanese lady who was seropositive for HTLV-I. Interestingly, there is a rare morphologic variant of ATLL with features of AITL, which includes proliferation of high-endothelial  venules,  a  polymorphous  lymphoid  infiltrate,  and  medium-sized  neoplastic  cells with clear cytoplasm [65]. SBA showed that there was no proviral integration in the tumor cells, indicating this case was an example of AITL developing in an incidental HTLV-I carrier rather than an AITL-like ATLL [66]. As mentioned previously, the prototypic neoplastic cell in ATLL 

is a leukemic cell with a highly polylobated nucleus. The author has encountered a patient with a mature helper T-cell leukemia without lymphadenopathy. The leukemic cells were small but nonlobated. However, the patient’s serum was positive for anti-HTLV. SBA confirmed integration of HTLV-I proviral DNA in the leukemic cells, indicating that in nonendemic areas, ATLL 

may present with atypical morphology (i.e., nonfloral leukemic cells). Interestingly, an extraordinary integration pattern of HTLV-I proviral DNA (i.e., single band of <9 kb) was found in this particular case [67]. 
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Chapter 12

Cutaneous B-Cell Lymphomas

Antonio Subtil 

Cutaneous  lymphoproliferative  disorders  are  a  markedly  heterogeneous  group  of  diseases  and represent one of the most challenging areas in dermatopathology. Careful correlation of clinical, histopathological, immunophenotypic, and molecular findings is essential for the accurate  diagnosis and proper classification of these neoplasms [1]. There are several types of B-cell  lymphoma which may show skin involvement, either primarily or as a secondary manifestation [2, 3]. While the vast majority of nodal/systemic lymphomas are of B-cell lineage [4, 5], primary cutaneous B-cell neoplasms represent only a minority of all primary cutaneous lymphomas [2, 3]. Primary cutaneous lymphomas often demonstrate different clinical behaviors, prognoses, and responses to therapy as compared with systemic/nodal lesions of similar lineage with secondary skin involvement [2, 3]. 

This is particularly true for cutaneous B-cell lymphomas [2, 3]. Appropriate staging at the time of diagnosis is necessary for accurate classification of a neoplastic lymphocytic infiltrate in the skin 

[2, 3]. 

Advances in immunology, immunohistochemistry, and molecular biology continually enhance our understanding of cutaneous lymphomas. As a result, classification schemes for these disorders have  frequently  changed  over  time  [2–4].  Recent  consensus  efforts  have  resulted  in  the  2005 

WHO-EORTC  classification  for  cutaneous  lymphomas  (Table  10.1)  [2],  and  the  2008  WHO 

Classification  of  Tumors  of  Hematopoietic  and  Lymphoid  Tissues  [4].  Table  12.1  outlines  the WHO classification of mature B-cell neoplasms. 

Molecular Analysis of B-Cell Neoplasms

 B-Cell Antigen Receptor Gene Rearrangements

The proper function of most lymphocytes in adaptive immunity is dependent upon the presence and interactions of surface antigen receptors, which are composed of multi-subunit glycoprotein molecules [6]. The antigen receptors in B-cells are immunoglobulins (Ig). The genes encoding Ig include a  heavy  chain  ( IGH)  gene  (14q32),  kappa  light  chain  gene  (2p12),  and  lambda  light  chain  gene (22q11). These genes normally rearrange in B-cells, with multiple possible combinations leading to both diversity and specificity in the recognition of a large number of different antigens [6]. 
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Table 12.1  WHO 2008 classification of tumors of hematopoietic and lymphoid tissues – mature B-cell neoplasms [4]

Chronic lymphocytic leukemia/small lymphocytic lymphoma

B-cell prolymphocytic leukemia

Splenic B-cell marginal zone lymphoma

Hairy cell leukemia

Splenic B-cell lymphoma/leukemia, unclassifiable

Splenic diffuse red pulp small B-cell lymphoma

Hairy cell leukemia-variant

Lymphoplasmacytic lymphoma/Waldenström macroglobulinemia

Heavy chain diseases (Alpha heavy chain disease, Gamma heavy chain disease, Mu heavy chain disease) Plasma cell myeloma

Solitary plasmacytoma of bone

Extraosseous plasmacytoma

Extranodal marginal zone lymphoma of mucosa-associated lymphoid tissue (MALT lymphoma) Nodal marginal zone lymphoma

Pediatric nodal marginal zone lymphoma

Follicular lymphoma

Pediatric follicular lymphoma

Primary cutaneous follicle center lymphoma

Mantle cell lymphoma

Diffuse large B-cell lymphoma, NOS

T-cell/histiocyte-rich large B-cell lymphoma

Primary diffuse large B-cell lymphoma of the CNS

Primary cutaneous diffuse large B-cell lymphoma, leg type

EBV-positive diffuse large B-cell lymphoma of the elderly

Diffuse large B-cell lymphoma associated with chronic inflammation

Lymphomatoid granulomatosis

Primary mediastinal (thymic) large B-cell lymphoma

Intravascular large B-cell lymphoma

ALK-positive large B-cell lymphoma

Plasmablastic lymphoma

Large B-cell lymphoma arising in HHV8-associated multicentric Castleman disease Primary effusion lymphoma

Burkitt lymphoma

B-cell lymphoma, unclassifiable, with features intermediate between diffuse large B-cell lymphoma and Burkitt lymphoma

B-cell lymphoma, unclassifiable, with features intermediate between diffuse large B-cell lymphoma and classical Hodgkin lymphoma

During  physiological  B-cell  maturation,  the  Ig  genes  undergo  rearrangements  and  different segments of the genes are spliced out to produce a unique coding sequence composed of variable (V),  joining  (J),  constant  (C),  and,  in  the  case  of   IGH,  diversity  (D)  regions  (Fig. 12.1).  The sequence of Ig gene rearrangement is as follows: (a) an  IGH D segment is joined with an  IGH J 

segment; (b) the DJ segment is then combined with a V segment to create a VDJ sequence (encoding the variable antigen recognition portion of the IGH molecule); (c) subsequent splicing of the C 

segment leads to the  IGH gene rearrangement product VDJC; and (d) RNA transcription, mRNA processing, and translation lead to the formation of the heavy chain protein, which associates with the final product of VJC rearrangement of either kappa or lambda light chain genes to form the complete Ig. Additional Ig repertoire diversity is achieved by nucleotide losses and/or additions via terminal deoxynucleotidyl transferase (TdT) activity, somatic hypermutation, and antigen affinity maturation in follicular germinal center B-cells [7, 8]. 
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Fig. 12.1  Rearrangement of immunoglobulin heavy chain ( IGH) gene. An  IGH diversity (D) segment is initially combined with a joining (J) segment. The DJ segment is then joined with a variable (V) segment to create a VDJ 

sequence, which encodes the variable antigen recognition portion of the IGH molecule. Subsequent splicing of the C 

(constant) segment leads to the  IGH gene rearrangement product VDJC. RNA transcription, mRNA processing and translation,  results  in  the  formation  of  the  heavy  chain  protein,  which  associates  with  the  final  product  of  VJC 

rearrangement of either kappa or lambda light chain genes to form the complete Ig The antigen receptor gene rearrangement process does not always produce a functional product. 

If the first  IGH gene rearrangement is nonfunctional, a second attempt at rearrangement can occur with the other  IGH allele. Therefore, a given B-cell may have two  IGH gene rearrangements, only one of which is functional. After successful  IGH rearrangement, a similar sequence occurs within the kappa light chain genes. Lambda light chain gene rearrangement takes place only if both kappa genes fail to produce a functional product. B-cells with unsuccessful rearrangement of Ig genes are usually eliminated via apoptosis [7]. 

 Molecular Technologies

The molecular evaluation of B-cell neoplasms generally encompasses two strategies: (a) identification  of  homogeneity  (monoclonality)  versus  heterogeneity  (polyclonality)  of  Ig  gene  rearrangements  (Fig. 12.2);  and/or  (b)  detection  of  the  presence  or  absence  of  certain  pathological chromosomal abnormalities and translocations. These qualitative and quantitative techniques may be useful in the differential diagnosis of neoplastic versus reactive lymphocytic infiltrates, as well as in their classification through the identification of specific genetic aberrations [2, 4]. 

There are a number of different molecular technologies that can be utilized for the diagnosis of cutaneous  B-cell  infiltrates,  including  Southern  blot  analysis  (SBA),  polymerase  chain  reaction (PCR), and in situ hybridization (ISH). Each methodology is associated with distinct advantages and disadvantages, and variable degrees of applicability depending on the molecular target of interest.  These  technologies  are  discussed  in  more  detail  in  Chap.  3. SBA  was  the  first  widely  used method to evaluate Ig gene rearrangements [7]. Despite being considered the gold standard for the molecular detection of lymphocyte clonality, most laboratories have now discontinued SBA because it is very labor intensive, expensive, and takes several days to complete [8]. PCR-based testing is a faster, more automated and cheaper alternative, and has now become the main methodology used in 
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Fig.  12.2  Capillary  electrophoresis  of  PCR  amplicons  of  rearranged  immunoglobulin  heavy  chain  ( IGH)  gene, demonstrating polyclonal (a) and monoclonal (b) patterns

molecular  laboratories.  There  are  four  conserved  framework  regions  (FR)  that  provide  reliable targets for  IGH consensus primers for PCR amplification: three within VH (FR 1, 2, and 3) and one in JH. These FR are interspersed with three rearrangement-prone regions, called complementarity determining regions (CDR) [8]. FR1-JH primers generate products as large as 400 base pairs (bp), while FR2-JH products range from 200 to 300 bp, and FR3-JH products from 70 to 170 bp [8–10]. 

ISH is another technique that can be used to determine kappa and lambda Ig light chain expression in  the  cytoplasm  of  plasma  cells  on  formalin-fixed  paraffin-embedded  (FFPE)  tissue  sections (Fig. 12.3) [11]. In addition, fluorescence in situ hybridization (FISH) is a very useful method for detection  of  specific  genomic  aberrations,  including  numerical  chromosomal  abnormalities  and structural changes, such as translocations [7]. 
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Fig. 12.3  Primary cutaneous marginal zone B-cell lymphoma. (a) Nodular, nonepidermotropic dermal infiltrate. 

(b) The infiltrate is composed of small lymphocytes, lymphoplasmacytoid cells, and plasma cells. (c) Expression of CD3 by a small subset of reactive T-cells. (d) Expression of CD79a by neoplastic B-cells and plasma cells. Detection of monotypic immunoglobulin (Ig) lambda light chain expression: kappa (e) and lambda (f)

 Interpretation of Molecular Results

Clinical–histopathological correlation is necessary for accurate diagnosis and proper classification of cutaneous lymphoproliferative disorders [2, 3]. The results of molecular genetic studies should not be interpreted in isolation, and their significance must always be determined in relation to the other findings. Careful integration of all of the available data is critical to help prevent erroneous conclusions and adverse clinical consequences. Pitfalls do exist in the interpretation of molecular results in this setting, and include both false-positives and false-negatives [7]. 

The demonstration of a monoclonal B-cell population is very useful in the appropriate clinical–

histopathological context. However, it is important to be aware that a monoclonal Ig gene rearrangement  by  itself  does  not  establish  a  diagnosis  of  B-cell  lymphoma,  since  it  may  also  be 
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detected in benign cutaneous lymphoid hyperplasia [12]. Nihal et al. [12] identified monoclonal IGH gene  rearrangements in 14 out of 44 cases (32%) of cutaneous reactive lymphoid hyperplasia. 

In addition, a monoclonal Ig gene rearrangement does not necessarily establish a B-cell lineage, since  it  may  occasionally  be  identified  in  acute  myeloid  leukemia  [4]  and  T-cell  lymphoblastic lymphoma [13]. Lineage infidelity appears to be relatively uncommon, but must be considered in order  to  avoid  an  incorrect  interpretation  concerning  the  derivation  of  an  atypical  lymphocytic infiltrate [7]. Furthermore, other genetic abnormalities associated with B-cell lymphoma have been occasionally described in normal individuals without lymphoma, such as the t(14;18)  IGH/ BCL2 

translocation [14]. 

The  sensitivity  of  molecular  tests  is  not  100%  [4]. The  possibility  of  a  false-negative  result should always be considered, and correlated with the clinical and histopathological findings. Several factors  can  cause  diminished  sensitivity,  including  poor  specimen  quality  and  variable  fixation protocols. Of note, the sensitivity of PCR for  IGH gene rearrangements in FFPE tissue is reduced compared  with  fresh  tissue,  and  may  be  as  low  as  40–60%  [7]. Another  potential  cause  of false-negative  IGH PCR is failure of primer annealing. This may be due to alterations in the DNA sequence (that is amplified using the primer), as a result of somatic hypermutation in postgerminal center B-cells and/or the occurrence of unusual or complex gene rearrangements that may “escape” 

the most commonly used primers [7]. 

Cutaneous B-Cell Lymphomas

Primary cutaneous B-cell lymphomas are a heterogeneous group of disorders and are defined as neoplastic B-cell infiltrates that are present in the skin without evidence of extracutaneous disease at  the  time  of  diagnosis  [2]. The  6-month  time-frame  previously  required  to  confirm  absence  of systemic involvement for primary cutaneous classification is no longer used [2–4]. Primary cutaneous B-cell lymphomas may be subdivided, according to clinical behavior, into indolent (primary cutaneous marginal zone B-cell lymphoma and primary cutaneous follicle center lymphoma) and intermediate  (primary  cutaneous  diffuse  large  B-cell  lymphoma,  leg  type  and  other)  groups (Table 12.2). 

The main focus of this chapter is on primary cutaneous B-cell lymphomas. Of course, B-cell lymphomas of systemic origin may also involve the skin secondarily. Some of these latter entities are covered briefly at the end of the chapter. 

 Primary Cutaneous Marginal Zone B-Cell Lymphoma

Primary cutaneous marginal zone B-cell lymphoma (PCMZL) is a very indolent extranodal B-cell lymphoma composed of a morphologically heterogeneous mononuclear infiltrate of small lymphocytes  with  a  variable  plasma  cell  component  [2,  15]. Most  cases  of  apparent  primary  cutaneous plasmacytoma are actually examples of PCMZL with prominent plasma cell differentiation [2, 16]. 

In the WHO 2008 classification, PCMZL has been included in the category of extranodal marginal zone lymphoma of mucosa-associated lymphoid tissue (MALT lymphoma) [4]. The prognosis of PCMZL is excellent, with a disease-specific 5-year survival of 99% (Table 12.2) [2]. 

The  typical  clinical  presentation  consists  of  red  to  violaceous  papules,  plaques  and/or  nodules located on the trunk or arms. In contrast with primary cutaneous follicle center lymphoma (PCFCL), the presence of multifocal skin lesions is common in PCMZL. Dissemination to extracutaneous sites is very rare, but recurrences in the skin may be observed [2]. An association with  Borrelia burgdorferi 
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Table 12.2  Relative frequencies and disease-specific 5-year survivals of primary cutaneous B-cell lymphomas Frequency 

(among 

primary 

Frequency (among  

cutaneous 

Number of cases 

all primary cutaneous 

B-cell 

Disease-specific  

(out of 1,905 

lymphomas)  

lymphomas) 

5-year survival 

Subtype

patients)

(%)

(%)

(%)

Marginal zone 

127

7

30

99

B-cell 

lymphoma

Follicle center 

207

11

48

95

lymphoma

Diffuse large B-cell 

85

4

20

55

lymphoma, leg 

type

Diffuse large B-cell 

4

<1

~1

50

lymphoma, other

Intravascular large 

6

<1

~1

65

B-cell lymphoma

 Data  source:  1,905  patients  with  a  primary  cutaneous  lymphoma  registered  at  the  Dutch  and  Austrian Cutaneous Lymphoma Group between 1986 and 2002 [2]

infection has been reported in some European countries; however, this may be a regional  phenomenon, since a similar association is not identified in other geographical locations [2, 17]. 

The histopathology of PCMZL consists of variably dense, nodular to diffuse, nonepidermotropic lymphocytic infiltrates centered in the dermis (Fig. 12.3). There is an admixture of small lymphocytes, marginal zone B-cells, lymphoplasmacytoid cells, plasma cells, and small reactive T-cells; the proportion of each of these components is variable. Plasma cells are often located at the periphery of  the  nodular  aggregates  and  in  the  superficial  dermis  [2].  Reactive  (non-neoplastic)  lymphoid follicles with germinal centers are often present, and may lead to diagnostic confusion with PCFCL 

[18, 19]. In addition, the heterogeneity of the cellular infiltrates of PCMZL may cause diagnostic confusion with cutaneous reactive lymphoid hyperplasia [16]. 

The neoplastic B-cells of PCMZL demonstrate CD20, CD79a, and BCL2 protein immunoreactivity. Expression of CD5, CD10, or BCL6 by neoplastic cells is not observed, although associated reactive germinal centers are CD10/BCL6-positive and BCL2 protein-negative. Unlike other cutaneous  B-cell  lymphomas,  monotypic  Ig  light  chain  expression  is  easily  demonstrable  on  FFPE 

sections in the vast majority of cases (Fig.  12.3) [2]. The postulated cell of origin is a postgerminal center, marginal zone B-cell [4]. 

A monoclonal  IGH gene rearrangement is detected in ~75–80% of PCMZL cases [2, 16, 20]. 

B-cell monoclonality can be demonstrated in FFPE specimens with significant sensitivity (85%) and high specificity (96%) using BIOMED-2 PCR protocols and primer sets [20]. The frequency at which chromosomal translocations and trisomies occur in extranodal marginal zone lymphomas of mucosa-associated lymphoid tissue (MALT lymphoma) varies significantly with the primary site (Table 12.3) [4]. Similar to tumors at other extranodal sites, PCMZL shows a generally low frequency of several abnormalities, including t(11;18)(q21;q21)  API2/MALT1, t(14;18)(q32;q21)  IGH/

 MALT1, t(3;14)(p14.1;q32)  FOXP1/IGH, trisomy 3, and trisomy 18 [4]. The translocation t(1;14) (p22;q32)  BCL10/IGH does not appear to be a significant abnormality in PCMZL [4]. The t(11;18) translocation involving  API2 and  MALT1 results in the production of a chimeric protein and has been associated with resistance to  Helicobacter pylori antibiotic therapy in gastric MALT lymphomas;  however,  this  chromosomal  abnormality  is  present  in  <10%  of  cutaneous  cases  [4,  21]. 
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Table 12.3  Anatomic site and chromosomal abnormalities (%) in extranodal marginal zone lymphomas of mucosa-associated lymphoid tissue (MALT lymphoma) [4]

t(11;18)

t(14;18)

t(3;14)

t(1;14)

Site

API2-MALT1

IGH-MALT1

FOXP1-IGH

BCL10-IGH

+3

+18

Skin

0–8

0–14

0–10

–

20

4

Gastric

6–26

1–5

–

–

11

6

Intestinal

12–56

–

–

0–13

75

25

Ocular

0–10

0–25

0–20

–

38

13

Salivary

0–5

0–16

–

0–2

55

19

Lung

31–53

6–10

–

2–7

20

7

Thyroid

0–17

–

0–50

–

17

–

 FOXP1/IGH results in transcriptional deregulation [4].  MALT1 and  BCL2 genes are both located within the chromosomal region 18q21 and may be translocated with  IGH at 14q32. Despite sharing a similar karyotypic terminology of t(14;18)(q32;q21), the translocation involving  IGH and  MALT1 

is distinct from the translocation between  IGH and  BCL2 [22]. The  IGH/MALT1 translocation has been  identified  in  a  subset  of  extranodal  marginal  zone  lymphomas  at  various  anatomic  sites, including the skin [4]. However, there have also been reports of very rare cases of PCMZL with the IGH/BCL2 translocation, which is usually seen in systemic follicular lymphoma, a subset of primary cutaneous follicle center lymphoma, and a subset of systemic diffuse large B-cell lymphoma 

[4, 20, 22]. Aberrant somatic hypermutation has been identified in PCMZL, involving  PIM1 and c-MYC  genes  [23].  Inactivation  of  the  tumor  suppressor  genes   DAPK  (death-associated  protein kinase) and  p16 (INK4a) by promoter hypermethylation has also been shown to be a relatively frequent  event  in  PCMZL  at  its  initial  presentation;  however,  any  possible  association  with  tumor progression remains to be defined [24, 25]. 

 Primary Cutaneous Follicle Center Lymphoma

PCFCL is a cutaneous neoplasm of follicle center B-cells [2]. The clinical behavior and prognosis of PCFCL is significantly more favorable than systemic/nodal follicular lymphoma [3, 4]. PCFCL 

shows a disease-specific 5-year survival of 95% (Table 12.2) [2]. 

The  clinical  presentation  of  PCFCL  is  usually  of  solitary  or  localized,  grouped  plaques  and tumors, most commonly on the scalp/forehead or trunk. Tumors may be associated with satellite erythematous  papules  and  plaques.  Unlike  PCMZL,  multifocal  skin  lesions  are  uncommon  in PCFCL [2]. 

The histopathology of PCFCL consists of a moderate to dense, nonepidermotropic lymphocytic infiltrate with follicular, follicular and diffuse, or a diffuse growth pattern. There is an admixture of centrocytes (cleaved follicle center cells) and variable numbers of centroblasts (large noncleaved follicle center cells). In addition, follicles with abnormal morphologic features, such as reduced/

absent  mantle  zone  and  lack  of  tingible-body  macrophages,  are  commonly  seen  [2–4].  PCFCL 

should be differentiated from other forms of B-cell lymphoma, particularly primary cutaneous diffuse large B-cell lymphoma (PCLBCL), leg type, which demonstrates a diffuse growth pattern and a monotonous proliferation of centroblasts (i.e., without centrocytes) (Table 12.4) [2, 18, 19]. 

The neoplastic B-cells in PCFCL express CD20, CD79a, and BCL6. CD10 expression is variable and often absent in cases with a diffuse growth pattern. CD5 and CD43 are negative in the neoplastic cells. The proliferation rate, evaluated with Ki-67 (MIB-1) stain, is reduced and nonpolarized compared to the germinal centers of reactive lymphoid follicles. Unlike PCLBCL, leg type, most 
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Table 12.4  Characteristics of primary cutaneous follicle center lymphoma and primary cutaneous diffuse large B-cell lymphoma, leg type [2]

Primary cutaneous follicle center 

Primary cutaneous diffuse large 

Characteristics

lymphoma

B-cell lymphoma, leg type

Clinical findings

Middle-aged adults with lesions 

Elderly patients with lesions on 

on the head or back

the leg(s) (rare cases may 

occur elsewhere)

Histopathological features

Admixture of centrocytes and 

Confluent sheets of large 

centroblasts, with variable 

lymphocytes resembling 

growth pattern (follicular, 

centroblasts or immunoblasts. 

follicular and diffuse, diffuse)

Diffuse growth pattern

BCL2

Usually negative

Positive

IRF4/MUM1

Negative

Positive

FOX-P1

Negative

Positive

cases of PCFCL are negative for IRF4/MUM1 and FOX-P1. While the vast majority of systemic/

nodal follicular lymphomas express BCL2, PCFCL are usually negative for this protein [2]. The postulated cell of origin is a mature germinal center B-cell [4]. 

Detection of B-cell monoclonality using the BIOMED-2 PCR method has been reported in up to 91% of cases of PCFCL [20]. Importantly, an inability to detect  IGH gene rearrangements in some cases may result from somatic hypermutation [4]. There are significant differences in the various methodologies for BCL2 detection, and immunohistochemical and molecular methods are not interchangeable [4, 26, 27]. The immunohistochemical stain for BCL2 detects BCL2  protein, which has antiapoptotic properties, and is normally expressed by memory B- and T-cells, but is absent in reactive germinal center B-cells [22]. In contrast, molecular techniques for  BCL2, such as PCR and FISH, detect the t(14;18)(q32;q21)  IGH/BCL2 translocation, which is present in the vast majority of cases of  systemic/nodal  follicular  lymphoma  and  a  subset  of  systemic  diffuse  large  B-cell  lymphoma (Fig.  3.7)  [4].  Several  systemic  B-cell  lymphomas,  including  mantle  cell  lymphoma  (MCL)  and small lymphocytic lymphoma (SLL), express BCL2 protein, but lack the  IGH/BCL2 translocation 

[4, 28]. Most cases of PCFCL do not express BCL2 protein and do not show the t(14;18) translocation  [29–31]. However,  a  number  of  studies  have  reported  the  presence  of  t(14;18)  and/or  BCL2 

protein  expression  in  a  minority  of  PCFCL  (10–40%  of  cases)  (Fig. 12.4)  [26,  27, 32,  33]. 

Interestingly, clinical presentation and behavior have been noted to be similar for both BCL2 and/or t(14;18)-positive and -negative cases of PCFCL with a follicular growth pattern [2]. Nonetheless, identification of BCL2 protein expression and/or t(14;18) translocation should raise suspicion of a systemic lymphoma involving the skin secondarily. In such instances, appropriate staging procedures would  be  necessary  to  determine  the  tumor  site  of  origin  at  the  time  of  initial  presentation  [2]. 

Inactivation of  p15 (INK4b) and  p16 (INK4a) tumor suppressor genes by promoter hypermethylation has been reported in ~10% and ~30% of cases of PCFCL, respectively [25]. A gene expression profile of germinal center B-cell-like lymphoma has been demonstrated in PCFCL [34]. 

 Primary Cutaneous Diffuse Large B-Cell Lymphoma, Leg Type

PCLBCL, leg type is a rare cutaneous B-cell lymphoma composed exclusively of large neoplastic B-cells.  Lesions  predominantly  affect  elderly  patients  and  occur  characteristically  on  the  lower legs [4, 35]. 

Patients usually present with rapidly growing, red or bluish-red, tumors on one or both legs. 

Most patients are women, with a male:female ratio of ~1:3–4 [4]. Unlike other primary cutaneous 
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Fig. 12.4  (a–c) Primary cutaneous follicle center lymphoma. (a) Dense nodular, nonepidermotropic dermal infiltrate composed  of  crowded  lymphoid  follicles.  (b)  Expression  of  CD20  by  neoplastic  B-cells  with  a  nodular/follicular arrangement. (c) Absence of BCL2 protein expression by immunohistochemistry within neoplastic lymphoid follicles. (d–f ) Systemic follicular lymphoma with initial presentation in the skin. (d) Dense nodular, nonepidermotropic dermal lymphocytic infiltrate. (e) BCL2 protein expression by immunohistochemistry within neoplastic lymphoid follicles. (f ) Positive detection of BCL2 translocation by FISH (dual-color, break-apart rearrangement probes showing one  green, one  red, and one  composite yellow signals) B-cell  lymphomas,  extracutaneous  dissemination  is  common,  and  the  prognosis  is  unfavorable with a disease-specific 5-year survival of ~55% (Table 12.2) [2, 36]. Other rare types of primary cutaneous large B-cell lymphoma, such as primary cutaneous intravascular large B-cell  lymphoma and primary cutaneous plasmablastic lymphoma, show a prognosis similar to that of PCLBCL, leg type [2]. 

PCLBCL, leg type, typically shows a dense and diffuse infiltrate of monomorphous, confluent sheets of large atypical lymphocytes (centroblasts or immunoblasts) in the dermis, with variable extension into the panniculus. A significant component of centrocytes/cleaved cells is not present. 

Mitotic figures are frequently observed. The epidermis is usually not involved [2, 4]. 

The large neoplastic lymphocytes express CD20 and CD79a. BCL6 expression is frequent, but CD10 is usually negative. Unlike PCFCL, there is strong expression of BCL2 protein, IRF4/MUM1, and FOX-P1 in PCLBCL, leg type (Table 12.4) [2, 4]. A small subset of cases are BCL2-negative, but  demonstrate  comparable  clinical  outcomes  [4].  The  postulated  cell  of  origin  is  a  peripheral postgerminal center B-cell [4]. 

A monoclonal  IGH gene rearrangement is detected in ~80% of cases and may be identified in FFPE  tissue  [37,  38].  Although  strong  BCL2  protein  expression  is  evident  in  most  cases,  the t(14;18)(q32;q21)  IGH/BCL2 translocation is not present [31, 39]. It is postulated that BCL2 overexpression may result from amplification of the  BCL2 gene [40]. Inactivation of  p15 (INK4b) and p16 (INK4a) tumor suppressor genes by promoter hypermethylation has been observed in 11% and 44% of PCLBCL, leg type, respectively [25]. Chromosomal imbalances have been detected in up to  85%  of  cases,  with  gains  of  18q  and  7p,  and  loss  of  6q,  as  common  findings  [40,  41]. 

Translocations involving  MYC,   BCL6, and  IGH genes have also been reported [42]. A gene expression  profile  of  activated  B-cell-like  diffuse  large  B-cell  lymphoma  has  been  demonstrated  [34]. 

Inactivation of  CDKN2A, either by deletion or promoter hypermethylation, has been reported as an unfavorable prognostic sign [43]. 
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 Chronic Lymphocytic Leukemia/Small Lymphocytic Lymphoma

Chronic  lymphocytic  leukemia/small  lymphocytic  lymphoma  (CLL/SLL)  is  a  systemic/nodal B-cell neoplasm that usually involves the peripheral blood, bone marrow, spleen, and lymph nodes. 

The infiltrate is typically composed of small monomorphous lymphocytes, admixed with a smaller subset of prolymphocytes and paraimmunoblasts within proliferation centers [4]. CLL is the most common leukemia in Western countries [44]. Nonspecific skin lesions may develop in CLL/SLL, including  exaggerated  cutaneous  reactions  to  insect  bites  and  drugs  [45].  However,  secondary cutaneous involvement by leukemic cells (i.e., leukemia cutis) may also occur, sometimes identified as an incidental finding in excision specimens for other cutaneous tumors [46, 47]. A CD20+, CD79a+, CD5+, CD10−, CD23+, CD43+, BCL2 protein+, and cyclin D1− immunophenotype is commonly found [4]. 

Ig genes are clonally rearranged in CLL/SLL, with 40–50% of cases unmutated and 50–60% 

of  cases  showing  somatic  hypermutation  [48,  49].  Unmutated  examples  are  associated  with  a more  aggressive  clinical  course  [49].  In  addition,  IGH-V  gene  usage  is  highly  selective  and commonly associated with autoantibody reactivity [50]. CD38 and ZAP-70 protein expression are indicators of an adverse prognosis [51]. Chromosome 11q22–q23, 17p, and 6q deletions are also associated with a poor outcome, although isolated 13q deletion indicates a more favorable prognosis [52, 53]. 

 Mantle Cell Lymphoma

Mantle  cell  lymphoma  (MCL)  is  a  systemic/nodal  lymphoid  neoplasm  composed  of  small-  to medium-sized  B-cells  with  a  characteristic   CCND1  (cyclin  D1)  translocation.  The  prognosis  of MCL is unfavorable, with a median survival of ~3 to 5 years [4]. Most cases show a monomorphous infiltrate of small- to medium-sized lymphocytes with irregular nuclear contours. However, blastoid and pleomorphic variants have also been described (Fig. 12.5) [4]. Nonspecific cutaneous lesions may  occur  in  the  setting  of  MCL,  including  exaggerated  arthropod  bite-like  reactions  [54]. 

Secondary cutaneous involvement by MCL may be seen, but is rare [55]. The immunophenotype is typically CD20+, CD5+, CD10−, CD23−, CD43+, BCL2 protein+, BCL6−, FMC7+, and cyclin D1 

protein+ [28]. 

A monoclonal  IGH gene rearrangement has been demonstrated in FFPE skin biopsies of MCL 

[56]. The primary genetic event in MCL is the t(11;14)(q13;q32) translocation between the  IGH and CCND1  genes;  however,  variant  translocations  have  rarely  been  reported  [57,  58].  In  cases  of suspected cutaneous involvement by MCL, detection of the t(11;14) fusion can be diagnostically useful and may be demonstrated by interphase FISH on FFPE tissue sections (Fig. 12.5) [56, 59]. 

Deregulated cyclin D1 protein expression appears to overcome the cell cycle suppressive effect of RB1 and  p27 (kip1), resulting in uncontrolled lymphoid proliferation in MCL [60]. 

 Burkitt Lymphoma

Burkitt lymphoma (BL) is a highly proliferative systemic B-cell neoplasm with frequent leukemic or extranodal presentation [4]. Secondary cutaneous involvement by BL is rarely described 

[61]. Clinical variants include endemic BL in equatorial Africa, sporadic BL in Western countries, 
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Fig. 12.5  (a, b) Blastoid mantle cell lymphoma ( MCL) characterized by sheets of medium-sized monotonous cells, with  irregular  nuclei,  dispersed  chromatin,  inconspicuous  nucleoli,  and  scant  cytoplasm.  (c)  FISH  detection  of t(11;14)  translocation.  Additional  fusion  and/or  isolated   CCND1  (cyclin  D1)  signals,  a  complex  genetic  profile typically  seen  in  the  blastoid  variant  of  MCL,  were  seen  (Courtesy  of  Drs.  Carlos  Bacchi  and  Bruna  Estrozi, Pathology Reference Laboratory, Botucatu, São Paulo, Brazil)

and immunodeficiency-associated BL, which may occur as the first manifestation of acquired immunodeficiency  syndrome  (AIDS)  [4]. The  infiltrate  is  usually  composed  of  medium-sized lymphocytes with a diffuse growth pattern and an extremely high proliferation fraction. A “starry sky”  appearance  is  common  and  results  from  scattered  macrophages  with  ingested  apoptotic tumor cells. The immunophenotype is usually CD20+, CD10+, BCL6+, TdT−, BCL2 protein–, and nearly 100% positivity with Ki-67 [28]. 

Ig genes are clonally rearranged with somatic hypermutation [4]. Translocations involving  MYC 

are highly characteristic, but not specific, since they may also occur in a subset of systemic diffuse large  B-cell  lymphoma  (Fig.  3.7)  [62].  Most  cases  show  a  t(8;14)  translocation  between   MYC 

(8q24) and  IGH (14q32) genes; however, kappa (2p12) or lambda (22q11) Ig light chain genes may occasionally be translocated with  MYC [4]. Other abnormalities involving  p16 (INK4a), TP53, p73, BAX, p130/RB2,  and  BCL6 have also been described, and may lead to promotion of cell growth and/

or inhibition of apoptosis [4]. 

 Lymphomatoid Granulomatosis

Lymphomatoid  granulomatosis  (LYG)  is  a  rare  angiocentric  and  angiodestructive  Epstein-Barr virus (EBV)-associated extranodal B-cell lymphoproliferative disorder with a broad clinicopathologic spectrum, varying widely from a relatively indolent process to an aggressive lymphoma [4]. 

The  skin  is  the  extrapulmonary  organ  most  commonly  involved  in  LYG  [63].  The  infiltrate  is 
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usually composed of EBV+ CD20+ B-cells admixed with reactive T-cells, the latter often predominating. A three-tier histopathological grading system has been developed and is based on the proportion of EBV+ B-cells relative to the reactive inflammatory background [4]. 

Monoclonal Ig gene rearrangements can be detected in most cases of grade 2 and grade 3 LYG, but are often not identified in grade 1 lesions, possibly secondary to the rarity of neoplastic cells in the latter [4]. SBA may also show clonal integration of EBV [64]. 

 Hodgkin Lymphoma

Hodgkin lymphoma (HL) represents ~30% of all lymphomas [4]. Most cases arise in lymph nodes, particularly at cervical and mediastinal sites, and show a relatively small number of scattered large mononuclear and/or multinucleated tumor cells, in association with different reactive inflammatory background patterns. Cutaneous involvement by HL can rarely occur, and may be due to retrograde lymphatic  spread,  direct  extension  from  underlying  involved  lymph  nodes,  or  hematogenous dissemination  [65,  66]. HL  is  subclassified  into  nodular  lymphocyte  predominant  (NLPHL)  and classical HL (CHL) types. 

NLPHL is a B-cell neoplasm characterized by a nodular, or nodular and diffuse, proliferation of scattered large CD20+, CD79a+, PAX5+, OCT-2+, BOB.1+, BCL6+, CD45+, CD30−, and CD15− 

neoplastic cells (known as LP, “popcorn”, or L&H cells), within large meshworks of CD21+ follicular dendritic  cell  processes,  admixed  with  reactive  lymphocytes  and  histiocytes  [4]. LP  cells  have monoclonally rearranged Ig genes; however, the rearrangements are usually not detected in DNA extracted from whole tissue sections, but only in that isolated from individual tumor cells [67–69]. 

Aberrant somatic hypermutations have been identified in up to 80% of cases of NLPHL, involving PAX5, PIM1, MYC, and  RhoH/TTF [70]. 

CHL is a monoclonal lymphoid neoplasm composed of CD30+, CD15+/−, CD45−, CD20−/+, CD79a−/+,  and  PAX5+  mononuclear  Hodgkin  cells  and  multinucleated  Reed-Sternberg  (HRS) cells, in association with a variable admixture of reactive small lymphocytes, eosinophils, histiocytes, plasma cells, neutrophils, fibroblasts, and collagen fibers [4]. There are four histologic subtypes of CHL: nodular sclerosis, mixed cellularity, lymphocyte-rich, and lymphocyte-depleted [4]. In ~98% 

of cases, CHL is derived from mature B-cells at the germinal center stage of differentiation, showing functional Ig gene rearrangements, but defective Ig transcription and acquisition of B-cell inappropriate  gene  products  [71,  72].  In  very  rare  cases  of  CHL,  the  neoplastic  cells  are  derived  from peripheral/post-thymic T-cells and show monoclonal T-cell receptor gene rearrangements [73–75]. 

Similar to NLPHL, monoclonal antigen receptor gene rearrangements are usually detectable only in the DNA of isolated tumor cells, and not from whole tissue sections [67]. Cytogenetic studies have demonstrated  aneuploidy  and  hypertetraploidy  [76]. Comparative  genomic  hybridization  has revealed recurrent gains on chromosomal arms 2p, 9p, and 12q, and distinct high-level amplifications on chromosomal bands 4p16, 4q23-q24, and 9p23–p24 [77]. 
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Chapter 13

Leukemia Cutis

Michael J. Murphy 

The diagnosis and classification of leukemia requires the integration of clinical features and light microscopic  findings  with  the  results  of  cytochemical,  immunological  (flow  cytometry  and/or immunohistochemistry), and molecular studies [1]. Immunophenotypic and genotypic technologies are commonly applied to peripheral blood (PB) and bone marrow (BM) specimens in the initial work-up and management of patients with leukemia. It is critical to definitively characterize the disease, due to differences in treatment regimens and prognosis among leukemia subtypes [1]. Skin lesions that may arise in patients with leukemia can be divided into two groups: (a) “leukemids” or nonspecific reactions, in which inflammatory lesions contain no neoplastic cells; and (b) leukemia cutis (LC) or specific lesions, in which leukemic cells (myeloid or lymphoid) infiltrate the skin 

[2, 3]. Commonly used terms for LC composed of myeloid blasts include chloroma, extramedullary myeloid  sarcoma,  granulocytic  sarcoma,  and  monoblastic  sarcoma  [1,  3].  This  chapter  discusses some of the limitations of traditional methodologies, and potential applications of molecular technologies, in the diagnosis and follow-up of patients with LC. 

General Considerations

Skin involvement has been described for almost all forms of leukemia (Tables 13.1–13.3); although, the frequency of LC varies widely, depending on the underlying disease subtype. LC most  commonly arises in the context of a known pre-existing (a) acute leukemia or (b) myeloproliferative neoplasm (MPN), myelodysplastic/myeloproliferative neoplasm (MDS/MPN), or myelodysplastic syndrome (MDS), with or without blast transformation [2–6]. LC in the setting of both congenital leukemia and therapy-related leukemia has also been described. In addition, LC can be seen in individuals with no prior history of a hematological disorder (i.e., “aleukemic” LC) [2–6]. The majority of LC 

cases, including “aleukemic” variants, are found to represent myelomonocytic and monocytic subtypes [2–6]. The frequency of cutaneous involvement is reported in the range of 2–15% for adults with acute myeloid leukemia (AML), although up to 50% of patients with acute leukemia of “monocytic” origin may have skin disease [2–8]. Cutaneous involvement has been described in 20–70% 

of  patients  with  mature  T-/NK-cell  leukemias  and  4–20%  of  patients  with  chronic  lymphocytic leukemia/small lymphocytic lymphoma (CLL/SLL), but is rare (~1% incidence) in cases of precursor B or T lymphoblastic leukemia/lymphoma (ALL/LBL) [3]. Importantly, children are reported M.J. Murphy (*) 
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Table 13.1  Examples of hematopoietic disorders associated with the 

development of cutaneous lesions

Myeloid disorders

Acute myeloid leukemia (AML) and related precursor neoplasms

Acute myelomonocytic leukemia

Acute monocytic leukemia

Acute promyelocytic leukemia

Less common AML subtypes

Therapy-related myeloid neoplasms

Congenital leukemia

Blastic plasmacytoid dendritic cell neoplasm

MPN, MDS/MPN, and MDS

Chronic myelogenous leukemia

Mastocytosis

Chronic myelomonocytic leukemia

Juvenile myelomonocytic leukemia

Refractory anemia

Lymphoid disorders

Precursor lymphoid neoplasms

B lymphoblastic leukemia/lymphoma

T lymphoblastic leukemia/lymphoma

Non-B/non-T lymphoblastic leukemia/lymphoma

Mature B-cell neoplasms

Chronic lymphocytic leukemia/small lymphocytic lymphoma

Plasma cell neoplasms

Mature T- and NK-cell neoplasms

Sézary syndrome

T-cell prolymphocytic leukemia

T-cell large granular lymphocytic leukemia

Adult T-cell leukemia/lymphoma

Mixed phenotype acute leukemia

B/myeloid, T/myeloid, NK/myeloid types

 MPN  myeloproliferative  neoplasms,  MDS/ MPN  myelodysplastic/

myeloproliferative neoplasms,  MDS myelodysplastic syndromes

to  show  a  higher  frequency  of  LC  compared  with  adults,  and  infants  with  congenital   leukemia develop skin involvement in 25–30% of cases [3]. The temporal relationship between the presence of LC and acute leukemia subtypes is variable; however, cutaneous involvement typically occurs late in the course of the disease, and there is a strong correlation between LC and leukemic involvement at other extramedullary sites [6]. Of note, the risk of extramedullary relapse following therapy for leukemia is higher for patients with skin involvement [8, 9]. Cutaneous lesions may also be the first sign of relapse of acute leukemia following chemotherapy or hematopoietic stem cell transplantation,  and  occur  in  the  absence  of  any  microscopic,  cytogenetic,  or  molecular  evidence  of  BM 

disease [8–11]. Except for reports of a subset of acute promyelocytic leukemia (APL) and a number of cases arising in the congenital setting, the prognosis for patients with acute LC is generally very poor [8, 12–14]. In addition, the development of LC in patients with MPN is usually associated with impending blast phase transformation and disease acceleration (Table 13.3) [15–17]. Therefore, the 

finding of specific leukemic skin infiltration in this latter setting would appear to identify a subgroup of patients with MPN who require treatment as for AML [15]. Similarly, the diagnosis of LC 

in  patients  with  MDS  is  a  poor  prognostic  marker  and  associated  with  disease  progression,  but independent  of  transformation  to  AML  [4].  These  latter  patients  often  succumb  to  BM  failure, complications of treatment, infections, or other co-morbidities. 
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In up to 10% of patients, cutaneous lesions can precede BM or PB involvement, and are designated as “aleukemic” LC [5, 7, 10, 18–22]. In such instances, a low threshold for biopsy of any unusual skin lesion and a high index of suspicion of LC is required. Even in the presence of “ normal” BM 

findings,  the  development  of  LC  is  associated  with  a  high  risk  for  subsequent  BM  pathology. 

Systemic disease generally emerges within 1–20 months, but may not manifest for up to 3–4 years 

[18, 20]. However, a proportion of patients who present with “aleukemic” extramedullary disease may not develop acute leukemia, if treated appropriately at the time of presentation [23]. 

Congenital leukemia is defined as leukemia presenting at birth or within the first 4 weeks of life 

[7, 14, 19, 24–27]. Only ~200 cases have been reported in the literature, of which ~25–30% exhibited  cutaneous  involvement  [7, 14,  19,  24–27]. The  prognosis  is  generally  poor,  although  a  few patients have experienced temporary or permanent spontaneous remission of their disease, including skin lesions [7, 14, 19, 24–27]. LC can be the initial manifestation of congenital leukemia, and may even precede PB or BM disease in up to 10% of cases (termed “aleukemic congenital leukemia cutis”)  [14,  19,  27].  Cutaneous  involvement  by  congenital  leukemia  must  be  distinguished  from other skin conditions that may mimic it, including: (a) transient myeloproliferative disorder (TMD), a condition commonly seen in neonates with Down syndrome (up to 20% of cases) or trisomy 21 

mosaicism,  and  rarely  in  neonates  with  normal  karyotypes  [24,  25,  28,  29];  (b)  other  transient leukemoid reactions; (c) extramedullary hematopoiesis; and (d) non-hematopoietic malignancies, such as metastatic neuroblastoma and Langerhans cell histiocytosis [14, 27, 30, 31]. 

LC  is  infrequently  associated  with  so-called  therapy-related  leukemia,  which  develops  as  a consequence of radiation therapy and/or cytotoxic chemotherapy (i.e., alkylating agents and topoisomerase inhibitors) for other malignancies [8, 13, 32–34]. Most examples of LC in this setting are of  myeloid  lineage  and  demonstrate  recurrent  rearrangements  of  the   MLL  gene  at  chromosome 11q23 [8, 13, 32–34]. Of note, therapy-induced “aleukemic” LC has also been described [32]. 

Clinical Features

There exists great variability in the clinical spectrum and histopathological features of LC [35]. 

Patients with LC commonly present with single-to-multiple, variably sized, violaceous, erythematous, or hemorrhagic papules, plaques, and/or nodules [3]. Other common clinical presentations can include marked thickening of the gums, leonine facies, and the so-called “blueberry muffin baby”  [3].  Unusual  and  rare  manifestations  of  cutaneous  leukemic  infiltration  described  in  the literature include eczematous changes, exfoliative erythroderma, bullous disorders, perifollicular acneiform eruptions, vitiligo, lesions localized to the palms, stasis dermatitis-like changes, chilblain-like  lesions,  leukemic  vasculitis,  symmetrical  edematous  facial  erythema,  and  generalized morbilliform drug or viral exanthem-like eruptions [15, 36–38]. Interestingly, leukemic infiltrates are often localized to sites of prior trauma, burns, intravenous lines, intramuscular injections, her-petic lesions, scars, or other inflammatory processes [36, 38, 39]. Importantly, the clinical morphology of the skin lesions depends not only on the nature of the infiltrating leukemic cells, but can also vary as a result of therapy or other co-existing conditions [40]. Therefore, skin lesions from an individual with a distinct leukemia subtype can show varied clinical appearances over the course of the disease [3]. In addition to specific cutaneous changes caused by direct infiltration of the skin by leukemic cells, there are a variety of nonspecific secondary skin lesions, termed “leukemids”, that are commonly associated with leukemia, and seen in ~40% of patients [3, 6, 8]. The latter may be attributed to BM dysfunction or failure, and include ecchymoses, purpura, or pete-chiae  secondary  to  coagulopathy,  pallor  secondary  to  anemia,  and/or  cutaneous  infections  as  a result of immunosuppression [3, 6, 8]. Cutaneous vasculitis, panniculitis, chilblain-like eruptions, erythema multiforme, and neutrophilic dermatoses (pyoderma gangrenosum and Sweet’s syndrome; 
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see  Chap.  14)  can  also  occur  in  patients  with  leukemia,  in  the  absence  of  specific  cutaneous infiltration by tumor cells [3, 6, 8]. 

Histopathological Features

Confirming or establishing a diagnosis of LC on a limited skin biopsy may be particularly challenging. Misclassification of the leukemia subtype or misdiagnosis of LC as cutaneous involvement by high-grade lymphoma (including Burkitt lymphoma, blastoid mantle cell lymphoma, blastoid transformation of follicular lymphoma, or diffuse large B-cell lymphoma) or another so-called “small round blue cell tumor” is not unusual, and has been reported in 40–100% of cases [4, 5, 41]. In 

“aleukemic” examples, the unavailability of neoplastic cells in the PB or BM aspirates for immunophenotyping and molecular studies can make it extremely difficult to classify LC. There appears to be no correlation between the microscopic findings and the diverse clinical presentations in LC [38]. 

Similar  to  clinical  findings,  LC  may  show  a  wide  spectrum  of  histopathological  features,  from prominent dermal/subcutaneous, diffuse or nodular infiltration of leukemic cells to perivascular and periadnexal  infiltrates  [35]. In  some  instances,  leukemic  cells  may  be  sparse  or  obscured  by  an exuberant granulomatous/reactive inflammatory process [42]. Epidermotropism is an unusual finding, but infiltration and destruction of adnexal structures, nerves, muscle bundles, and rarely blood vessels can be seen [3, 35]. Mitoses, apoptotic figures, and stromal fibrosis or edema may also be present [3]. The cytologic features of the infiltrating leukemic cells can vary depending on the lineage and degree of cellular maturation [3, 35], which in some cases may be related to prior therapeutic intervention; for example, all- trans retinoic acid (ATRA) for patients with APL [7, 11, 12,  

43, 44]. The morphology of blasts in the skin infiltrate is typically similar to that at other body sites in a patient with acute leukemia [42]. However, some investigators have reported significant morphological differences between leukemic cells in the PB or BM and those infiltrating the skin in individual patients [39, 45–47]. This finding may stem from the presence of distinct cells/subclones with  skin-homing  properties  –  a  hypothesis  supported  by  differential  responses  to  treatment  by tumor cells in the skin and BM compartments in some leukemia patients [37]. As discussed in the following  sections,  adjunct  cytochemical,  immunophenotypic,  and  molecular  diagnostic  techniques  are  commonly  applied  to  skin  biopsies  of  suspected  LC.  Electron  microscopy  has  been rarely used to diagnose cutaneous involvement by leukemia [22]. 

Ancillary Laboratory Testing

Cytochemistry utilizes stains, such as myeloperoxidase (MPO), Giemsa Sudan Black B, chloroac-etate esterase, nonspecific esterase, toluidine blue, and periodic acid-Schiff (PAS) to target  various enzymes, fats, and other substances in blasts and other hematopoietic cells [48, 49]. For instance, MPO is found in the granules of myeloid cells and serves as the most important marker distinguishing myeloid from lymphoid blasts [48, 49]. While these cytochemical stains are a  practical adjunct to identifying and confirming leukemia, they now have diminished utility given the availability of other techniques, such as immunohistochemistry, flow cytometry and molecular assays, which yield more specific results [48, 49]. Cytochemistry has been applied to skin biopsies in the evaluation of LC [7, 21–23, 36, 38, 45, 46, 50]. In most instances, the cutaneous cell type determined by cytochemistry has been found to reflect the subtype of leukemia diagnosed by PB or BM 

testing [36]. However, some studies report discordant findings [38]. The usefulness of cytochemistry 
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on cutaneous specimens is especially limited, as staining may be focal [23], and there is a requirement for  fresh  or  archived  touch  imprints,  which  are  more  commonly  available  for  PB  and  BM 

smears [48, 49]. 

Flow cytometry can yield rapid, informative data on the immunophenotype of hematopoietic and suspected leukemic infiltrates in skin biopsies, but has not been widely utilized in the work-up of LC [21, 41, 42, 51–56]. This is mainly due to the difficulty of preparing viable single cell suspen-sions from skin biopsies – a process that is highly dependent on the method of specimen fixation/

transportation. Flow cytometric analysis requires a portion of fresh tissue stored in RPMI medium or similar solution. However, without some index of suspicion, skin biopsies are typically submitted in formalin fixative [51]. 

Immunohistochemistry  is  undoubtedly  a  powerful  diagnostic  tool  in  the  setting  of  formalin-fixed paraffin-embedded (FFPE) LC specimens. However, the ever-expanding selection of immunologic   markers  can  promote  indiscriminate  and  inappropriate  utilization  of  this  technology. 

Usage of multiple antibodies (that may not add diagnostic information) is unavoidable, because no singular  antibody  is  specific  for  any  one  particular  entity.  However,  a  systematic,  algorithmic approach which employs a focused panel of antibodies is advisable. Such a panel would include markers of: (a) hematopoietic origin (CD45/LCA); (b) immature hematopoietic cells (CD34, TdT, CD117); and (c) lineage (MPO, lysozyme, PGM1, Factor VIII, and CD41 for myeloid; and CD2, CD3, CD4, CD8, CD20, and PAX-5 for lymphoid). The use of immunohistochemistry should be streamlined to exclude other histopathological mimics, confirm/establish the diagnosis of LC, and identify  its  hematopoietic  lineage  [2,  3, 48,  49].  Importantly,  most  studies  have  demonstrated similar   immunophenotypic patterns between leukemic infiltrates in the skin and those in corresponding BM and lymph node  specimens [15, 21, 36, 57]. However, similar to the morphological and  cytochemical  variation  between  different  sites  of  leukemic  involvement,  some  investigators have reported that LC can manifest a different immunophenotypic profile than seen in the respective PB  and/or BM pathology [2, 38, 39, 46, 58]. Several factors could explain such findings. Firstly, heterogeneity  of  surface  antigen  expression  by  leukemic  cells  over  the  disease  course  has  been documented [58]. For example, CLL may contain both CD5+ and CD5- B-cell clones, and conversion from >85% B-cell CD5-positivity at diagnosis to <10% B-cell CD5-positivity during follow-up is  noted  in  some  patients  [58].  Secondly,  immunophenotypically  distinct  subgroups  of  leukemic cells may occupy different body sites, with gain or loss of particular antigens promoting or associated with a propensity for  cutaneous disease [3, 8, 10, 12, 45, 50, 58–61]. In this regard, a number of immunophenotypic findings in the blast cells examined from cutaneous, PB and BM specimens have been found to be associated with a propensity for extramedullary involvement in patients with acute leukemia. These include cell surface CD2, CD4, CD56, CD82, CD138, MCP-1/CCR2, and CLA expression [3, 8, 10, 12, 45, 50, 58–61]. Of note, increased CD4 and CD56 expression by leukemic blasts is found in >90% and 40–50% of cases of AML with cutaneous disease, respectively [45, 50, 59]. Thirdly, disease progression or transformation can be associated with loss of surface  antigen  expression  [58]. Fourthly,  phenotypically  distinct  populations  could  be  preferentially selected by therapy, or the immunophenotype may otherwise be altered by treatment [2, 58]. 

Finally, technologies such as flow cytometry and immunohistochemistry can demonstrate different sensitivities for the detection of some antigens, particularly in FFPE tissue samples [51, 58]. For example, anti-surface antigen antibodies from different clones and/or vendors could explain variable phenotypes, or the level of antigen expression may be below the threshold for immunohistochemistry-based detection in some cases [58]. It is possible that a “negative” result on tissue immunohistochemistry could be associated with a “dim positive” pattern by the more sensitive technique of flow cytometry. The potential of variable surface antigen presentation and/or detection in leukemic infiltrates  in  the  skin  highlights  the  importance  of  correlating  the  findings  of  immunohistochemical studies with the clinical history, microscopic features, and results of other tests in patients with LC. 

[image: Image 85]
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Molecular Diagnostic Strategies

The revised 2009 World Health Organisation (WHO) manual of hematologic neoplasms now lists a significant number of leukemias and related disorders, whose classification is based on the detection of specific chromosomal translocations and/or gene mutations [1]. These can be determined by such molecular  techniques  as  karyotyping,  Southern  blot,  polymerase  chain  reaction  (PCR),  reverse transcription-PCR  (RT-PCR),  fluorescence  in  situ  hybridization  (FISH),  comparative  genomic hybridization (CGH), and array-CGH [1, 10, 49, 62]. In general, molecular studies are dictated by the results of clinical, microscopic, and immunophenotypic studies, and are frequently ordered only after  a  comprehensive  immunohistochemical  or  flow  cytometric  work-up  has  provided  adequate diagnostic direction [1, 48, 49]. Genetic abnormalities leading to leukemia are not only heterogeneous, but also complex, and multiple aberrations often cooperate in a multistep fashion to determine  the  leukemia  phenotype.  Specific  genetic  abnormalities  identify  the  pathogenesis  of  these neoplasms  and  uncover  potential  therapeutic  targets.  As  these  genetic  abnormalities  also  carry important diagnostic and prognostic implications for patients with these disorders, attempts to test for them must be made as part of the initial evaluation [1]. Given some of the limitations of traditional  methodologies  in  the  setting  of  leukemic  skin  infiltrates,  molecular  diagnostic  techniques have a number of interesting applications in the diagnosis and management of patients with LC. 

A number of studies have described the use of molecular testing on skin samples from patients with LC, including: (a) AML [9, 10, 14, 18, 19, 21, 32, 34, 39, 45, 50, 61, 63–69]; (b) APL [7, 11, 

12, 43, 44, 70–73]; (c) MPN, MDS/MPN, and MDS [47, 66, 74–76]; (d) ALL/LBL [41, 52–56, 77, 

78]; (e) blastic plasmacytoid dendritic cell (BPDC) neoplasm (formerly known as CD4+/CD56+ 

hematodermic  neoplasm)  [61,  79–91]; and  (f)  mature  B-  and  T-/NK-cell  neoplasms  [92–103] 

Fig. 13.1  Acute myeloid leukemia ( AML). (a, b) Skin biopsy of the abdomen demonstrating histopathological evidence of cutaneous involvement by AML. Diagnosis was confirmed by (c) immunohistochemical staining for myeloperoxidase and (d) fluorescence in situ hybridization ( FISH) for centromeres of chromosomes 6 ( red) and 17 ( green), revealing a hyperdiploid karyotype in the majority of tumor cells (i.e., > 4 signals per nucleus) (Courtesy of Drs. Martin Stern and Peter Häusermann, Departments of Hematology and Dermatology, University Hospital, CH-Basel, Switzerland)
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Fig. 13.2  Acute myeloid leukemia ( AML). (a–c) Skin biopsy demonstrating a dermal infiltrate of monomorphous monocytoid cells, consistent with cutaneous involvement by AML. (d–g) Evaluation of skin biopsy by fluorescence in situ hybridization ( FISH). (d) Interphase nuclei hybridized with a centromere 8 probe showing a normal pattern of two aqua signals, which excludes aneuploidy of chromosome 8 [i.e., trisomy (three signals) or tetrasomy (four signals)]. (e) Interphase nucleus hybridized with dual-fusion dual-color  AML1⁄ETO translocation probe. Three  red signals  indicate  a  gain  at  chromosome  8q22,  whereas  the  two   green  signals  represent  normal  copies  of   AML1.  The absence  of   red– green  ( yellow)  fusion  signals  excludes  the  occurrence  of  the  t(8;21)(q22;q22)  translocation. 

(f ) Interphase nucleus hybridized with dual-color break-apart  MYC rearrangement probe. The three  red and three green signals point to a gain at 8q24. The co-localizations of the  red and  green signals exclude the presence of a translocation affecting the  MYC gene. (g) Interphase nucleus hybridized with telomere 8q ( green) and telomere 8p ( red) probes. The three  green signals point to a gain at telomere 8q, while the two  red signals indicate normal telomere  8p  (Courtesy  of  Dr.  Kjell  M.  Kaune,  Department  of  Dermatology  and  Venerology,  Georg  August  University Goettingen, Goettingen, Germany)

(Figs. 11.6 and 13.1–13.4). Sézary syndrome and adult T-cell leukemia/lymphoma are discussed in 

Chaps. 10 and 11, respectively. Technologies used on skin specimens include conventional  karyotyping, Southern  blot,  PCR,  RT-PCR,  in  situ  hybridization  methods  (including  FISH),  oligonucleotide microarray, and array-CGH. In rare instances, conventional G-banding and Southern blot analyses have been employed to evaluate cutaneous leukemic infiltrates. However, the utility of these older technologies is limited, as both require the submission of fresh tissue, and it may be difficult to culture skin biopsies for karyotype testing [44]. More frequently, the molecular signatures of LC 

have been evaluated by PCR-based analyses, FISH, and array-CGH methodologies performed on fresh/frozen or FFPE tissue. FISH is a particularly useful technology in this setting, as it allows for correlation of genetic changes with morphological features of the disease. However, as FISH detects only some of the chromosomal abnormalities identified by karyotyping, it has been suggested that the submission of fresh skin samples for conventional cytogenetic analysis should be encouraged in cases  of  suspected  LC,  in  order  to  evaluate  the  full  range  of  potential  genetic  aberrations  [66]. 

Molecular technologies have been used to evaluate cutaneous leukemic infiltrates for: 1.  The presence of genomic aberrations, such as: trisomy 8 and/or  MLL (11q23) gene rearrangement in AML [14, 19, 45, 61];  PML-RARA [t(15;17)(q22;q12)] or  NPM-RARA [t(5;17)(q35;q12)] 

fusion genes in APL [7, 11, 12, 43, 44, 70–73];  BCR-ABL1 [t(9;22)(q34;q11)] fusion gene 
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Fig. 13.3  Acute myeloid leukemia ( AML). RT-PCR analysis for recurrent fusion genes in a single cell suspension prepared from a skin biopsy specimen of AML and positive controls (obtained from bone marrow leukemic cells carrying the fusion transcripts).  M molecular weight marker,  ABL amplification of ABL cDNA as an internal control for  the  RNA  quality  of  the  patient  sample  (Courtesy  of  Dr.  Lee-Yung  Shih,  Chang  Gung  University,  Taipei, Taiwan)

Fig. 13.4  Acute promyelocytic leukemia ( APL). (a, b) Skin biopsy of the abdomen demonstrating histopathological evidence of cutaneous involvement by APL. (c) Fluorescence in situ hybridization ( FISH): Representative tumor cell nucleus hybridized with dual-color dual-fusion  PML/RARA translocation probe. The two fusion signals indicate the fusion products  PML/RARA and  RARA/PML ( arrows), while the separate  red and  green signals represent non-rearranged loci (Courtesy of Dr. Tracy George, Clinical Hematology Laboratory, Stanford University, Stanford, CA)
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(i.e.,  Philadelphia  chromosome)  in  chronic  myelogenous  leukemia  (CML)  with  blast  crisis 

[47, 74, 75]; deletion of the  RB1 retinoblastoma gene in plasma cell myeloma [102]; and  c-kit gene mutations in mastocytosis [104–106]

2.  Gene expression [61]

3.  T-cell receptor ( TCR) and immunoglobulin heavy chain ( IgH) receptor gene rearrangement  status 

[18, 32, 52, 54, 56, 68, 69, 76, 78–94, 96, 97, 99–103]

4.  The  presence  of  infectious  agents  (i.e.,  human  T-cell  lymphotropic  virus  type  1  [HTLV-1], Epstein-Barr virus [EBV],  Borrelia burgdorferi, and  human herpesvirus 8 [HHV-8]) [52, 68, 69,  

79, 81–87, 89, 90, 92, 94, 100, 102]

Table  13.2  describes  molecular  studies  undertaken  in  cases  of  AML  with  specific  cutaneous leukemic  infiltrates.  Table  13.3  describes  molecular  studies  undertaken  in  patients  showing cutaneous involvement by MPN with blast crisis/transformation, MDS/MPN, and MDS. In addition, 10–20% of cases of neutrophilic dermatoses (i.e., Sweet’s syndrome) may be associated with an underlying hematologic disorder, particularly a myeloid dyscrasia. The use of molecular technologies in the evaluation of skin samples of neutrophilic dermatoses is discussed in Chap. 14. 

Similar to immunophenotypic features, a number of genetic findings in the blast cells examined from skin, PB, and BM specimens have been shown to be associated with a propensity for extramedullary disease in patients with acute leukemia. Specific cytogenetic abnormalities include:  NPM1 

mutations (~16%); inv(16); numerical abnormalities of chromosome 8 (most commonly trisomy 8, seen in 35–63% of cases; or tetrasomy 8); t(8;21) translocation;  MLL (11q23) gene rearrangement; trisomy 4; trisomy 11; monosomy 7; monosomy 16; and t(9;11) translocation [1, 3, 8, 10, 12, 45,  

50, 59–61, 65, 66, 69]. Of note, development of skin disease in the setting of acute leukemia may be associated with the up-regulation of a number of genes on chromosome 8q. In this regard, a number of proteins known to be involved in the homing of leukemic cells are located on chromosome 8 (i.e., fibronectin  and  tissue  plasminogen  activator),  and  it  is  postulated  that  numerical  aberrations  of chromosome 8 may be associated with their significantly up-regulated expression [60]. In addition, it has been postulated that genes such as  C8FW (8q24), which are known to be consistently upregulated in association with trisomy 8 in patients with AML, may confer an increased likelihood of cutaneous involvement through the modulation of factors involved in blast adhesion, migration, motility,  and  tissue  invasion  [50]. Unlike  myeloid  disorders,  evidence  to  date  suggests  that  skin infiltration  by  ALL/LBL  is  not  associated  with  specific  or  recurrent  karyotypic  abnormalities  [41, 

52–56, 77,  78]. However,  TCR  and   IgH  receptor  gene  rearrangement  analysis  by  PCR  and/or Southern blot are known to be useful adjuncts to the diagnosis of both ALL/LBL [49, 107] and mixed phenotype acute leukemia [108], and have been performed on systemic and cutaneous leukemic infiltrates of these processes [52, 54, 56, 68, 78]. Greater than 90% of T-ALL show clonal TCR gene rearrangements and almost 100% of B-ALL show clonal  IgH receptor gene rearrangements  [49, 107]. However,  it  must  be  noted  that  20–60%  of  B-ALL  can  also  demonstrate  clonal rearrangement of  TCR genes and up to 20% of T-ALL may also have clonal rearrangement of  IgH 

receptor genes (“lineage cross-over”) [49, 107], including skin-localized disease [56, 68, 78]. In addition, clonally rearranged  TCR and  IgH receptor genes may be identified in up to 5% of AML 

[49, 107], including LC examples (Table 13.2) [18]. Results of  TCR and  IgH receptor gene rearrangement studies must be interpreted in the context of clinical, microscopic, immunophenotypic, and other molecular findings. Receptor gene rearrangement testing has also been used in the evaluation of  mature  B-cell  and  T-/NK-cell  leukemic  infiltrates  in  the  skin  [92–94,  96,  97,  99–103]. 

Furthermore,  conventional  cytogenetic  studies  for  gross  chromosomal  aberrations  [97],  and  FISH 

analysis demonstrating polysomy 8 and  MYC amplification [96], have been accomplished on cutaneous lesions of T-cell prolymphocytic leukemia (T-PLL). Of note,  cutaneous  involvement  by  T-cell large  granular  lymphocytic  leukemia  (T-LGLL)  may  be  predictive  of  a  more  aggressive  clinical course [99, 101]. In contrast, most studies suggest that skin involvement by CLL or T-PLL does not appear to be associated with an adverse prognosis [94, 98]. However, one study has reported that 
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Table 13.4  Clinical relevance of molecular analyses of skin specimens in patients with leukemia cutis (LC) Relevance

References

Confirm the diagnosis of LC, in the setting of a known 

Most studies

history of leukemia

Compare skin and BM specimens for concordant or 

Tables 13.2 and 13.3; Additional refs. [7, 11, 12, 

discordant data

43, 44, 54, 70, 72, 73]

Establish the diagnosis of LC, in the setting of aleukemic skin 

[7, 10, 19, 21]

infiltrates and/or in instances where BM specimens are 

either unanalyzable or uninformative

Distinguish 2 or more types of LC

[61, 88, 91]

Differentiate LC from histopathological mimics

[39, 104]

Determine cutaneous relapse of primary tumor or  de novo 

[68]

secondary malignancy

Guide effective therapy in patients with LC

[11, 12, 63, 70]

Determine the presence of genomic aberrations that may be 

[102, 104–106]

relevant to clinical behavior and prognosis

 LC leukemia cutis,  BM bone marrow

the histopathological features of specific skin infiltrates in CLL may be helpful in identifying prognostically different subgroups of patients [95]. 

The determination of genetic abnormalities in leukemia is important in establishing a diagnosis and identifying prognostic markers of response to induction therapy, remission duration, and patient survival [1]. The identification of such aberrations in LC lesions can take on added relevance in a number of clinical settings, as outlined in Table 13.4.  For example, many studies have compared the genetic abnormalities in skin and BM specimens of patients with LC (Tables 13.2 and 13.3). 

In general, molecular changes in the skin have been found to be concordant with results from prior, concurrent, or subsequent BM testing. However, discordant results have occasionally been reported 

[11, 12, 45, 54, 66]. Molecular testing of cutaneous samples may be particularly useful in those instances where a genetic aberration or evidence of clonality was found in the skin, but not detected in the corresponding BM disease [11, 12, 45, 54, 66]. In addition, molecular characterization may  uncover important information in cases of “aleukemic” LC and/or those instances where corresponding BM specimens are unanalyzable [7, 10, 19, 21]. Such testing could also be used to differentiate two or more types of leukemia. For example, the distinction of cutaneous manifestations of a BPDC neoplasm from (CD56+) AML with skin involvement may be problematic [61, 88, 91]. 

Of  note,  foci  of  plasmacytoid  dendritic  cell  (pDC)  differentiation  (i.e.,  CD123+)  can  be  seen  in cases of myeloid sarcoma carrying inv(16) [1]. However, BPDC neoplasm and AML have been found to show  distinct patterns of chromosomal aberrations and distinct gene expression profiles 

[61, 88]. Balanced or unbalanced translocations are rarely found in BPDC neoplasm, while cutaneous AML may harbor complex cytogenetic abnormalities, and frequently show specific balanced translocations/inversions (Table 13.2) [88]. Kaune et al. [88] suggest that numerical aberrations of chromosome 8 may qualify as a specific feature for the distinction of AML with skin involvement from BPDC neoplasm, because aberrations of this chromosome are generally found to be absent in the latter. Dijkman et al. [61] report that integrated genomic analysis (oligonucleotide microarray and array-CGH) may also aid in the differentiation of BPDC neoplasm from cutaneous AML, and possibly uncover new therapeutic targets in these tumors. BPDC neoplasm is characterized by recurrent  deletions  of  regions  on  chromosomes  4  (4q34),  9  (9p11–p13  and  9q12–q34)  and  13 

(13q12–q31),  decreased  expression  of  tumor  suppressor  genes  (RB1,  LATS2,  CDC14B,  DBC1, SYK,  KPNA3),  and  increased  expression  of  both  oncogenes  (HES6,  RUNX2,  FLT3)  and  pDC-related genes (SpiB, TCL1a, CD123, BDCA-2) [61]. In contrast, AML shows specific expression of  myelomonocytic  genes  (CD14,  CD33,  CLEC5A,  MNDA)  [61].  Furthermore,  molecular  technologies could facilitate the differentiation of LC from histopathological mimics. In this respect, 
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FISH has been used to detect 7q/ AML1 and 1q23/ MLL abnormalities in both the skin specimen of LC (with microscopic similarity to histiocytoid Sweet’s syndrome) and corresponding BM specimen (which demonstrated features of AML with maturation) in the same patient [39]. As a corollary, FISH was employed by another group to rule out a  BCR-ABL1 gene fusion in the skin, in order to support  the  diagnosis  of  histiocytoid  Sweet’s  syndrome  and  exclude  cutaneous  involvement  by CML [109]. Another application is the ability to distinguish cutaneous relapse of a primary leukemia from a  de novo secondary malignancy. Szczepański et al. [68] determined that (relapsed) myelomonocytic LC was clonally related to a primary ALL, due to the identification of identical clonal TCR and IgH receptor gene rearrangements in both skin and BM specimens by Southern blot and PCR-based testing. Molecular studies of skin samples have also been used to determine effective therapy in patients with LC, including those without definitive microscopic or molecular evidence of BM involvement and/or with skin-isolated relapse of their disease [11, 12, 63, 70]. For example, detection of  PML-RARA gene fusions in the skin biopsies of patients with APL have been used to select for appropriate treatment (i.e., ATRA) and to follow therapeutic response [11, 12, 70]. 

In another interesting report, Rubin et al. [63] described the case of an infant with acute monoblastic leukemia and extramedullary involvement, including skin lesions. After achieving remission, the patient later developed a relapse that was isolated to the skin, suggesting that the skin may have harbored the leukemic cells since the time of diagnosis. The authors reported that this hypothesis was supported by cytogenetic data [63]. Finally, the ability to determine the presence of genomic aberrations in skin samples may be relevant to an understanding of the clinical behavior and prognosis of a number of cutaneous hematopoietic disorders. For instance, Requena [102] 

investigated the cytogenetic characteristics of skin-infiltrating plasma cells in multiple myeloma, and reported that  RB1 retinoblastoma gene deletion (as determined by FISH) may be a poor prognostic marker and identify those patients at risk for aggressive disease. Another example is cutaneous mastocytosis (CM), a mast cell proliferative disease that usually demonstrates a transient benign clinical course with spontaneous remission in children, but may be associated with persistent or progressive disease (i.e., mast cell leukemia) in adults [104–106]. Activating somatic c-kit ASP-816-Val mutations have been found in the majority of cases of adult sporadic CM. In contrast, classic pediatric sporadic CM cases (and familial examples) lack these particular aberrations, but may show other dominant inactivating mutations [104–106]. Importantly, the detection of  c-kit ASP-816-Val mutations in skin biopsies of children with CM identifies a subset of patients with unusual clinical presentations, who are at risk for extensive or persistent disease 

[104, 105]. 
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Chapter 14

Inflammatory Disorders of the Skin

Michael J. Murphy, Amanda Phelps, and Markus Braun-Falco 

Inflammatory  disorders  of  the  skin,  including  eczematous,  psoriasiform,  lichenoid-interface, autoimmune, and neutrophilic dermatoses, probably represent the group of cutaneous diseases in which molecular pathology currently has the least impact in daily clinical practice. Many of these diseases  are  readily  diagnosed  through  the  correlation  of  clinical  features  with  histopathological findings on hematoxylin and eosin (H + E)-stained tissue sections. In general, microscopic pattern analysis offers a very useful and reliable method to diagnose inflammatory skin diseases. The application  of  additional  histochemical  stains,  immunohistochemistry,  and/or  immunofluorescence analysis is occasionally required. However, in some instances, diagnostic difficulties do arise. For example, the clinical and/or microscopic distinction of allergic contact dermatitis (ACD) from irritant contact dermatitis (ICD), pompholyx (dyshidrotic eczema) from pustular psoriasis, and even classic chronic psoriasis from chronic atopic dermatitis (AD) may be challenging. Although chronic psoriasis and AD show distinct differences with respect to cytokine milieu (i.e., Th1 in AD  vs.  Th2 

in  psoriasis),  bacterial  superinfection,  surface  pH,  transepidermal  water  loss  and  itch,  it  is  well known that these disorders share many morphological and molecular features [1, 2]. For example, from a dermatopathologist’s perspective, the lesional skin of both conditions can  demonstrate the presence of T-cell and CD1a+/CD11c+ dendritic cell infiltrates associated with hyperplasia/altered differentiation of keratinocytes [1, 2]. In addition, cutaneous T-cell dyscrasias (i.e., lymphomas) can occasionally  masquerade,  both  clinically  and  histopathologically,  as  inflammatory  dermatoses (i.e., cutaneous lupus erythematosus) [3–5]. 

These issues highlight the need to develop novel objective strategies to increase diagnostic accuracy  through  the  use  of  molecular  technologies.  Today,  the  focus  of  inflammatory  skin  disease research is largely directed toward the investigation of pathogenic pathways and therapeutic targets 

[6, 7]. While progress has been made, the genetic/epigenetic mechanisms underlying all cellular and molecular  changes  in  inflammatory  dermatoses  remain  to  be  fully  characterized.  Except  for lymphocyte clonality assays, the routine clinical use of molecular technologies in the diagnosis and management of these conditions is largely unexplored. The concepts and pitfalls of molecular diagnostic testing for lymphocyte clonality in cutaneous T-cell infiltrates, including both neoplastic and inflammatory skin disorders, are discussed in Chap. 10. In the appropriate setting, the detection of monoclonal  T-cell  expansion  in  the  skin  is  used  as  supportive  evidence  of  cutaneous  T-cell lymphoma. However, molecular analysis of T-cell receptor gene rearrangements (TCR-GRs) have also  demonstrated  monoclonal  and/or  restricted  oligoclonal  T-cell  profiles  in  a  wide  range  of A. Phelps () 
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inflammatory skin conditions, including eczematous dermatoses, psoriasis, drug reactions, lichenoid eruptions (lichen planus), and autoimmune disorders (cutaneous lupus erythematosus, scleroderma/

systemic  sclerosis). Therefore, the integration of clinical, histopathological, and immunophenotypic features  is  necessary  for  an  accurate  diagnosis  of  cutaneous  lesions  with  evidence  of  T-cell monoclonality. 

Recent studies on inflammatory dermatoses have employed gene expression profiling strategies, which allow the simultaneous analysis of the transcriptional activity of hundreds-to-thousands of genes at the mRNA level [1]. Both similarities and differences in the expression of numerous genes, including those involved in innate/adaptive immunity and skin barrier function, have been found in lesional/nonlesional skin of a variety of cutaneous inflammatory disorders, including AD and psoriasis [1]. Interestingly, a number of genetic and epigenetic mechanisms may be commonly altered in diverse inflammatory conditions, suggesting a general role in cutaneous inflammation (i.e., S100 

family and miR-21/miR-125b in both AD and psoriasis) [8–10]. For example, Wenzel et al. [10] 

identified 16 common genes, including S100 proteins (S100A2, S100A7, S100A9), keratins (KRT5, KRT6A, KRT15, KRT17), FADS2, JUP, and CFL1, that are differentially expressed in lesional skin of  AD,  lichen  planus,  and  psoriasis,  compared  with  skin  biopsies  of  healthy  controls.  Similarly, Kamsteeg et al. [1] noted that the expression of KRT6 and IL-18 does not significantly discriminate between AD, ACD, ICD, and psoriasis. However, other dysregulated mechanisms may be specific to a particular inflammatory dermatosis (i.e., NELL2 in AD  vs.  miR-146a/miR-203 in psoriasis  vs.  

CXCL9  in  lichen  planus)  [9–12].  As  a  consequence,  genetic/epigenetic  alterations  and  protein expression among inflammatory dermatoses could determine both similarities and differences in the clinical  phenotypes  of  these  conditions.  The  question  that  arises  is  whether  results  of  molecular studies have any direct clinical significance in these inflammatory conditions vis-à-vis diagnosis, activity monitoring, identification of novel therapeutic targets, and/or prevention. Interestingly, the differential expression of a number of genes has been shown to correlate significantly with disease activity scores and/or response to therapy in patients with psoriasis [13–21]. As will be outlined in this chapter, molecular technologies, such as cDNA/oligonucleotide microarrays and polymerase chain reaction (PCR)-based analyses, can facilitate the differentiation of a number of inflammatory dermatoses.  Thus,  in  principal,  the  diagnostic  use  of  gene  expression  profiling  in  this  setting  is clearly possible. In fact, one group of investigators has already designed a skin-oriented microarray on the basis of their results [10]. However, as stated by Wenzel et al. [10], “its use is clearly limited by the quality of gene expression data available for all skin disorders, by the cost of this technique, and by the more complicated handling of skin biopsies to obtain mRNA of sufficient quality.” The use  of  more  widely  available  technologies,  such  as  in  situ  hybridization  (ISH)  and  immunohistochemistry (IHC), to apply data from investigative studies may be a more feasible approach. This would allow for rapid and inexpensive investigation of mRNA and/or encoded protein expression in skin samples, and facilitate the correlation of genomic/proteomic changes with the tissue morphological features of a particular disease. Other advantages of these techniques include technical ease, low cost, and rapid turn around. 

Eczematous/Spongiotic Dermatoses

 Atopic Dermatitis

Atopic dermatitis (AD) is a very common skin disorder, affecting 10–20% of children and 1–3% of adults  in  industrialized  countries  [22,  23].  Together  with  allergic  rhinoconjunctivitis  and  allergic asthma, it is regarded as a manifestation of atopy (defined as a genetic predisposition toward the development  of  immediate  hypersensitivity  reactions  against  common  environmental  antigens). 
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Patients with AD suffer from dry, itchy, and inflamed skin with predilection for flexures and folds, but commonly with extension to the trunk or even whole body involvement. The skin of affected individuals is predisposed to bacterial superinfection. The diagnosis is usually relatively straightforward, based primarily upon clinical features, but supplemented in some cases by histopathological review of skin tissue samples in order to confirm the microscopic hallmark of epidermal spongiosis (intercellular edema). 

The pathophysiology of AD is highly complex and still not completely understood, but involves both genetic and environmental factors which contribute to disease susceptibility, pathogenesis, and severity. The importance of genetic influences is evident from twin and family studies. Over the last decade, genome-wide screens and gene association studies have identified numerous chromosomal regions  and  genes  that  are  linked  to  AD  susceptibility  [22].  Candidate  AD  susceptibility  genes belong to several biologically and functionally distinct groups, including cytokines, chemokines, antigen-presenting molecules, pattern-recognition receptors, drug-metabolizing enzymes, and epidermal  differentiation  complex  molecules,  underscoring  the  complexity  of  AD  pathophysiology 

[22]. Of note, the current focus of AD research includes not only immunological abnormalities, but also epidermal barrier dysfunction [such as filaggrin (FLG) and Kazal type 5 gene mutations]. The latter changes also underpin the development of a number of genodermatoses, including ichthyosis vulgaris and Netherton syndrome (see Chap. 19) [23]. 

A number of gene expression profiling studies have been performed on patients with AD, typically comparing AD lesional skin with AD nonlesional skin or normal skin of healthy volunteers 

[1, 8, 11, 24]. Hierarchical clustering across samples is purported to provide a clearer picture of which genes are of greater relevance to AD pathophysiology. Noteworthy is the fact that many of the genes found to be differentially expressed in AD skin in these studies are localized to previously described AD susceptibility chromosomal regions [1, 8, 11, 24]. Genes with differential expression in AD are summarized in Table 14.1. Using oligonucleotide microarrays, Sugiura et al. [8] reported abnormal epidermal differentiation and defective defense mechanisms in AD skin, with overexpression  of  S100A7/S100A8  and  alternative  pathway  epidermal  keratin  genes  (KRT6A,  KRT6B, KRT16), and downregulation of cornified envelope genes [FLG and loricrin (LOR)]. In the study by Sääf et al. [24], cDNA microarray analysis identified ~4,000 genes out of 24,500 tested that were differentially expressed in AD skin. A reciprocal expression pattern of upregulated inflammatory genes and downregulated lipid metabolism genes was found in the skin of AD patients [24]. Up regulated inflammatory genes included those encoding a suppressor of cytokine signaling (SOCS3), chemokines (CCL18, CXCL1), interleukin receptors (IL-2Rg, IL-4R), cell surface antigens (CD5, CD6, CD28), complement pathway components and regulators (C1R, C1S, SERPING1), IgE receptor gamma subunit (FCER1G), T-cell surface glycoproteins (THY1), and eicosanoid lipid messengers  and  processing  enzymes  (PTGES,  PTGIS,  PTGER3)  [24]. These  factors  are  involved  in leukocyte recruitment, cellular activation signaling, inflammatory mediator release, promotion of Th2 inflammatory responses, regulation of IgE synthesis, and other still incompletely understood pathways.  Genes  with  reduced  expression  in  AD  are  associated  with  cholesterol,  fatty  acid,  and arachidonic acid metabolism [24]. Sääf et al. [24] also noted that genes involved in cornified envelope formation are differentially expressed in AD skin, supporting the hypothesis that skin barrier dysfunction is critically involved in the pathogenesis of AD. For instance, AD skin shows upregulation of two members of the transglutaminase family (TGM1 and TGM3), in addition to kallikrein 7 (KLK7), also called stratum corneum chymotryptic enzyme (SCCE) [24]. Transglutaminases are required for epidermal protein cross-linking during normal stratum corneum formation. KLK7 has catalytic activity, capable of degrading desmosomes in the stratum corneum, and thereby promoting normal  desquamation  [22].  One  of  its  known  inhibitors,  serine  protease  inhibitor  Kazal  type  5 

(SPINK5), is the product of a putative susceptibility gene for AD [23]. 

Epigenetics describes inherited variations in gene expression that occur without a change in the DNA sequence, and include DNA methylation, histone modification, and microRNAs (miRNAs) 
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Table 14.1  Gene expression profiles in atopic dermatitis

Biological clusters

Differentially expressed genes

 Genes with increased expression

Interleukins

IL-4, IL-5, IL-6, IL-10, IL-13

Interleukin receptor family

IL-2R (g), IL-4R, IL-10RA, ST2

Chemokine family

CCL5 (RANTES), CCL18, CCL21, CXCL1, SOCS3

Surface antigens

CD5, CD6, CD28, CD37, CD53, CD86

Complement factors

C1R, C1S, C1QB, SERPING1, CFH

IgE receptor family

Receptor gamma subunit FCER1G, TRAa, THY1

Epithelial host defense proteins

b-Defensin 2, elafin

Epidermal barrier function

Involucrin, S100A2, S100A7, S100A8, S100A9, transglutaminase 1 (TGM1), 

TGM3, calmodulin-like skin protein CALML5 (CLSP), kallikrein 7 

(KLK7/SCCE), serine protease inhibitor B-13, chondroitin sulphate 

proteoglycan 2, small proline-rich protein 1A/B, 2B/C, trichohyalin

Epidermal differentiation- 

KRT6A/B, KRT16, KRT17

associated keratins

Eicosanoid lipid messengers  

Prostaglandin E synthase (PTGES), prostaglandin I2 Synthase (PTGIS), 

and processing enzymes

prostaglandin E receptor 3 (PTGER3)

 Genes with decreased expression

Synthesis and uptake of  

ATP-citrate lyase (ACL1), acyl-CoA synthetase (ACSL1, ACSL3), HMG-

cholesterol and fatty acids

CoA synthase (HMGCS1, HMGCS2), HMG-CoA reductase (HMGCR)

Polyunsaturated fatty acid  

FADS1, FADS2, ELOVL5, acyl-transferase (AGPAT3)

pathway

Arachidonic acid metabolism

ALOX5AP, ALOX12, ALOX15B

Epidermal barrier function

Filaggrin, loricrin, desmoglein 2 (DSG2), fibronectin 1, small proline-rich 

protein 3

Epidermal differentiation- 

KRT1, KRT2, KRT5, KRT10, KRT14

associated keratins

Transcription factors

Lipin-1, SREBPF1

[9, 12, 25–27]. It is widely believed that epigenetic mechanisms, in addition to the genetic mutations previously outlined, may contribute to the development and progression of a number of skin diseases, including AD [27]. For instance, patients with AD show reduced DNA methyltransferase 1 

(DNMT1) expression compared with normal controls [27]. It is hypothesized that hypomethylation, as a result of reduced DNMT1, may induce IgE production via Th2-related cytokine mechanisms in these patients. MiRNAs are small endogenous noncoding RNA molecules (~22–25 nucleotides in length) that bind to target mRNAs, and regulate translation through mRNA repression or degradation [9, 12, 25, 26]. It has recently been demonstrated that miRNAs play a role in normal skin and hair follicle development, cutaneous wound healing, and a wide variety of skin cancers (i.e., melanoma and Kaposi’s sarcoma), in addition to inflammatory conditions (i.e., psoriasis and AD) [9, 12,  

25, 26]. It is postulated that miRNAs contribute to the pathogenesis of inflammatory skin disorders through regulation of protein expression and cellular functions in both infiltrating immune cells and epidermal keratinocytes [9, 12, 25, 26]. AD is associated with a number of deregulated miRNAs, including upregulation of miR-21 and downregulation of miR-122 and miR-125b (the latter putatively contributing to elevated TNF-a production) [9, 12]. Interestingly, some regions of interest are found to overlap with chromosomal loci previously found to be associated with AD [9, 12]. 

The  ability  to  profile  miRNA  levels  in  different  cutaneous  inflammatory  disorders,  such  as  AD, could potentially lead to the development of tools to evaluate specific miRNAs that are associated with  disease  progression  and  prognosis.  Importantly,  unlike  genetic  mutations,  epigenetic  alterations are potentially reversible [27]. Therefore, future research will likely investigate the possibility of  employing  epigenetic  changes  not  only  as  novel  biomarkers  for  early  diagnosis,  disease 

[image: Image 89]
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progression, and treatment monitoring, but also for the development of targeted epigenetic-modifying drugs (i.e., miRNA-directed therapies), for skin diseases, such as AD [9, 12, 25–27]. 

Despite increasing knowledge of the roles of genetic and epigenetic changes in the pathophysiology of AD, the question remains: Can this information help in the clinical setting, by providing an objective laboratory-based differentiation of AD from other spongiotic dermatoses, such as ACD 

and ICD, and/or from non-eczematous inflammatory conditions, such as psoriasis? It is important to consider that these disorders share important cellular and molecular characteristics. All conditions show defective barrier function, in addition to upregulation of many cytokines, chemokines, and inflammatory molecules; although, the immune-response phenotype (i.e., Th1  vs.  Th2) varies 

[2, 28]. In general, microscopic review is not sufficiently specific to separate AD from ACD or ICD, as these conditions can all show spongiotic changes (i.e., epidermal intercellular edema), variable epidermal hyperplasia, and an intradermal mixed inflammatory infiltrate of T-cells, histiocytes, and/

or eosinophils. However, in a study by Kamsteeg et al. [1], real-time PCR-based expression profiling of 15 genes in AD, ACD, ICD, and psoriasis samples identified several differentially regulated transcripts, which may be possible candidates for disease-specific pathogenic changes. This study also  demonstrated  that  molecular  testing  could  potentially  be  used  to  distinguish  between  these inflammatory skin diseases in the clinical setting (Fig. 14.1). A similar expression pattern for some Fig. 14.1   Molecular discrimination of allergic contact dermatitis, irritant contact dermatitis, atopic dermatitis, and psoriasis. Real-time quantitative polymerase chain reaction data from skin biopsy samples were analyzed using a one-way clustering approach to assess the similarity between the inflammatory conditions based on the D C  values t

from  CAII,  NELL2,  hBD-2,  IL-1F9,  CXCL8,  CXCL10,  and  CCL17.  A  good  separation  of  diagnosis  groups  is obtained. Normal skin ( NS ) samples are distinct from all biopsies of inflamed skin. Secondly, psoriasis ( PS) could be discriminated from the different forms of eczema [atopic dermatitis ( AD), allergic contact dermatitis ( ACD), and irritant contact dermatitis ( ICD)] which are clustered under a separate node. Within the eczematous skin conditions, three distinct clusters emerge for AD, ACD, and ICD. Only two samples (one AD and one ACD) were classified in  other  clusters.  ΔC   is  the  difference  between  the  threshold  cycle  of  the  target  gene  and  the  reference  gene t

(From Kamsteeg et al. [1]. Reprinted with permission from Wiley, Copyright © 2009)

[image: Image 90]

288

M.J. Murphy et al. 

genes, but not all genes, was noted among the eczematous disorders (AD, ACD, and ICD), possibly reflecting their similar, although not identical, cytokine milieu [1]. Of note, psoriasis was found to be molecularly distinct from the other inflammatory conditions [1]. For instance, carbonic anhydrase II (CAII) is found to be highly induced in AD and other eczematous dermatoses, but not in psoriasis [1, 11, 29]. CAII is involved in the regulation of epidermal water transport and intracellular pH maintenance [29]. In contrast, interleukin-1F9 (IL-1F9), elafin, b-defensin-2 (hBD-2), SPRR2C, and vanin-3 are specifically induced in psoriatic lesions (Fig.  14.2) [1, 8, 11]. Neuron-specific Nel-like protein 2 (NELL2) shows strong induction in AD, but not in other eczematous dermatoses. In contrast, the chemokines CCL17 and CXCL10 are predominantly expressed in ACD. CXCL8 and IL-1b are highly expressed in psoriasis, AD, and ACD, but not in ICD [1]. Importantly, ICD does not reveal any specifically regulated marker gene [1]. Of note, the low expression levels of antimicrobial  proteins  in  AD  (elafin,  hBD-2)  may  be  associated  with  the  relatively  high  prevalence  of cutaneous infections in this condition [1, 8]. Kamsteeg et al. [1] reported that a molecular distinction between  normal  skin,  psoriasis,  and  eczematous  dermatoses  (AD,  ACD,  and  ICD)  can  be  made using a set of only seven genes (CAII, NELL2, hBD-2, IL-1F9, CXCL8, CXCL10, and CCL17) (Figs. 14.1 and 14.2). Interestingly, a distinction between ACD and ICD could also be made with this 7-gene set [1]. In another study by Nomura et al. [11], which compared gene expression profiles of AD and psoriasis by oligonucleotide microarray analysis and real-time PCR, a total of 18 genes were found to be significantly upregulated in AD lesions. These included the aforementioned genes NELL2 (with the highest fold increase of 7.6) and CAII, in addition to tenascin C (extracellular matrix  molecule)  and  the   chemokines  CCL18/PARC,  CCL27/CTACK,  and  CCL13/MCP-4  [11]. 

While  both  AD  and   psoriasis  lesional  skin  demonstrate  epidermal  hyperplasia  and  regenerative Fig. 14.2   Immunohistochemical discrimination of normal skin, psoriasis, atopic dermatitis, and allergic contact dermatitis. Human beta defensin-2 ( hBD-2) staining by immunohistochemistry in (a) normal skin, (b) psoriasis, (c) atopic dermatitis, and (d) allergic contact dermatitis. Together with other markers, hBD-2 distinguishes between psoriasis and eczematous dermatoses (Courtesy of Dr. Joost Schalkwijk, Department of Dermatology and Nijmegen Centre for Molecular Life Sciences, Radboud University Nijmegen Medical Centre, Nijmegen, The Netherlands)
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epidermal growth, the keratinocyte terminal differentiation program is known to be accelerated in psoriasis and defective in AD [2, 28]. Accordingly, Guttman-Yassky et al. [28] have demonstrated that psoriasis and AD can be distinguished on the basis of terminal differentiation gene expression, with AD showing decreased expression of FLG, LOR, SPRR2C, CDSN, and IVL compared with psoriasis. In another study, this group also confirmed that AD and psoriasis could be differentiated on the basis of Th1 and Th2 gene expression profiling [2]. As expected, AD is characterized by a Th2 pattern (i.e., IL-5, IL-10, IL-13, CCL17, CCL22, TSLPR, CCL5/RANTES, and MMP-12). In contrast, psoriasis demonstrates a Th1 profile [i.e., IL-8, IL-1b, NOS2A, CCL20, and interferon (IFN)-g] [2]. Finally, Wenzel et al. [10] noted that CCL17 and CCL27 are differentially expressed in AD, when compared with psoriasis and lichen planus. 

Gene expression profiling may also have a role in the distinction of inflammatory dermatoses from cutaneous lymphomas. In this regard, Tracey et al. [30] employed a cDNA microarray-based approach to identify 27 transcripts that were differentially expressed between mycosis fungoides (MF) and a range of inflammatory dermatoses, including spongiotic (i.e., eczematous) conditions. 

These  genes  included  tumor  necrosis  factor  receptor  (TNFR)-dependent  apoptosis  regulators, STAT4,  CD40L,  other  oncogenes  and  apoptosis  inhibitors.  A  6-gene  (FJX1,  STAT4,  SYNE1, TRAF1, BIRC3, and Hs.127160) prediction model, capable of differentiating MF from inflammatory conditions, was constructed [30]. This model correctly assigned 97% of cases in a blind test validation, using 24 MF patients with low clinical stages [30]. 

While  miR-21,  miR-122a,  and  miR-125b  show  similar  alterations  in  both  AD  and  psoriasis, genome-wide analysis has identified a number of miRNAs that are differentially regulated in these conditions (i.e., disease-specific), potentially providing targets for molecular diagnostic tools. For example, miR-203 and miR-146a are found to be upregulated in psoriasis, but do not appear to be altered in AD [9, 12, 26]. 

Many of these differentially expressed genes have been identified through the use of cDNA/oligonucleotide microarray and/or quantitative PCR technologies. For clinical applications, the goal is to use these findings to develop more user-friendly molecular diagnostic strategies and/or expand the utility of more readily available technologies. Through the use of IHC and flow cytometric analysis, the expression patterns of encoded proteins for these putative disease-specific genes have been evaluated [1]. Importantly, a good correlation between gene transcript and protein levels of CAII is seen in eczematous  dermatoses  (upregulated)  and  psoriasis  (downregulated)  [1, 29].  As  predicted  by  gene expression profiling studies, upregulation of TGase1 (product of TMG1), SOCS3, TSLPR, CCL17, CCL18, and CCL22 proteins is detectable in lesional AD skin by IHC [2, 24]. In contrast, AD skin shows reduced expression and abnormal formation of terminal differentiation proteins (FLG, LOR, CDSN, and IVL) [28]. IHC confirms high levels of hBD-2 protein in lesional skin of psoriasis, with minimal or absent staining in lesional skin of eczematous dermatoses (AD, ACD, and ICD) (Fig.  14.2) 

[1, 31]. However, elafin protein is strongly expressed by both psoriasis and ICD (within the stratum granulosum), with variable staining in AD and ACD; despite gene expression analysis identifying it as a relatively specific marker of psoriasis  [1, 31]. Therefore, as is widely known, the mRNA level of a particular gene may not necessarily correlate with the expression pattern of its encoded protein [32].  

Interestingly, both mRNA and protein levels of Ki-67 (a marker of cellular proliferation) and KRT16 

(a keratin commonly induced in epidermal hyperproliferative states) are found to be poor discriminators for all these inflammatory disorders (psoriasis, AD, ACD, and ICD) [1, 28, 31]. 

 Allergic Contact Dermatitis

Allergic contact dermatitis (ACD) is a manifestation of specific delayed (type IV) hypersensitivity, T-cell-mediated immune reactions to exogenous chemicals and physical agents. In the sensitization 
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phase,  dendritic  Langerhans  cells  present  antigens  to  naive  T-cells,  which  became  specifically sensitized  and  memorable  for  these  antigens.  The  elicitation  phase  takes  place  after  antigen re-exposure,  when  previously  sensitized  T-cells  become  activated  and  induce  an  inflammatory response,   clinically  represented  by  an  acute  dermatitis  or  a  more  chronic  eczematous  reaction. 

Based on gene expression profiling, the induction of two genes, CCL17 and CXCL10, appears to be  relatively  specific  for  ACD,  contributing  to  the  combined  Th1  and  Th2  cytokine/chemokine profile seen in some cases [1]. In a study of monocyte-derived dendritic cells (Mo-DCs), treatment with sensitizers (contact allergens, nickel, and Brandrowski’s base) resulted in the upregulation of 21 genes, including IL-8, CCL17, CCR7, CCL22, CD86, CXCR4, and PPIA [33]. 

 Irritant Contact Dermatitis

Irritant contact dermatitis (ICD) is induced by contact with irritating chemicals, resulting in a non-allergic inflammatory reaction. In contrast to ACD, the intensity of the reaction is proportional to the  dose  of  the  chemical  applied.  From  gene  expression  studies  of  lesional  skin,  it  appears  that overall transcript induction in ICD is relatively low compared with other inflammatory skin diseases 

[1]. In addition, Mo-DCs treated with an irritant (SDS) do not show significant gene upregulation (i.e., <1.5-fold induction) [33]. To date, no differentially expressed genes specifically related to ICD 

have been found. 

Psoriasis

Psoriasis is a chronic inflammatory and hyperproliferative skin disease that affects ~2% of Western populations. It is typically characterized by sharply demarcated erythematous scaly plaques that are predominantly localized to the extensor surfaces of the elbows and knees, scalp, and buttocks 

[34, 35]. However, the clinical picture can be diverse, and patients may demonstrate nail changes, pustular eruptions, and/or erythroderma. Up to 40% of patients have psoriatic arthritis, which can be  severe  and  deforming  in  ~5%  of  cases  [34,  35]. Psoriasis  is  a  multifactorial  disease  with  a complex  pathogenesis,  involving  polygenic  predisposition  and  environmental  triggering  factors, such as infection, trauma, and drugs [34, 35]. A genetic basis for this disease is supported by the fact that a concordance rate of 63–73% in seen in monozygotic twins, as compared to 17–20% for dizygotic twins [35, 36]. Several disease susceptibility loci, PSORS1–PSORS9, have been proposed as  predisposing factors from the results of genome-wide linkage scans [35, 36]. A recent study by Elder et al. [35] reported an association between psoriasis and seven genetic loci – HLA-C, IL-12B, IL-23R, IL-23A, IL-4/IL-13, TNFAIP3, and TNIP1. 

On light microscopy, classic psoriasis plaques demonstrate parakeratosis containing neutrophils, epidermal  hyperplasia,  increased  lesional  CD8+  T-cells  and  myeloid/plasmacytoid  dendritic  cells, and ectatic blood vessels in the papillary dermis. Lesional keratinocytes are hyperproliferative and show altered expression of early (↑ IVL, ↑ SPRRs) and late (↓ FLG, ↓ LOR, ↓ CASP14) differentiation  markers,  leading  to  impairment  of  skin  barrier  function.  In  addition,  there  is  suppression  of signaling pathways associated with keratinocyte differentiation (↓ Notch, ↓ PPAR-a); induction of proliferation-associated pathways (↑ c-Myc, ↑ b-integrin, ↑ Wnt5a); activation of signaling pathways involving STAT3, IFN, and MAPK; and dysregulation of both innate and adaptive immunity [34].  

These changes lead to a regenerative epidermal phenotype (similar to the normal skin-wound healing response) that is accompanied by increased production of adhesion molecules (ICAM-1, VCAM-1), 
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antimicrobial peptides (elafin, S100A7, b-defensin 2, and LL-37), and proinflammatory cytokines (TNF-a,  IL-1,  IL-22,  IL-23,  iNOS)  [34].  Numerous  studies  have  been  undertaken  in  an  effort  to determine the molecular pathophysiology of psoriasis, but the specific mechanism(s) by which cutaneous  inflammation  and  keratinocytic  changes  interact  to  induce  the  clinical– histopathological features of this disease remain unclear [34, 35]. An in-depth discussion of the current concepts of psoriasis pathogenesis is beyond the scope of this chapter and readers are referred to recent reviews in the literature [34, 35]. Of note, the recent identification of the IL-23/Th17 axis as a major player in the pathobiology of psoriasis has provided a basis for novel therapeutic strategies in this disease. 

Anti-IL-12p40  monoclonal  antibodies,  which  target  the  common  subunit,  p40,  of  both  IL-23  and IL-12, are proving to be beneficial in the treatment of psoriasis patients [37]. 

A number of molecular studies have uncovered interesting results with immediate clinical utility in the management of patients with psoriasis. In this regard, gene expression profiling technologies have  been  used  to  compare  lesional  psoriatic  skin  with  both  nonlesional  psoriatic  skin  and  skin samples of other inflammatory dermatoses [1, 2, 10–14, 20, 26, 31, 38–45]. Genes with differential expression in psoriasis are summarized in Table 14.2.  Molecular aberrations in established psoriatic plaques are also identifiable in nonlesional psoriatic skin. Of note, the transcript profile of nonlesional  psoriatic  skin  is  more  similar  to  that  of  lesional  psoriatic  skin  than  to  the  gene  expression profile  of  normal  skin  [17].  In  one  study,  Zibert  et  al.  [26]  found  42  upregulated  miRNAs  and  5 

downregulated  miRNAs in involved psoriatic skin compared with healthy skin, and 9 deregulated miRNAs in  noninvolved psoriatic skin compared with healthy skin. The identified target mRNAs of Table 14.2  Gene expression profiles in psoriasis

Biological clusters

Genes differentially expressed

 Genes with increased expression

Cytokines, chemokines, 

IL-12B, IL-23, IL-1b, IL-8, TNF-a, CCL5, IL-1F5, IL-1F7, IL-1F9, IL-4R, 

and other inflammatory  

GRO-a, SCYA19/21, SDF, ICAM-1, VCAM-1

factors

IFN pathway

IFN-g, IFN-inducible protein IFI 16/27/30/35/44, IFN-g receptor 1, CXCL10, 

G1P3, myxomavirus resistance MX1, MX2, STAT1/3, OASI1/2, CCL2, 

CCL20, CD24

Epidermal barrier function

Involucrin, S100A2, S100A7, S100A8, S100A9, S100A12, transglutaminase 

TGM1/3, small proline-rich family proteins SPRR1A/1B/2A/2B/2C/2D/2E, 

lipoxygenase ALOXB12, cellular retinoic acid-binding protein CRAB2, 

corneodesmosin, fatty acid-binding protein FABP5, aquaporin 3 (AQP3), 

cornifelin, calmodulin-like 5 (CALML5), connexin 26 (GJB2)

Epidermal differentiation-

KRT1, KRT6A/B, KRT14, KRT16, KRT17, KRT18

associated keratins

Proteinases and inhibitors

Kallikrein (KLK) 6/7/8/10/13, serine proteinase inhibitor SERPINB 1/2/3/4/5/7, SPINK5, PI3, cystatin A (CSTA), skin-derived protease inhibitor 3 (SKALP), 

protease inhibitor 3/Elafin, proteasome activator complex PSME2

Antimicrobial activity

b-Defensin 2 (DEFB2), DEFB4, lipocalin LCN2

Transcription factors

JunB, c-ETS-2, NFkB1, AP-1, IRF2-ISRE, eukaryotic translation elongation 

factor EEF1A1

Signal transduction

Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation YWHAB, 

YWHAG, YWHAQ

Others

Vanin-3, cytochrome CYC1, TNFAIP3 interacting protein TNIP1, translationally 

controlled tumor protein TPT1, ribosomal protein L14/S4X/S29, integrin ß4 

binding protein ITGB4BP, WNT5

 Genes with decreased expression

Combined clusters

KRT15/18, CCL27, JunC, claudin (CLDN) 5/8, zinc finger and BTB domain 

containing 16 (ZBTB16), monoamine oxidase A, aldehyde dehydrogenase 3 

(ALDH3A2), makorin ring finger protein MKRN1, CREBL2, HIBP1, matrilin 

MATN2
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these  miRNAs were likely to be involved in cellular growth, proliferation, apoptosis, and extracellular matrix degradation. In addition, miR-221/miR-2/TIMP3 and miR-203/SOCS3 target interactions are postulated to play roles in the pathogenesis of psoriasis, as both TIMP3 and SOCS3 are found to be downregulated in psoriatic skin [12, 26]. These studies have not only provided insight into the  pathogenesis of this disorder, but also uncovered potentially specific diagnostic markers and novel therapeutic targets [34, 35]. Many of these investigations are discussed in the preceding section on Eczematous/Spongiotic Dermatoses (Figs. 14.1 and 14.2). Of note, a type I IFN signature, with high  expression  of  chemokines  (CCL4,  CCL20,  CXCL2,  CXCL8)  and  the  chemokine  receptor CXCR2, appears to be relatively specific to psoriasis [34]. In addition, the gene expression profile of psoriasis lesions has been shown to correlate with disease severity, but not with the clinical type or location of psoriatic plaques, family history of psoriasis, age at onset, or association with psoriatic arthritis [13, 14]. 

Furthermore, a number of investigators have evaluated the effects of current therapeutic modalities, such as pimecrolimus, cyclosporine, rhIL-11, dithranol, alefacept, IL-10, and phototherapy, on the transcriptomic profile of blood samples and lesional skin of psoriasis patients [15–21]. These studies have identified a panel of differentially expressed candidate genes that may serve as novel therapeutic intervention points, in addition to surrogate and predictive biomarkers of disease activity and treatment response. For instance, four-week treatment with topical pimecrolimus was shown to result in the downregulation of molecules involved in antigen presentation (HLA-E), chemotaxis and leukocyte migration (L-selectin, RANTES, LFA1a), inflammation (prostaglandin endoperoxide synthase 1), and other pathways [19]. In another study, a subset of 41 differentially regulated genes, which returned to normal or uninvolved levels following therapeutic intervention with rhIL-11 or cyclosporine, were identified [20]. These included 12 genes that are localized to psoriasis susceptibility loci, such as ID4, HBP-17, KRT16, S100A2, S100A9, S100A12, GNA15, MTX, PRKMK3, and SCYA2 [20]. Importantly, many of these changes were noted to precede clinical improvement 

[20]. Genes  noted  to  be  upregulated  by  treatment  with  rhIL-11,  but  not  cyclosporine,  included TNXA,  CRIP1,  and  GATA3  [20]. With  respect  to  dithranol  treatment,  gene  expression  profiling identified 18 genes (some well-known, IL-8 and COX-2; some recently identified immune regulatory molecules, G0S2 and CDKN1C) that showed significant up- or downregulation in active versus treated psoriatic lesions [21]. 

Ongoing investigations into the pathogenesis of psoriasis will likely lead to the development of other effective therapies with highly selective and targeted modes of action and low toxicity profiles 

[37]. The  role  of  pharmacogenetics  and  pharmacogenomics  in  the  management  of  patients  with psoriasis is further explored in Chap. 21. 

Lichenoid-Interface Dermatoses

The lichenoid-interface dermatoses (LIDs) represent a group of clinically heterogeneous inflammatory skin disorders with variable incidence and different triggering factors/antigens, but all showing a similar tissue reaction pattern on light microscopy. These disorders are characterized by a band-like infiltrate of predominantly mononuclear cells associated with epidermal basal cell injury/degenera-tion, and include lichen planus (LP), cutaneous lupus erythematosus (CLE), dermatomyositis, acute graft-versus-host  disease  (aGVHD),  erythema  multiforme,  lichen  sclerosus,  and  lichenoid  drug reactions, amongst others [46, 47]. Recent studies suggest that a common inflammatory signaling pathway, involving plasmacytoid dendritic cell (pDC)-mediated type I IFN signaling (via CXCL9 

and  CXCL10  and  their  common  receptor,  CXCR3),  underlies  the  pathogenesis  of  many  LIDs. 

Similar mechanisms may be at play in lichenoid-interface reactions to verrucae and actinic keratoses 

[47–49]. An in-depth review of the  pathways responsible for these disorders is beyond the scope of 
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this chapter and available  elsewhere [47–49]. A definitive distinction of LIDs from other inflammatory dermatoses is generally possible through the integration of clinical findings and histopathological features  [i.e.,  diagnostic  lichenoid-interface  reaction  pattern,  in  the  absence  of  spongiosis  (i.e., eczematous conditions) and/or psoriasiform epidermal hyperplasia (i.e., psoriasis)] [46]. However, significant microscopic overlap can occur among LIDs, precluding a definitive diagnosis in some instances (i.e., aGVHD  vs.  erythema multiforme). Adjunct direct immunofluorescence (DIF) studies (for  immunoglobulin,  complement,  and  fibrinogen  deposition)  and/or  serological  testing  [such  as screening for hepatitis C virus (HCV) infection in LP] may be helpful in some cases [46]. As with other inflammatory dermatoses, research has largely been driven by the desire to elucidate the pathobiology and develop novel therapeutic strategies in these conditions. For example, in contrast to AD, psoriasis  and  other  inflammatory  dermatoses,  LIDs  are  characterized  by  upregulation  of  CXCR3 

ligands,  which  promote  effector  cytotoxic  T-cells  and  pDCs  [48]. This  suggests  that  the  use  of chemokine antagonists may be a therapeutic approach in these disorders [48]. Interestingly, many of the uncovered cellular and molecular mechanisms could provide avenues for the development of more  specific tools for the diagnosis of LIDs. For example, it has been proposed that future diagnostic tests may include cytokine profiling of lesional tissue [46]. Molecular diagnostic strategies in the setting of LIDs are discussed in the following sections. 

 Lichen Planus

Lichen planus (LP) is a chronic inflammatory disease that affects skin, mucous membranes, nails, and hair [46]. Cutaneous disease is clinically characterized by itchy, flat-topped polygonal, purple papules and plaques. On light microscopy, cutaneous LP (cLP) shows a lichenoid-interface lymphocytic  reaction  pattern,  necrotic  keratinocytes  (Civatte  bodies),  and  sawtooth-like  epidermal acanthosis with wedge-shaped hypergranulosis [46]. The inflammatory infiltrate is dominated by IFN-promoted cytotoxic CD8+ T-cells, which appear to be autoreactive against epithelial antigens [49]. The pathogenesis of LP is largely unknown; however, a number of viruses have been proposed to play a role in its development [i.e., HCV and reactivated human herpes virus (HHV)-

7]. Of note, HCV and HHV-7 DNA/RNA and antigens can be detected in lesional skin of LP by PCR, reverse transcription (RT)-PCR, ISH, and IHC [50–52]. Using expression profiling analysis, Wenzel et al. [10, 49] identified 60 genes that were upregulated in cLP compared with skin from healthy controls. These included: (1) a specific chemokine gene expression pattern; (2) both type I and type II IFN-inducible genes (IRF1, MX1, IFITM1); and (3) several MHC class I and class II molecules (HLA-B, HLA-DRB1). The most significantly increased transcripts belonged to the gene cluster of CXCR3 ligands – in particular CXCL9, which showed >13-fold induction 

[10, 49]. ISH- and PCR-based analyses have confirmed these results [10, 49]. CXCL9 is known to  bind  to  CXCR3  on  activated  Th1  T-cells  and  NK-cells.  This  result  is  corroborated  by  the expression of CXCR3 protein by the majority of  lymphocytes in cLP (Fig.  14.3) [10, 49]. In addition, CALML3, plexin D1, TRAM1, COX6A1, ENO1, NF-kB2, and LCP1 are among the most highly expressed genes in LP. By comparing the expression profiles of cLP with those of AD and psoriasis,  several  genes  that  are  relatively  specifically  upregulated  in  LP  are  noted,  including CXCL9,  CCL19,  and  CCL21  [10,  49].  Of  note,  CCL13,  CCL18,  and  CCL22  are  found  to  be increased in both cLP and AD. Both ISH and IHC have been used to identify the presence and localization of CXCL9, IFN-a, IFN-b, and MxA mRNA and protein – confirming them as relatively specific markers for cLP, and  facilitating its distinction from non-LIDs, in particular AD 

[10,  49]. In  addition  to  their  possible  applications  as  diagnostic  tools,  these  observations  may provide  novel  targets  for   therapeutic   intervention  in  cLP  (i.e.,  anti-CXCL9  antibodies).  With regard to mucosal lesions (oral LP), Tao et al. [53] have identified 985 differentially expressed 
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Fig. 14.3   Lichen planus. (a) Lichen planus is the prototype cell-rich lichenoid-interface dermatosis, demonstrating a typical band-like lichenoid inflammatory infiltrate, vacuolization of the basal layer, hyperkeratosis, hypergranulosis, and sawtooth-like acanthosis. (b) CD3-positive T-cells dominate the inflammatory infiltrate. (c) Large numbers of CXCR3-positive cytotoxic effector lymphocytes are found at the dermo-epidermal junction and in the upper dermis. 

The ligand for CXCR3 (IFN-inducible chemokine CXCL9) is the best marker to distinguish lichen planus from other inflammatory  skin  disorders,  such  as  atopic  dermatitis  and  psoriasis.  (d)  Tia1-positive  cytotoxic  cells  invade  the epidermis and induce keratinocyte apoptosis via (e) caspase 3, in areas (f) where the strongest CXCL10  expression is found. Some infiltrating lymphocytes carry CXCL10-positive granules (Courtesy of Dr. Jörg Wenzel, Department of Dermatology, University of Bonn, Bonn, Germany)

genes (356 downregulated and 629 upregulated, including CXCL9), involved in many biological processes and biochemical  pathways, using DNA microarray and quantitative RT-PCR technologies. Another study by Ichimura et al. [54] confirmed upregulation of CXCL9 in oral lesions of LP using RT-PCR analysis. 
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 Graft-Versus-Host Disease

Acute graft-versus-host disease (aGVHD) is a common complication of allogenic hematopoietic stem cell transplantation (HSCT) (up to 80% incidence), but is also rarely seen following blood  transfusions  or  solid-organ  transplantation  (1–2%  incidence)  [55].  It  arises  from  the presence  of  engrafted  viable  allogenic  lymphocytes  that  are  activated  against  host  antigens, typically within an immunocompromised recipient who is unable to recognize or destroy the transplanted cells. Mortality rates for aGVHD vary widely (from <10% to >90%, depending on the  disease  grade).  Rapid  and  accurate  diagnosis  is  necessary,  as  early  initiation  of  effective therapy  may  improve  survival  in  these  patients.  Skin  involvement  is  common,  and  typically presents as an initial acrally distributed and later generalized macular erythematous eruption. 

Diagnosis of aGVHD is commonly based on the correlation of clinical signs/symptoms (fever, diarrhea,  pancytopenia)  with  histopathological  features  on  skin  biopsy  (lichenoid-interface reaction pattern). Unfortunately, diagnosis is often delayed. The clinical changes may be nonspecific and overlap with a variety of other skin conditions, including drug eruptions and viral exanthems. In addition, the typical light microscopic findings of a band-like lymphocyte infiltrate,  vacuolar  changes  and  keratinocyte  apoptosis/dyskeratosis  are  consistent  with  aGVHD, but  not  pathognomonic  for  this  disease,  as  these  features  may  be  seen  in  other  LIDs.  Other tests, such as HLA analysis of peripheral blood/bone marrow leukocytes, may aid in the diagnosis, but are not 100% sensitive. Accordingly, a number of investigators have studied a possible role for molecular-based testing of skin biopsies for diagnosis and follow-up of patients with aGVHD. In this regard, the detection of mixed chimerism (both recipient and donor alleles present) is used to confirm the diagnosis of aGVHD. 

PCR-based  analyses  of  the  Y  chromosome-specific  sex-determining  region  Y  (SRY)  gene 

[56], and DNA polymorphisms associated with variations in the length of dinucleotide or trinu-cleotide microsatellite repeats [57, 58], were among the first molecular techniques used to detect 

“foreign” (donor) DNA in skin biopsies of aGVHD. Recently, Schrager et al. [55] described a rapid, reproducible, and efficient multiplex PCR-based DNA fingerprinting method, using nine highly polymorphic short tandem repeats (STRs), in formalin-fixed paraffin-embedded (FFPE) skin biopsies of  suspected aGVHD in solid-organ transplant recipients [55]. 

Unlike PCR-based chimerism testing, ISH-based techniques offer the distinct advantage of allowing the observer to correlate genetic alterations with morphological features. A number of studies have demonstrated that fluorescence ISH (FISH) analysis of FFPE skin biopsies (and samples  from  other  sites),  using  X  and/or  Y  chromosome  probes,  is  useful  in   confirming aGVHD following transfusions, solid-organ transplantation, and HSCT [59–64]. The presence of a combined XX and XY pattern in an individual patient, or Y-positive cells in a female, is used to support the diagnosis (Fig. 14.4). Notably, donor cells can comprise from 0–90% of the total  skin  infiltrate  in  aGVHD  [59,  60]. In  addition,  studies  by  Niino  et  al.  [59]  and  Murata et  al. [61]  have  noted  a  strong  correlation  between  the  frequency  of  FISH-positive  donor-derived  cells  (lymphocytes,  keratinocytes,  and  endothelial  cells)  and  the  histopathological severity  of  aGVHD  (i.e.,  numbers  of  dyskeratotic/apoptotic  cells),  following  HSCT.  These two studies: (1) confirmed both diagnostic and grading applications of molecular testing; (2) suggested a role for donor cells (other than lymphocytes, and possibly derived from hematopoietic pluripotent stem cells) in the pathogenesis of aGVHD; and (3) identified potential therapeutic  targets  [59,  61].  However,  a  major  limitation  of  the  FISH-sex  chromosome  approach could  be  its  lower  sensitivity  for  detecting  chimerism  compared  with  PCR-based  STR  techniques [65], although this is disputed in other studies [64]. Furthermore, it can be applied only to transplant cases with sex-mismatched donors. Recently, a novel FISH approach using copy number polymorphisms to detect chimerism in a gender-independent fashion was developed, and may have some future application to aGVHD diagnosis and  follow-up [65]. 
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Fig. 14.4   Transfusion-

 associated graft-versus-host 

 disease (GVHD). (a) Clinical 

signs and (b) cutaneous 

histopathological features of 

acute GVHD. (c) 

Fluorescence in situ hybrid-

ization (FISH) analysis of 

peripheral blood cells dem-

onstrating mixed chimerism 

(Courtesy of Dr. Meltem 

Olga Akay, Eskisehir 

Osmangazi University 

Medical School, Eskisehir, 

Turkey)

While not typically considered a monoclonal T-cell disorder (such as cutaneous T-cell  lymphoma), it has been suggested that disease-specific antigen-driven T-cell clones may be expanded in lesional skin  of  aGVHD,  and  used  as  “biomarkers”  to  detect  involvement  at  other  sites  [66].  In  addition, patients with changes of chronic GVHD in the skin and detectable expanded T-cell clones in the peripheral blood appear to be more likely to respond to certain forms of treatment (i.e., photophoresis) [67]. In a recent study, Beck et al. [66] used PCR amplification of rearranged T-cell  receptor 
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genes  from  skin  biopsies  of  aGVHD,  followed  by  cloning  and  sequencing,  in  order  to  develop clonotype-specific PCR assays. Individual skin-derived disease-associated clones were detectable in the peripheral blood of these patients during active disease [66]. Dominant T-cell clones were identified  in  the  skin  biopsies  of  the  majority  of  cases  with  histopathological  changes  of  aGVHD,  and identical clones were found in serial skin biopsies of an individual patient [66]. The detection of a dominant T-cell clone preceding diagnostic histopathological features of aGVHD (i.e., molecular-positive, microscopic-negative disease) suggests a possible adjunct diagnostic role for T-cell clonality analysis in this disorder [66]. Interestingly, other  cutaneous disorders with GVHD-like microscopic features (i.e., Omenn syndrome, an autosomal recessive form of severe combined immunodeficiency) can also demonstrate clonal T-cell populations [68]. Of course, these findings reiterate the need for correlation of molecular clonality results with clinical and histopathological features in the evaluation of cutaneous T-cell infiltrates (see Chap. 10). 

A gene expression profiling study of peripheral blood samples of aGVHD patients, using oligonucleotide microarrays, identified 55 differentially expressed genes in the acute and recovery phases of this disease [69]. Of note, five transcripts (TNFSF10/TRAIL, IL-1RN, IFI27, GZMB, and CCR5) were  upregulated,  and  three  transcripts  (CLK1,  TNFAIP3,  and  BTG1)  were  downregulated  in aGVHD. These genes may be significantly involved in the pathogenesis of this disorder and could represent targets for therapeutic intervention. A role for gene expression profiling as an adjunct to the diagnosis of aGVHD has not been reported to date. 

To summarize, diagnostic and prognostic information for patients with GVHD vis-à-vis disease course, prediction and monitoring of therapeutic response, and detection of relapse could potentially be accomplished by (1) quantitative FISH- or PCR-based analysis for chimerism in skin biopsies 

[55–64] and/or (2) quantitative PCR assays for disease-associated T-cell clones, using individualized  markers derived from affected skin tissue (and peripheral blood) [66, 67]. 

Autoimmune Diseases

 Cutaneous Lupus Erythematosus

Cutaneous  lupus  erythematosus  (CLE)  is  a  multifactorial  chronic  autoimmune  disease  with well-defined, but heterogeneous skin manifestations, including acute CLE, subacute CLE, chronic CLE, and intermittent CLE [70, 71]. The pathogenesis of CLE has been the subject of numerous investigations,  and  is  found  to  involve  a  combination  of  genetic,  environmental  (i.e.,  ultraviolet radiation), and immunological factors (presence of autoantibodies, reduced CD4+/CD25+ regulatory T-cells, and increased proinflammatory cytokines TNF-a and MxA) [70]. CLE shares the common inflammatory signaling pathway involving pDC-derived IFN-a with other LIDs [47–49]. The prognosis  for  patients  with  CLE  correlates  with  the  extent  and  severity  of  systemic  involvement 

[70]. Unfortunately, a clear distinction between CLE and systemic lupus erythematosus (SLE) does not exist. Individuals with primary CLE progress to SLE in 10–40% of cases, and skin lesions may be found in up to 70% of patients with SLE [72]. With currently available parameters (i.e., clinical and  serological data), it is difficult to predict outcome in individual patients [70]. 

Diagnosis of CLE is based on the integration of clinical features, laboratory findings (i.e., ANA/

dsDNA/Ro/La  autoantibodies),  and  histopathological  changes  on  skin  biopsy  [71]. A  lichenoid-interface  reaction  pattern  of  inflammation  is  seen;  however,  the  presence  of  other  microscopic features, such as perifollicular/periadnexal inflammation, follicular plugging, basement membrane thickening  and/or  mucin  deposition,  would  favor  a  diagnosis  of  CLE  over  other  LIDs  [71]. 

Supplemental DIF and/or IHC studies may be helpful in some cases. Deposition of immunoglobulins/complement components (i.e., IgG, C3d, and C4d) at the dermoepidermal  junction supports the 
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diagnosis; although, other autoimmune disorders may also show these findings, and results cannot definitively distinguish between the different clinical subtypes of CLE [71, 73]. Of note, a reduction in the number of CD4+/CD25+ T-cells (detected by IHC) has been found in lesional skin of CLE, but not in other inflammatory dermatoses (AD, psoriasis, and LP) [74]. In addition, the lesional expression pattern of IFN-associated proteins (MxA, CXCL9, and CXCL10) reflects the inflammatory distribution (CXCR3+ cytotoxic lymphocytes) in the different subsets of CLE [72]. 

Similar to other T-cell-mediated autoimmune diseases, it appears that autoreactive T-cells can undergo clonal activation and expansion in SLE and CLE, with monoclonal/restricted oligoclonal TCR-GRs detectable by PCR analysis in peripheral blood and skin samples (see Chap. 10) [4, 75]. 

Therefore, caution must be exercised in the interpretation of T-cell clonality studies performed on skin biopsies. In addition, some patients can show overlapping features between a subtype of CLE 

[i.e., lupus erythematosus panniculitis (LEP)] and cutaneous T-cell lymphoma (i.e., subcutaneous panniculitis-like  T-cell  lymphoma),  and  the  term  “atypical  lymphocytic  lobular  panniculitis”  has been proposed to describe certain cases [5, 75]. It is suggested that patients with LEP should be carefully monitored for evolution to lymphoma [5]. It remains to be determined if clonally expanded T-cells play a direct role in CLE (and other autoimmune disorders), or are a nonspecific result of chronic antigen stimulation as part of the inflammatory process. 

Genomic studies (i.e., gene expression profiling) have uncovered a number of candidate genes and epigenetic changes (i.e., miRNA alterations) that may play a role in the pathophysiology of CLE [6, 76–78]. For example, active and inactive variants of SLE demonstrate common and unique differentially expressed genes; however, the biological significance of these findings remains to be elucidated  [77]. Importantly,  the  molecular  basis  underlying  the  phenotypic  heterogeneity  and propensity for clinical progression in CLE are currently unknown. It is envisioned that future studies will identify biomarkers for accurate diagnosis of CLE subtypes, disease activity, and prognostic assessment, in addition to uncovering specific therapeutic targets in this disease. 

 Scleroderma/Systemic Sclerosis

Scleroderma/systemic sclerosis (SSc) is a rare, but multigenic complex and heterogeneous, autoimmune connective  tissue  disorder,  that  is  characterized  by  microvascular  alterations  and  sclerosis/fibrosis affecting multiple organs [79, 80]. Progressive thickening and sclerosis of the skin is the hallmark of this disease. The pathogenesis of SSc involves activation of profibrotic pathways, with over expression of the cytokines transforming growth factor (TGF)-b and platelet-derived growth factor (PDGF). In addition, PDGF receptors (PDGFR) are found to be upregulated in the skin and at non-cutaneous sites. 

Scleroderma is divided into two distinct clinical subtypes: (1) a localized form, including morphea and eosinophilic fasciitis; and (2) systemic sclerosis (SSc), which can be further subdivided into two subsets, based on the extent of skin involvement: limited cutaneous SSc (lSSc) and diffuse cutaneous SSc (dSSc) 

[79, 80]. While the exact cause of SSc is unknown, genetic and environmental factors are believed to be involved  in  its  pathogenesis.  Genome-wide  association  studies  have  revealed  multiple  putative,  but largely unconfirmed susceptibility loci [79]. These regions include genes encoding extracellular matrix proteins, vascular and oxidative factors, immune-regulatory molecules, cytokines, and growth factors. 

It has been suggested that some of the suspected genetic loci may be relevant only to certain clinical manifestations of SSc (i.e., diffuse  vs.  limited skin disease  vs.  visceral organ involvement) [79]. 

Currently,  the  diagnosis  of  SSc  is  based  on  the  clinical  presentation  (type  and  extent  of  organ involvement) and presence of specific serum autoantibodies [79]. The risk for progression of skin disease is difficult to determine on the basis of clinical features; however, the subtype of autoantibody detected may have some utility (i.e., anti-topo I  vs.  anti-ACA) [81]. More objective and reproducible measures for diagnosis, prognosis, follow-up, and treatment selection in patients with SSc are needed. 
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A number of DNA microarray-based investigations have identified candidate genes and pathways in SSc, and provided insight into the pathogenesis and progression of this disease [6, 7, 78, 80–85]. 

Studies utilizing skin biopsies from patients with dSSc have identified up to 2,776 differentially expressed genes compared with healthy individuals [81]. Of note, a restricted list of 58 genes was noted to be capable of distinguishing SSc skin from normal controls with 100%  specificity [81]. 

Interestingly, clinically unaffected skin in SSc patients may be involved at the molecular level (i.e., before skin fibrosis is discernable) [81]. Milano et al. [80] have extended these findings to show that differential gene expression can reflect the clinical heterogeneity of SSc skin disease. Patients with dSSc and lSSc showed distinct gene expression profiles. Functional clusters identified included: (1) inflammatory genes associated with B-cells (immunoglobulins), T-cells (PTPRC, CD2, CDW52), cytotoxic T-cells (CD8A, granzyme K/H/B), monocyte/macrophage  lineage (LILRB2/3, CD163), antigen presentation (HLA-DRB1, HLA-DPA1, HLA-DMB), and an IFN-related signature (IFIT2, GBP1);  (2)  fibrosis-related  genes,  such  as  collagens  (COL5A2/8A1/10A1/12A1),  collagen  triple helix  repeat  containing  1  (CTHRC1),  and  fibrillin-1  (FBN1);  and  (3)  genes  associated  with  cell division  and  proliferation,  including  the  cell  cycle- regulated  genes  CKS1B,  CDKS2,  CDC2, MCM8, and E2F7. Milano et al. [80] also reported the identification of three subsets of patients with dSSc and two subsets with lSSc. Four major groups were determined: (1) a diffuse-proliferation group, composed solely of dSSc; (2) an inflammatory group containing patients with dSSc, lSSc, and morphea; (3) a limited group containing most of the patients with lSSc, characterized by only low expression of proliferation and T-cell genes; and (4) a normal-like group, comprised of only a few dSSc and lSSc patients, and showing a gene expression profile similar to normal skin [80]. 

The broad inflammatory group was explained as reflecting the very earliest stages of all types of SSc, which commonly demonstrate a microscopically evident inflammatory component. The proliferation group reflects the later fibrotic stages of SSc. In order to further define these groups, the  expression  of  three  genes  was  measured  by  quantitative  PCR:  TNFRSF12A  showed  highest expression in dSSc and lowest in lSSc, CD8A had highest expression in the inflammatory group, and WIF1 was highest in normal skin and lowest in dSSc [80]. The evaluation of these three genes allowed a relatively straightforward distinction between the different groups of SSc. In addition, Milano et al. [80] reported that the severity of skin disease in dSSc was associated with a 177-gene signature.  Sargent  et  al.  [83]  demonstrated  that  a  TGF-b-responsive  signature  is  found  in  the diffuse-proliferation subset of dSSc patients, identifying it as a potential pathogenic pathway and therapeutic  target  in  these  patients.  In  another  study,  Chung  et  al. [84]  showed  that  an  imatinib-responsive gene signature is present in most cases of dSSc. Clinical improvement of skin lesions in two  patients  with  early  dSSc,  who  received  imatinib  mesylate  (Gleevec®),  was  associated  with reductions in the cutaneous expression of phosphorylated PDGFR-b and ABL [84]. The goal of future studies will be to identify those genes that correlate with specific morphological changes in the  skin.  These  will  serve  as  biomarkers  of  disease  activity  and  clinical  outcome,  predictors  of systemic disease, and represent novel targets for therapeutic intervention and possibly early preventive  strategies.  The  development  of  molecular  diagnostic  tests  for  SSc,  based  on  either  PCR  or microarray technologies, has been envisioned [81]. 

Expanded  clonal  T-cell  populations  can  be  identified  in  lesional  skin  and  peripheral  blood  of 45–100%  and  34–61%  of  patients  with  SSc,  respectively  [86–89]. Interestingly,  multiple  skin biopsies in the same patient, taken at different times and from different sites, can show identical dominant  T-cell  clones  [89].  However,  identical  T-cell  clones  have  been  found  in  the  skin  and peripheral blood in only a minority (14%) of patients [88]. Of note, the presence of peripheral blood T-cell clonality is significantly associated with (1) lSSc (34–74%) over dSSc (10–48%), and (2) a favorable  response  to  photophoresis  [86–88].  It  has  been  suggested  that  clonal  T-cells  may  be involved in the development of SSc, particularly the lSSc subtype, but this awaits confirmation [88]. 

Interestingly,  other  sclerodermoid  cutaneous  reactions  can  also  demonstrate  clonal  T-cell  expansions [90]. For example, T-cell clones have been identified in the peripheral blood of 100% (6/6) of 
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patients with nephrogenic systemic fibrosis (NSF), but their possible role in the pathogenesis and/

or clinical course of this disease remains unclear [90]. The T-cell clonality status in skin biopsies of NSF has not been reported to date. The application of molecular diagnostic technologies in the setting of other fibrosing cutaneous lesions (i.e., keloids) is discussed in Chap. 17. 

Neutrophilic Dermatoses

Neutrophilic  dermatoses  (ND)  are  a  group  of  cutaneous  inflammatory  disorders,  which  include Sweet’s syndrome (SS) and pyoderma gangrenosum (PG) [91, 92]. SS is characterized by asymmetrically  distributed,  painful,  erythematous  plaques  of  acute  onset,  accompanied  by  fever  and neutrophilic leukocytosis. PG typically presents as a nodule or pustule, which subsequently ulcerates,  and  extends  centrifugally  [91,  92].  The  typical  histopathological  features  of  ND  are  dense, nodular or diffuse, dermal and/or subcutaneous predominantly mature neutrophilic infiltrates, with leukocytoclasis (fragmented neutrophil nuclei), edema, and dilated small blood vessels with swollen endothelial cells, but no definitive evidence of vasculitis [91, 92]. It is postulated that the cutaneous neutrophilic infiltration in ND represents a hypersensitivity reaction or occurs secondary to changes in cytokine profiles [92–94]. Up to 80–90% of cases are idiopathic or associated with underlying infections, inflammatory disorders, or ingestion of certain medications [91, 92, 95]. In the  remaining 10–20% of cases, ND may be a manifestation of an underlying hematologic disorder, particularly a myeloid dyscrasia [i.e., acute myeloid leukemia (AML), chronic myelogenous leukemia (CML), or myelodysplastic syndrome (MDS)] or myeloma/monoclonal gammopathy [91–93]. In the setting of myeloid dyscrasias, ND may represent: (1) a paraneoplastic phenomenon, heralding either an occult disorder or relapse of a previously treated condition; (2) a drug-induced dermatosis, secondary to systemic therapy with agents such as all- trans retinoic acid (ATRA), granulocyte-colony stimulating factor (G-CSF), proteasome inhibitors, or tyrosine kinase inhibitors; or (3) the  bona fide presence of leukemia cutis, with immature myeloid precursors/blasts admixed with mature neutrophils 

[92]. The evaluation of patients with ND requires correlation of clinical findings with microscopic features on skin biopsy, in addition to a systemic work-up for a possible underlying disorder (i.e., imaging, laboratory studies) [91]. The histopathological distinction of leukemia cutis from ND in a patient  with  a  history  of  a  myeloid  disorder  may  be  difficult,  as  dermal  infiltrates  of  immature myeloid cells can also be found in the latter [93–96]. A number of studies have utilized molecular technologies to evaluate skin samples of ND (i.e., SS and PG), both in patients with and without underlying  myeloid  dyscrasias  (Table  14.3). The  readership  may  wish  to  review  Chap.  13  for  a discussion of molecular diagnostic strategies in leukemia cutis. 

In some patients with ND and underlying myeloid dyscrasias, microscopic examination of their skin biopsies did not definitively reveal immature or atypical myeloid cells, and molecular studies were employed to evaluate for evidence of cutaneous infiltration by leukemic cells. For example, SS-like  skin  lesions  of  three  patients  with  either  underlying  MDS  [i.e.,  refractory  anemia  with excess blasts in transformation (RAEB-t)] [97] or CML [98, 99] did not demonstrate immature granulocytes by light microscopy. However, FISH [97, 98] or Southern blot analysis [99] of skin samples  detected  specific  genomic  aberrations  (i.e.,  the  presence  of  leukemic  cells)  in  all  three cases. In another study, the presence of t(9;22)/BCR-ABL1+ skin-infiltrating leukemic cells, suggested by the identification of atypical myeloid forms on light microscopy, was confirmed by FISH 

in a patient with CML and SS-like skin lesions (Fig.  14.5) [96]. Of note, in these four cases, there was patient-specific concordance of cytogenetic features between the skin and peripheral blood/

bone marrow specimens [96–99]. However, in all cases this evaluation required the use of alternative or additional cytogenetic techniques, such as karyotyping and RT-PCR, on the non-cutaneous samples  [96–99].  Interestingly,  none  of  these  four  patients  was  reported  to  show  evidence  of 
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Fig.  14.5   Sweet’s  syndrome  in  a  patient  with  t(9;22)(q34;q11)-positive  chronic  myelogenous  leukemia  (CML) treated with the tyrosine kinase inhibitor Nilotinib. (a) Spongiotic epidermis, dermal hemorrhage and a dense mixed infiltrate composed of predominantly mature neutrophils with some atypical monocytoid and binuclear cells. 

(b) Fluorescence in situ hybridization ( FISH) on formalin-fixed paraffin-embedded lesional tissue section. Interphase nuclei were hybridized with a BCR/ABL dual-color, dual-fusion translocation probe – red signal: 9q34 (ABL-gene); green signal: 22q11 (BCR-gene). The presence of fused red-and-green signals ( arrow) indicates the presence of a t(9;22)(q34;q11) translocation, juxtaposing the BCR- and ABL-loci (Courtesy of Dr. Kjell M. Kaune, Department of Dermatology and Venerology, Georg August University Goettingen, Goettingen, Germany) disease progression or blast crisis following further therapy [96–99]. Therefore, the significance of  molecular  findings  in  skin  biopsies  of  ND  from  patients  with  underlying  MDS  or  CML 

is unclear. 

It is important to note that skin lesions of ND may develop prior to the diagnosis of a myeloid dyscrasia, and therefore, surveillance is appropriate for any patient who presents with SS or PG, in the absence of any other predisposing systemic condition. Magro et al. [93, 94] have investigated whether the presence of neutrophil clonality (detected by X-inactivation assay) in SS and PG skin specimens is a marker of an underlying myeloid dyscrasia. Clonality was identified in 81% of ND 

samples in patients with underlying AML or MDS ( n = 9) [93]. Histopathological review of the skin biopsies of all these patients demonstrated dysplastic neutrophils (i.e., hyperlobation, asymmetrical lobation,  increased  cell  size)  or  atypical  monocytoid  cells  [93]. Interestingly,  clonality  was  also identified in 81% of ND samples in a control group who did not have known myeloid dyscrasias ( n = 7) [93]. One of the patients in this group later developed MDS. Another patient developed an unexplained neutropenia. Skin biopsies from the control group demonstrated dermal/subcutaneous 
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infiltrates  of  predominantly  mature  neutrophils  with  leukocytoclasia;  however,  neutrophil  or monocytoid cell atypia was seen in two clonal cases, including the patient with subsequent MDS. 

Clonality is therefore detectable in ND from: (1) patients with and without known myeloid dyscrasias;  and  (2)  from  skin  samples  with  and  without  discernable  neutrophilic  or  monocytic  atypia. 

Accordingly,  the  presence  of  clonality  in  SS/PG,  while  characteristic  of  an  underlying  myeloid dyscrasia, is not observed exclusively in this setting. Magro et al. [93] have suggested that recurrent sterile clonal SS/PG in a patient without a known underlying myeloid disorder may represent an 

“indolent, localized cutaneous neutrophilic dyscrasia.” This term describes a lesion on a morphological continuum with leukemia cutis, and analogous to some cutaneous lymphoid proliferations with molecular evidence of T-cell clonality, but little or no propensity to progress to overt cutaneous T-cell  lymphoma  (see  Chap.  10)  [93]. The  significance  of  clonal  neutrophilic  infiltrates  in  skin biopsies of ND from patients who do not have underlying myeloid disorders remains to be determined.  Nonetheless,  the  identification  of  clonality  in  this  setting,  particularly  in  the  presence  of neutrophil/monocytic atypia, may warrant close clinical follow-up and/or additional studies. 

As stated previously, abnormal or immature myeloid cells can be observed by light microscopy in  ND  lesions  of  patients  with  underlying  myeloid  disorders  [93–96].  However,  it  has  also  been reported that 0.5–3.0% of dermal neutrophils in ND lesions not associated with a myeloid dyscrasia  may  also  demonstrate  cytologic  atypia  [100].  A  histiocytoid  variant  of  SS  has  recently  been described,  which  demonstrates  the  presence  of  immature  histiocyte-like  myeloid  cells  (CD68+/

MAC-387+/HAM-56+/MPO+ by IHC) on skin biopsy [95]. The authors excluded the possibility of cutaneous involvement by AML or CML by clinical follow-up, peripheral blood examinations, and failure of FISH analysis to detect the BCR-ABL1 fusion gene in skin samples [95]. To date, none of these patients, in whom follow-up is available, has developed a myeloid dyscrasia (L. Requena, personal communication, 2010). Of note, a recent report describes a patient with AML who developed a skin eruption resembling histiocytoid SS on light microscopy, but which was confirmed to be a myeloid leukemia cutis by FISH analysis of the skin biopsy [101]. 

In conclusion, the demonstration of (1) immature/atypical myeloid cells and (2) clonality in skin biopsies  of  ND  may  be  suggestive  of,  but  not  pathognomonic  for,  an  underlying  occult  myeloid disorder. Findings must be interpreted in the context of clinical features and results of additional studies (i.e., IHC). Molecular tests (i.e., FISH) on skin specimens for specific genomic abnormalities may have a role in the diagnostic work-up of patients with ND. 
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Chapter 15

Infectious Diseases of the Skin I:  

Dermatophytosis/Onychomycosis

Pranab K. Mukherjee, Nancy Isham, and Mahmoud A. Ghannoum 

Dermatophytes are a unique group of fungi that infect keratinous tissue, including skin, hair, and nails, resulting in cutaneous mycoses called dermatophytoses, tinea, or ringworm infections. This closely-related  group  of  organisms  can  be  categorized  into  one  of  three  genera:   Trichophyton, Microsporum,   and   Epidermophyton.   Species  within  these  genera  that  do  not  invade  keratinous tissue are, by definition, not regarded as dermatophytes. As with a number of fungi, dermatophytes may exhibit two phases in their life cycle: the anamorph state (imperfect or asexual phase), which is isolated in the laboratory; and the teleomorph state (perfect or sexual phase). Not all of the teleomorphs for dermatophyte species have been identified, but the generic name for both  Trichophyton and  Microsporum is  Arthroderma [1]. Dermatophyte infections are generally named according to the anatomic locations involved. For example, infection of the feet, nails, scalp/eyebrows/eyelashes, groin, and other body sites are termed tinea pedis, tinea unguium, tinea capitis, tinea cruris (intertrigo), and tinea corporis, respectively. A single dermatophyte species may infect several anatomic sites, and different species can result in clinically identical lesions. 

Onychomycosis is a common, chronic, highly resistant fungal infection in which affected nails become discolored, brittle, thickened, and friable. The disease rarely resolves spontaneously and recurrence  after  treatment  is  common.  Onychomycosis  is  most  often  caused  by  dermatophytes, although  Candida albicans and certain nondermatophytic fungi can also be involved [2]. Most dermatophytic nail infections are caused by  T. rubrum (80% of cases), in addition to  T. mentagrophytes and   E.  floccosum.  Onychomycosis  and  tinea  pedis  are  widespread  in  developed  countries,  with nearly 10% of the population being infected at any one time [3–5]. Tinea pedis is present in nearly 50% of patients with onychomycosis [6]. In susceptible individuals, many cases of toenail fungus begin as tinea pedis [2, 7]. 

The epidemiology of these infections is influenced by several variables, including geographical region, causative organisms, and age of the infected patients [8–10].  T. rubrum is the most common cause of dermatophytoses [8–10]. In a recent study, Panackal et al. [11] performed a cross-sectional analysis of cutaneous fungal infections in the USA during the period 1995–2004, using data from the  National  Ambulatory  Medical  Care  Survey  (NAMCS)  and  National  Hospital  Ambulatory Medical Care Survey (NHAMCS). These analyses showed that tinea unguium, tinea corporis, tinea pedis, tinea capitis, and tinea cruris represented 23.2%, 20.4%, 18.8%, 15.0%, and 8.4%, respectively,  of  all  cutaneous  fungal  infections.  Tinea  capitis  was  significantly  more  common  among black than white populations [11]. In a separate study, Neji et al. [12] showed that between 1998 
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and  2007,  the  most  common  type  of  dermatophytosis  (in  Sfax,  Tunisia)  was  onychomycosis (30.3%),  followed  by  tinea  pedis  (24.8%),  intertrigo  (21.7%),  tinea  corporis  (11.4%),  and  tinea capitis (9.6%). The most isolated dermatophyte was  T. rubrum (74.5%), followed by  T. violaceum (7.9%),  T.  mentagrophytes  (7.5%),  M.  canis  (3.8%),  E.  floccosum  (0.7%),  and   T.  verrucosum (0.54%). Other species occasionally isolated were:  T. schoenleinii,  T. tonsurans,  M. audouinii,  and M.  ferrugineum.  Godoy-Martinez  et  al.  [13]  analyzed  the  incidence  of  onychomycosis  in  Sao Paulo, Brazil between 1996 and 1999, and reported that the most common pathogens isolated were yeasts, found in 52% of positive cultures ( C. albicans,  18.3%;  C. parapsilosis,  13.8%; other species of  Candida,  15.4%; and other, 4.6%), followed by dermatophytes in 40.6% of positive cultures ( T.  rubrum,  33.2%;  T.  mentagrophytes,  6.3%;  and  other,  1.2%).  Nondermatophyte  molds  were isolated  in  7.4%  of  positive  cultures  ( Fusarium  spp.,  4.5%;  Nattrassia  mangiferae,   2.3%; Aspergillus spp., 0.6%). These investigators demonstrated that  T. rubrum was the primary agent causing toenail onychomycosis, and that  Candida spp. were the main causative agents of fingernail onychomycosis in this region. Zaki et al. [14] examined dermatophyte infections in Cairo, Egypt during  2004–2005,  and  reported  that  the  most  common  dermatophyte  infection  diagnosed  was tinea capitis (76.4%), followed by tinea corporis (22.3%), and tinea unguium (1.2%).  T. violaceum was the most frequently isolated dermatophyte species (71.1%), followed by  M. canis (21.09%), T. rubrum (6.2%), and  M. boulardii (0.49%); both  E. floccosum and  T. tonsurans were each only rarely isolated (0.24%). Taken together, these studies clearly show that the epidemiology of dermatophyte infections is influenced by geographic location. 

An extensive review of the classification, geographic distribution, and clinical manifestations of dermatophytes is beyond the scope of this chapter. Instead, this chapter focuses on traditional and more recent molecular methods for the diagnosis of dermatophyte infections in humans. Traditional methods to identify dermatophytes in the laboratory are based on detection of fungal elements by direct  microscopy  of  clinical  specimens,  combined  with  culture-based  identification.  Direct microscopy,  while  rapid  and  cost-efficient,  does  not  differentiate  between  different  genera  and species,  and  can  product  false-negative  results.  Culture-based  identification  is  hampered  by  the fact  that  many  dermatophytes  are  slow-growing,  and  need  specialized  media  and  other  growth conditions for sporulation, and may also be associated with false-negative results. The sensitivity of traditional methods used for diagnosis of onychomycosis varies from 85% to 92% for periodic acid-Schiff (PAS) stain, 57–90% for potassium hydroxide (KOH) dissolution and centrifugation combined with PAS, 53% for fluorescent brightener (calcofluor white), 53% for chlorazol black E, and 23–59% for culture-based methods (dependent on the medium used; 32% for Mycosel agar, 23% for Littman-oxgall agar) [15, 16]. Similar sensitivities have been reported for other cutaneous dermatophytoses [17–20]. 

Recent  technological  advances  have  demonstrated  that  molecular  methods  (which  are  much faster and more specific than traditional identification methods) may be an attractive alternative for rapid  and  accurate  identification  of  dermatophytes.  In  this  chapter,  we  briefly  summarize  the traditional methods for identification of dermatophytes, and present an overview of the state-of-the-art in the molecular methods currently being developed for this purpose. 

Traditional Methods

Traditional laboratory methods to demonstrate dermatophytes are based on the detection of fungal elements  by  direct  microscopic  analysis  of  clinical  specimens,  combined  with  culture-based identification.  Dermatophyte  isolates  can  be  identified  to  genus/species  levels  by  colony  appearance, Scotch tape preparation, growth patterns on  Trichophyton and/or urea agar slants, and hair perforation tests. 
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 Direct Microscopy

One of the simplest methods to identify fungi in clinical samples is by exposure to KOH, which allows the fungal elements to be visualized under light microscopy. With this method, 10% KOH is added to a small sample of clinical material on a glass slide, covered with a cover slip, and incubated at  room  temperature  for  3  min  to  allow  for  digestion  of  host  cells.  Slides  are  then  examined microscopically  at  400×  magnification  under  phase-contrast  for  the  presence  of  septate  hyphae (2–4  mm in diameter) or fungal spores, indicating the presence of fungal disease [21]. Nail samples infected with nondermatophyte molds, such as  Scytalidium, Scopulariopsis brevicaulis,  and certain Aspergillus spp., often demonstrate irregular filaments and swollen nodules, which must be distinguished from the cylindrical filaments or regular chains of spherical conidia exhibited by dermatophyte species. The use of calcofluor white stain increases the sensitivity of the direct microscopic exam;  however,  this  requires  a  microscope  equipped  with  a  mercury  vapor  lamp  and  broadband excitation filters to achieve radiation in the range of 300–412 nm [22]. The colony and microscopic morphologies of the major dermatophytes are summarized in Table 15.1, and representative pictures are  shown  in  Fig. 15.1. Direct  microscopy,  while  rapid  and  cost-efficient,  does  not  differentiate between different genera and species, and can product false-negative results. 

 Culture-Based Methods

The remainder of the clinical sample that is not used for microscopic examination is plated onto selective and nonselective fungal media. Media selective for dermatophytes, such as Mycosel and Mycobiotic  agar  (Becton  Dickinson,  Franklin  Lakes,  NJ),  contain  cycloheximide  to  inhibit  the growth of saprophytic molds (i.e.,  Penicillium and  Aspergillus). Nonselective media, such as potato dextrose agar and Sabouraud dextrose agar, may have antibiotics added to them in order to inhibit bacterial contamination. Dermatophyte test medium (DTM), which is supplemented with cycloheximide, gentamicin, and chlortetracycline, was designed for rapid testing of dermatophytes; however, its use is not recommended, as isolates often exhibit atypical colonial and microscopic characteristics,  and  many  nondermatophytes  will  also  turn  this  medium  red  in  color  (giving  false-positive results) [23]. Cultures for dermatophytes should be incubated at 30°C for a total of 4 weeks before being considered mycologically negative. Nonetheless, the majority of positive cultures grow within 1–2 weeks. Culture-based identification is hampered by the fact that many dermatophytes are slow-growing, and require specialized media and other growth conditions for sporulation. Importantly, false-negative culture results can delay appropriate treatment. 

 Scotch Tape Preparation

Fungal  isolates  are  often  identified  by  distinguishing  microscopic  characteristics,  such  as  (a)  the appearance of the hyphae and (b) the production of conidia. The Scotch tape preparation is an easy means of examining a fungal colony for microscopic structures [24]. This preparation involves cutting a piece of clear Scotch tape, which is then folded back on itself with the adhesive-side turned outward, and pressed onto the surface of the colony and pulled away. Aerial hyphae of the colony remain stuck to the adhesive surface. The tape is placed adhesive-side down into a drop of lactophenol-cotton blue or KOH, previously placed on the center of a glass slide. The slide is examined under microscopy for the presence of septate hyphae, chlamydoconidia, microconidia, and/or macroconidia. 
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Fig. 15.1  Colony and microscopic morphologies of common dermatophytes (see Table 15.1)

 Trichophyton Agar Slants

The  Trichophyton agar slants are a series of media containing different vitamins or amino acids used to differentiate between  Trichophyton species. The requirements of different dermatophyte isolates for these compounds are demonstrated by their growth enhancement on the supplemented 
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media, as compared to poorer growth on a corresponding basal control medium [24]. For example, T.  tonsurans  exhibits  more  luxuriant  growth  on   Trichophyton  #4  agar  than  on   Trichophyton  #1 

agar, because of a partial requirement for thiamine. The slants are incubated at 30°C for 7–14 days. 

If  the  isolate  is  suspected  to  be   T.  verrucosum,   which  demonstrates  long  chains  of  chlamydoconidia and antler-like branches under microscopic examination, the slants should be incubated at 37°C. Growth on the surface of the slants is often graded as follows: (a) 4+, good growth; (b) 2+, intermediate growth; (c) ±, trace; and (d) 0, absence of growth. 

 Hydrolysis of Urea

Christensen’s  urea  agar  slants  are  also  used  to  differentiate  between   Trichophyton  species.  Urea hydrolysis in Christensen’s medium causes a rise in pH and an indicator color change, following the formation of ammonia [24]. For example,  T. mentagrophytes produces a bright pink color (positive), while  T. rubrum will produce no color change (negative). With this method, slants are inoculated as in  Trichophyton agar slants and incubated at 30°C for 7 days. Change of color from yellow to bright pink indicates a positive reaction. 

 Hair Perforation Test

Some species of dermatophytes, such as  T. mentagrophytes, M. canis,  and  M. gypseum,  produce specialized hyphae called “perforating organs,” which are capable of perforating hair  in vitro.  The hair perforation test is a diagnostic assay to differentiate these species from other dermatophytes that do not perforate hair  in vitro [25]. This test is performed by preparing a lawn of the test isolate on the surface of a potato dextrose agar (PDA) plate. Several sterile hairs taken from a prepubescent blonde child are then placed onto the fungal lawn. The plates are incubated at 30°C for up to 28 

days and examined every 7 days. Some of the hairs are mounted in a drop of lactophenol-cotton blue on a cover-slipped slide. The presence of cone-shaped perforations perpendicular to the long axis of the hair indicate a positive hair-perforation reaction. 

Histopathology and Immunohistochemistry

Tissue samples (i.e., skin biopsies and nail clippings) may be taken, and submitted for hematoxylin and eosin  (H  +  E)  and  histochemical  (i.e.,  PAS  and  GMS)  stains  to  evaluate  for  fungal  elements. 

Histopathology and histochemical stains can be used to confirm the presence of fungi, but cannot identify the  specific  pathogen.  Adjunct  immunohistochemistry,  using  specific  antibodies  directed  against dermatophyte components, can be employed for identification of particular fungi [26]. Bound antibodies can be detected by direct immunofluorescence or other indirect methods, such as biotin-avidin reactions. 

Flow Cytometry

Flow cytometry has also been used to identify dermatophytes. With this approach, the tissue sample is removed, solubilized with detergent (i.e., Tween-40), and filtered to collect single fungal cells that are then stained with (a) propidium iodide (PI) for DNA and (b) fluorescein isothiocyanate (FITC) for 
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proteins. The samples are then analyzed with a flow cell sorter coupled with appropriate software for data acquisition. Pierard et al. [26] used a method based on dual flow cytometry with PI and FITC on onychomycosis-associated fungi, and identified fungal “fingerprints” related to granulosity and cell size, in addition to protein and DNA content. A number of disadvantages associated with the immunohistochemical and flow cytometric detection of dermatophytes include the requirement for fungal-specific monoclonal antibodies, availability of standard and reference data, and the requirement for large quantities of the starting material [27]. 

Molecular Methods

Nonmolecular methods for the identification of dermatophytes are plagued by several pitfalls – 

the most notable of which is low sensitivity. The sensitivity of culture methods can be influenced by: (a) variable requirements for different growth media, pH, and temperature; (b) time-frame in transferring samples to growth media; (c) availability of optimum amounts of clinical material; (d) possible bacterial contamination; (e) growth of nondermatophyte fungi; and (f) presence of nonviable dermatophytes [28]. 

The  identification  of  different  dermatophyte  species  and  strains  can  also  be  performed  using nucleic  acid-based  approaches  –  molecular  changes  are  considered  more  stable  and  precise  than phenotypic  characteristics  [28,  29]. Notably,  the  use  of  polymerase  chain  reaction  (PCR)-based molecular methods increases the sensitivity 1,000-fold compared with PAS staining [28]. Molecular methods provide inherent advantages over traditional approaches since they are not dependent on micro organism growth for the purposes of identification. In addition, molecular identification strategies may be adapted for analysis of formalin-fixed paraffin-embedded (FFPE) tissue samples [29].  

However, these methods also have some unique disadvantages, primarily due to their extremely high sensitivities.  False  positivity  may  result  from  amplification  of  any  contaminating  DNA.  Another disadvantage is that a fungus positively identified by PCR amplification may not be the definite cause of infection, since classic PCR can also amplify DNA from dead cells. Recent approaches based on quantitative real-time PCR (qPCR) attempt to overcome this pitfall, by focusing on the gene transcripts rather than the genes themselves. Finally, although PCR is a mainstay of most research laboratories, its widespread use in clinical laboratories is hampered by the infrastructure costs required to set up these assays. Recent technological advances are likely to go a long way in demonstrating the applicability of molecular diagnostic methods for the routine identification of dermatophytes. 

 Common Technologies

The ability of PCR to amplify minute amounts of target DNA from scant tissue specimens renders approaches based on this technique particularly attractive for the identification of dermatophytes. 

These  methodologies  include:  (a)  nested  and  seminested  PCR;  (b)  restriction  fragment  length polymorphism  (RFLP)  analysis;  (c)  random  amplification  of  polymorphic  DNA  (RAPD); (d)  Southern  blot  hybridization;  (e)  electrophoretic  mutation  scanning;  (f)  PCR-enzyme  linked immunosorbent  assay  (PCR-ELISA);  (g)  PCR-reverse  line  blot;  (h)  sequence  analyses  (rDNA, rRNA regions, and MnSOD); and (i) multiplex qPCR. The most common PCR-based approaches and primer sets used for identification of dermatophytes are outlined in Table 15.2. PCR amplicons are generally visualized by agarose (AE) or polyacrylamide (PAGE) gel electrophoresis. In addition, non-PCR-based approaches, such as oligonucleotide microarray analysis, loop-mediated isothermal amplification (LAMP) and mass spectrometry, have been utilized. 
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Fig.  15.2  Regions  of  ribosomal  DNA  (rDNA).  Eco RI  restriction  map  of  the  rDNA  repeat  unit  of   Trichophyton rubrum. The fragment between restriction sites Ec 1 and Ec 2 may encompass the whole of the 25S gene and is of constant length (~3 kb) in all strains. The fragment between sites Ec 2 and Ec 3 represents the NTS region and the 18S gene, and shows fragment length polymorphisms in several  T. rubrum strains. One hypothesis to account for these length variations is the presence of a repetitive element located in the NTS region (From Jackson et al. [55]. 

Reprinted with permission from the American Society for Microbiology. Copyright © 1999)

 Ribosomal DNA

The most common target for PCR-based identification of dermatophytes is ribosomal DNA (rDNA), including  genes  encoding  ribosomal  RNA,  and  the  intergenic  transcribed  and  nontranscribed regions  (Fig. 15.2). These  target  regions  present  the  attractive  advantage  of  being  present  in  all fungi, yet exhibit substantial hypervariabilities that allow rapid identification of species and strains. 

PCR-based analyses of these genes are highly sensitive, since these targets are present in high copy numbers. Genes encoding for fungal ribosomal RNA (rRNA) belong to a multicopy gene family, consisting of sequential repetitive arrays of highly conserved sequences of DNA (8–12 kb each). 

Each repetitive unit codes for one major transcript (the 35S pre-RNA), that consists of two regions transcribed  internally  into  the  pre-RNA,  but  not  retained  in  the  mature  RNA  (Fig. 15.2). These internally transcribed spacers (ITS1 and ITS2) separate the 18S, 5.8S, and 25S regions. Therefore, each repetitive unit of the rDNA is organized as 18S-ITS1-5.8S-ITS2-25S. In addition, a nontranscribed spacer (NTS) region separates each repetitive unit. In some fungi, the NTS region also has a separately transcribed coding region for 5S RNA with variable position and direction of transcription.  Of  note,  this  5S  region  is  not  detected  in   T.  rubrum.  While  the  repetitive  units  are  used  to identify fungi, the sequences of the ITS and NTS regions (i.e., the Tandemly Repetitive Sequences, TRS1 and TRS2) vary between different species and strains, and can be employed for species and/

or strain identification. Several restriction sites are conserved within the rDNA genes, which makes it possible to clone these sequences for sequence-based identification. 

Apart from rDNA genes, other specific genes that may be targeted for dermatophyte identification  include  subtilisin,  DNA  topoisomerase  II,  chitin  synthase  1  ( CHS1),  and  the  polymorphic microsatellite marker, T1. 

 Mitochondrial DNA

Some early studies investigated the utility of mitochondrial DNA (mtDNA) analysis for identification of dermatophytes. In this regard, de Bievre et al. [30] showed that differences in mtDNA can be used to classify  T. rubrum into two groups (I and II). However, subsequent mtDNA analysis was 
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unable to differentiate between  T. rubrum Type II,  T. tonsurans, and  A. vanbreuseghemii – all of which  exhibited  identical  profiles  [31].  In  addition,  analysis  of  mtDNA  regions  did  not  allow distinction  between  the  genera   Arthroderma  and   Nannizzia  [32]. Testing  based  on  mtDNA  can differentiate between pleomorphic strains, and some studies have suggested a potential use for this approach [33, 34]. However, the employment of mtDNA as a target for identification of different dermatophyte species and strains is limited [29]. 

 PCR Amplification of Target Genes

In one of the first studies to report the use of molecular techniques to identify dermatophytes, Bock  et  al.  [35]  employed  a  PCR-based  approach  using  a  primer  set  targeting  a  fragment  of the  gene  coding  for  the  fungal  small  ribosomal  subunit  18S  rRNA.  These  primers  (TR1, 5¢-GTTTCTAGGACCGCCGTA;  TR2,  5¢-CTCAAACTTCCATCGACTTG)  bind  to  sequences 

which are homologous within the fungi, but differ from corresponding DNA fragments of plants and  animals,  thereby  minimizing  cross-reactivity  with  other  eukaryotes  or  prokaryotes.  The amplified fragment is 581 base pairs (bp) in length and contains variable species-specific regions. 

The  DNA  of  seven  dermatophytes  ( T.  rubrum,  T.  mentagrophytes,  T.  verrucosum,  T.   terrestre, M. canis,  M. gypseum,  and  E. floccosum) and several yeast species was amplifiable using these primers, but not DNA from 42 normal human skin samples [35]. Furthermore, other DNA preparations from plants and animals did not show amplification reactions. In a follow-up study, investigators  from  the  same  group  reported  the  identification  of  several  yeasts,  molds,  and  seven common dermatophytes, using TR1 and TR2 primers [36]. In addition, these investigators collected 69 routine skin and nail specimens, and showed that PCR was more sensitive than culture methods in detecting dermatophytes. Among 38 positive specimens, 35 were detected by PCR, while only 28 were detected by culture, demonstrating the potential clinical relevance of a PCR-based approach [36]. 

 PCR Amplification of DNA Obtained Directly from Infected Tissues

A  key  element  in  PCR-based  analysis  is  the  isolation  of  template  DNA  –  which  can  be  accomplished from organisms that are cultured from nail or skin samples. However, culture of these organisms can take up to 4 weeks, thus delaying the diagnostic process. An alternative is direct isolation and amplification of template DNA from tissue specimens (hair, skin, or nails). 

Baek et al. [27] evaluated the sensitivity and specificity of culture-independent PCR amplification  of  fungal  DNA  in  differentiating  between  different  onychomycosis-causing  fungi.  Affected nails were collected and cleaned with alcohol to remove potential contaminants. These investigators extracted  DNA  from  both  the  nail  plate  and  subungual  hyperkeratotic  material.  As  shown  in Fig. 15.3, amplification of template DNA using different primers generated specific fragments of the fungal 18S rRNA gene. For example, primers TR1 and TR2 amplified a 581 bp region of the 18S rRNA for all fungi tested. Digestion of the amplicons with the restriction endonuclease HaeIII resulted  in  characteristic  banding  patterns,  and  allowed  differentiation  of   T.  rubrum  isolates (Fig. 15.3).  Combined  digestion  with  two  or  more  restriction  enzymes  allows  differentiation between dermatophytes, yeasts, and molds. 
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Fig.  15.3  PCR  amplification  of   T.  rubrum  18S  rRNA  gene  and  RFLP  pattern.  (a)  Amplification  products  of Trichophyton rubrum using various universal primers for fungus-specific 18S rRNA gene. Lanes: L, 100 bp ladder; A,  primers  NS5  and  NS6;  B,  primers  TR1  and  TR2;  C,  primers  B2F  and  B4R;  D,  primers  CA18S86F  and CA18S1176R. (b) HaeIII digestion pattern of  T. rubrum 18S rRNA gene according to amplified products of different primer pairs. Lanes: L, 100 bp ladder; A, primers TR1 and TR2; B, primers NS5 and NS6; C, primers B2F and B4R; D, primers CA18S86F and CA18S1176R (From Baek et al. [27]. Reprinted with permission from John Wiley and Sons. Copyright © 1998)

 Arbitrarily Primed PCR/Random Amplified Polymorphic DNA

This  approach  involves  low  stringency  PCR  amplification  of  polymorphic  DNA  using  a  single primer of relatively short and arbitrary nucleotide sequence. The primer randomly, and usually only partially, binds to the template DNA and following the action of DNA polymerase, generates an array of short, nonspecific amplification products (amplicons) or random amplified polymorphic DNAs  (RAPDs).  These  are  strain-specific,  and  can  be  used  as  fingerprints  to  identify  different strains within the same species. Several probes, including (GACA) , OPA-, OPD-, OPI- and OPK-4

series, and (GTG) , have been used to identify dermatophytes (see Table 15.2 for a list of representa-5

tive probes). 

Liu  et  al. [38]  used  the  random  primers  OPAA11  (5¢-ACCCGACCTG-3¢)  and  OPD18 

(5¢-GAGAGCCAAC-3¢) in an arbitrarily primed PCR (AP-PCR)-based approach to distinguish T. rubrum,  T. mentagrophytes,  and  T. tonsurans. By examining 8  Microsporum spp., 16  Trichophyton species/subspecies, and  E. floccosum, the authors demonstrated that, except for  T. rubrum,  T. gourvilii, and three  T. mentagrophytes varieties, most of the dermatophyte fungi investigated formed distinct DNA banding patterns on gel electrophoresis [38]. Subsequent studies from this group demonstrated the utility of AP-PCR for identification of a wide array of dermatophytes [39, 40]. Zhong et al. [41] 

reported the use of OPI- and OPK-series probes to identify the most common dermatophytes ( T. rubrum, T. mentagrophytes,  M. canis, Arthroderma,  and  E. floccosum). Graser et al. [42] used the nonspecific (AC) , (GTG) , M13 core sequence, and AP3 primers to identify 17 species belong-10

5

ing to  Trichophyton,  Microsporum, and  Epidermophyton genera. While all four primers tested were able to differentiate between species, the (GTG)  primer failed to distinguish between varieties 5

of  T. mentagrophytes. Mukherjee et al. [43] used the OPK-17 primer and performed RAPD identification of six  T. rubrum isolates, obtained sequentially from an onychomycosis patient who had failed oral terbinafine therapy. All six sequential isolates demonstrated identical results. 

Faggi et al. [44] demonstrated the utility of (GACA)  as a probe to identify the most common 4

dermatophytes. They reported that this primer was able to amplify and differentiate between M. canis,  M. gypseum,  T. rubrum,  T. ajelloi, and  E. floccosum, with no intraspecies variability [44]. 

In a subsequent study, the same group suggested that this primer can be used to analyze colonies that (a) do not demonstrate species-specific morphological characteristics and/or (b) are not identifiable with the classical methods [45]. Shehata et al. [46] compared the utility of ITS- and (GACA) -based 4

PCR approaches in identifying species and strains of 21 dermatophyte isolates. These investigators determined the agreement of culture techniques with PCR-based methods, by amplification of ITS1, 
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5.8S, and ITS2 regions using the ITS1/ITS4 primer set, followed by MvaI endonuclease digestion (Fig. 15.4). The target region was amplified in all 21 strains tested, resulting in amplified products of approximately 690 bp in the  T. violaceum, T. rubrum, and  T. mentagrophytes species, and 740 bp for  M. canis (Fig. 15.4). MvaI digestion of these amplified products from each of the four isolated species revealed unique restriction patterns, with no intraspecies variation (Fig. 15.4). In the same study,  the  authors  demonstrated  that  (GACA) -based  PCR  could  identify  different   T.  mentagro-4

 phytes varieties [46]. As shown in Fig. 15.5, all of the studied strains were amplified, with 4–11 

resulting  bands  that  ranged  from  300  to  2,500  bp  in  size.  All  T.  violaceum  strains  demonstrated almost identical banding patterns, which consisted of three bright bands (of approximately 600, 900, and 1,000 bp) and one to three additional faint bands with sizes ranging from 1,600 to 2,500 bp (Fig. 15.5).  T. rubrum strains could be distinguished from  T. violaceum strains by the sizes of the Fig. 15.4  Agarose gel electrophoresis analysis of PCR-amplified ITS regions of dermatophytes. (a) PCR products of the ITS1, 5.8S, and ITS2 regions of the four phenotypically identified species. Lanes: M, molecular weight marker (Fisher Scientific International, Inc.); 1, negative control (no template DNA); 2,  M. canis MRL 2117; 3–6,  M. canis clinical  strains;  7,  T.  mentagrophytes  ATCC  9533;  8–12,  T.  mentagrophytes  clinical  strains;  13,  T.  rubrum  ATCC 

28188; 14–17,  T. rubrum clinical strains; 18,  T. violaceum MRL 2135; 19–26,  T. violaceum clinical strains. (b) MvaI restriction  products  of   M.  canis,  T.  mentagrophytes,  and   T.  rubrum  species.  Lanes:  M,  molecular  weight  marker (Fisher  Scientific  International,  Inc.);  1,  M.  canis  MLR  2117;  2–5   M.  canis  clinical  strains;  6,  T.  mentagrophytes ATCC 9533; 7–11,  T. mentagrophytes clinical strains; 12,  T. rubrum ATCC 28188; 13–16,  T. rubrum clinical strains. 

(c)  MvaI  restriction  products  of   T.  violaceum  isolates.  Lanes:  M,  molecular  weight  marker  (Fisher  Scientific International, Inc.); 1,  T. violaceum MRL 2135; 2–9,  T. violaceum clinical strains (From Shehata et al. [46]. Reprinted with permission from the American Society for Microbiology. Copyright © 2008)

[image: Image 98]

326

P.K. Mukherjee et al. 

Fig. 15.5  Agarose gel electrophoresis for PCR products using the (GACA)  primer. (a)  T. violaceum strains. Lanes: 4

M, molecular weight marker (Fisher Scientific International, Inc.); 1, negative control (no template DNA); 2, T.  violaceum  MRL  2135;  3–10,  T.  violaceum  clinical  strains.  (b)   T.  rubrum  strains.  Lanes:  M,  molecular  weight marker (Fisher Scientific International, Inc.); 1, negative control (no template DNA); 2,  T. rubrum ATCC 28188; 3–6, T.  rubrum  clinical  strains.  (c)   T.  mentagrophytes  strains.  Lanes:  M,  molecular  weight  marker  (Fisher  Scientific International, Inc.); 1, negative control (no template DNA); 2,  T. mentagrophytes ATCC 9533; 3–7,  T. mentagrophytes clinical strains. (d)  M. canis strains. Lanes: M, molecular weight marker (Fisher Scientific International, Inc.); 1, negative control (no template DNA); 2,  M. canis MRL 2117; 3–6,  M. canis clinical strains (From Shehata et al. 

[46]. Reprinted with permission from the American Society for Microbiology. Copyright © 2008) three largest bands (1,900–2,500 bp) (Fig.  15.5). These studies suggested that (GACA) -based PCR 

4

has utility as a simple, rapid, single-step method for identification of dermatophyte species, as well as for differentiation of  T. mentagrophytes variants. 

 PCR Amplification: Sequencing

Sequencing  of  amplified  DNA  fragments  is  another  dermatophyte  identification  method.  This approach is especially useful when ascertaining phylogenetic relationships between different species. In this regard, Kano et al. [47] used PCR to amplify a 620 bp genomic DNA fragment of the CHS1 gene of the dermatophytes,  A. benhamiae,  A. simii,  A. vanbreuseghemii,  T. mentagrophytes var.  interdigitale  ( T.  interdigitale),  and   T.  rubrum,  and  sequenced  the  resulting  amplicons. 

Sequencing analysis showed >90% similarity between the species. Phylogenetic analysis of these sequences revealed that  A. benhamiae,  A. simii,  A. vanbreuseghemii, and  T. rubrum were genetically distinct from one another, but  T. interdigitale was genetically very close to  A. vanbreuseghemii [47]. 

Moreover, the  CHS1 gene fragment of  T. rubrum contains a restriction site for the endonuclease HinfI, while fragments of  A. benhamiae,  A. simii, A. vanbreuseghemii, and  T. interdigitale lacked this restriction site. In another recent study, Ninet et al. [48] amplified and sequenced a part of the large-subunit rRNA (28S rRNA), and showed that two taxa (type I and II strains  vs.  type III strains) causing  distinct  dermatophytoses  (tinea  pedis  and  unguium   vs.   tinea  manuum,  corporis,  cruris, faciei,  barbae,  and  capitis)  were  clearly  distinguishable  among  isolates  of  the   T.  mentagrophytes species complex. Sequencing of two or more target genes can also be used to differentiate between clades of dermatophytes. Frealle et al. [49] differentiated 41  T. mentagrophytes isolates of either 
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human  (14  isolates)  or  animal  (27  isolates)  origin  by  DNA  sequencing  of  (a)  the  variable  ITS 

regions (ITS1-ITS2) flanking the 5.8S rDNA and (b) the housekeeping gene encoding the manga-nese-containing superoxide dismutase (MnSOD), an enzyme involved in defense against oxidative stress. These investigators classified the isolates into two major clades exhibiting a similar topology, with a higher variability when the ITS marker was used. Summerbell et al. [50] also used the ITS 

regions to differentiate between anthropophilic and zoophilic dermatophytes, and showed that resequencing the ITS regions of several anomalous isolates eliminates the confusion between anthropophilic  T. tonsurans and the horse-associated  T. equinum. Zaki et al. [14] characterized dermatophyte infections  in  403  patients,  and  identified  the  fungal  species  by  sequencing  the  ITS1-5.8S-ITS2 

rDNA region. Other studies have targeted the complete ITS region [51], subtilisin gene [52], and 28S rDNA [53] for identification of dermatophytes. 

 Amplified Fragment Length Polymorphism

The amplified fragment length polymorphism (AFLP)-based approach for dermatophyte identification involves digestion of genomic DNA with specific restriction endonucleases, followed by selective amplification of the resulting fragments. Graser et al. [54] used this method, in combination with  PCR  fingerprinting  and  sequencing  of  the  ITS  region  of  the  ribosomal  operon,  in  order  to identify different  Trichophyton species. Genomic DNA was digested with both EcoRI and MseI, with  the  resulting  fragments  ligated  with  enzyme-specific  adapters,  and  amplified  using  AFLP-specific primers. PCR amplification was based on the primers (AC) , the M13 core sequence, and 10

T3B (derived from the intergenic spacer region of the tRNA). The fungal ITS region was amplified using the universal primers LR1 and SR6R, corresponding to positions 73–57 of the 25S and positions  1744–1763  of  the  18S  nuclear  rDNA  gene  of   Saccharomyces  cerevisiae,  respectively (Table 15.2). This combined approach was successful in validating the taxa around  T. mentagrophytes and  T. tonsurans, and reducing 24 species or varieties to 5 taxa, which were reclassified or synonymized as  T. tonsurans,  T. interdigitale,  T. mentagrophytes,  T. simii,  and  T. erinacei [42]. 

 Restriction Fragment Length Polymorphism

Evaluation of interstrain restriction fragment length polymorphism (RFLP) in the spacer regions of fungal rDNA repeat units has been used for the typing of a range of clinically important  species. 

Jackson  et  al. [55]  differentiated  between  different  dermatophyte  strains  by  analyzing  molecular variation in the rDNA repeats of  T. rubrum and other dermatophytes, and length variations in the NTS region.  T. rubrum genomic DNA was digested with EcoRI and transferred to nylon membrane (Southern  blotting).  The  transferred  blot  was  hybridized  with  a  probe  amplified  from  the  small-subunit  (18S)  rDNA  and  adjacent  ITS  regions,  using  the  universal  primers  NS5  and  ITS4.  The resulting 1,219 bp probe consisted of a 550 bp fragment from the 3¢ end of the 18S rDNA plus the adjacent ITS1, 5.8S rDNA, and ITS2 regions. The rDNA RFLPs mapped to the NTS region of the rDNA repeat and appeared similar to those caused by short repetitive sequences in the intergenic  spacers  of  other  fungi.  Additionally,  these  investigators  amplified  the  contiguous  ITS  and 5.8S rDNA regions from 17 common dermatophyte species, using the universal primers ITS1 and ITS4.  The  resulting  amplicons  were  digested  with  the  restriction  endonuclease  MvaI,  producing unique and easily identifiable fragment patterns for a majority of species. However, some closely related taxon pairs, such as  T. rubrum- T. soudanense and  T. quinkeanum- T. schoenleinii could not be distinguished. 
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Shin  et  al.  [56]  recently  amplified  the  ITS  region  of  dermatophytes,  digested  the  amplified fragments with four restriction enzymes (BsYiI, DdeI, HinfI, and MvaI), and identified different species- and strain-specific RFLPs. These investigators were able to differentiate all tested species using any combination of two different restriction enzymes, except for  T. rubrum and  T. raubitschekii, both of which produced identical banding patterns after all four restriction enzyme digestions. In the  case  of   T.  mentagrophytes,   MvaI  and  DdeI  each  produced  two  distinct  RFLP  patterns  [56]. 

Brillowska-Dabrowska et al. [57] combined a two-step DNA extraction method and multiplex PCR 

to detect dermatophytes, specifically  T. rubrum, in pure cultures and 118 clinically diseased nails (Fig. 3.3). Probes based on the fungal ITS1 region were used to detect  E. floccosum,  M. audouinii, M. canis,  M. gypseum,  M. nanum,  T. mentagrophytes,  T. rubrum,  T. schoenleinii,  T. soudanense, T. terrestre,  T. tonsurans,  T. verrucosum, and  T. violaceum. 

Other investigators have used the PCR-RFLP method to identify different dermatophyte species and strains, targeting topoisomerase II, ITS, and 28S rDNA [53, 58–62]. Monod et al. [53] 

used  PCR/sequencing  and  RFLP  analysis  to  demonstrate  the  presence  of   Fusarium  spp.  and other nondermatophyte fungi in nails. Nail fragments were dissolved in sodium sulfide solution, and  the  fungal  DNA  was  extracted  using  a  commercial  kit.  Universal  primers  were  used  to amplify fragments of the 28S rDNA, and fungi were identified by sequencing. Results showed dermatophytes,  Fusarium spp., and other less frequently isolated nondermatophyte fungi as single fungal agents in the majority of cases of onychomycosis [53]. RFLP analysis of PCR products demonstrated mixed infections in ~10% of cases. Identification of dermatophytes within 2 days of procedure was possible with this technology. The rapid and reliable molecular identification of the infectious fungus expedites the choice of appropriate antifungal therapy, thereby potentially improving the cure rate of onychomycosis. 

Taken together, these studies clearly demonstrate the advantage of RFLP analysis for the rapid identification of dermatophytes, while highlighting the fact that caution should be exercised before applying it to all dermatophyte species and strain determinations. 

 Automated Fluorescent Capillary Electrophoresis (AFCE)

Turenne et al. [63] used an automated capillary electrophoresis sequencer to detect fluorescently tagged  PCR  amplicons  from  the  ITS2  region.  The  potential  advantage  of  this  method  lies  in  its greater sensitivity of differentiating amplicons compared with AE and PAGE. 

 PCR-ELISA

A recent modification of the PCR approach is its combination with enzyme-linked immunosorbent  assay  (ELISA),  which  facilitates  rapid  identification  of  species-specific  DNA  segments directly from clinical samples. Isolated genomic DNA from skin scrapings and/or nails is amplified  with  species-specific  primers,  and  PCR  products  are  subsequently  detected  using  biotin-labeled probes. Beifuss et al. [64] recently reported using the PCR-ELISA method for detection (within  24  h)  of  the  five  common  dermatophytes  –   T.  rubrum,  T.  interdigitale,  T.  violaceum, M. canis,  and  E. floccosum – from clinical specimens. Genomic DNA was isolated from skin and nail  samples  of  patients  with  suspected  dermatophyte  infections,  and  amplified  with  species-specific digoxigenin-labeled primers targeting the topoisomerase II gene. Two hundred and four microscopy-positive samples from two university mycological laboratories, and 316 consecutive 
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specimens – regardless of mycological findings – in a dermatological practice laboratory, were utilized. The technique was confirmatory for one of the five dermatophytes in 79.9% (163/204) of clinical samples found to be positive using microscopy [64]. Culture was positive for dermatophytes in 59.8% of the same cases. A statistically significant difference between these two methods of dermatophyte detection was demonstrated [64]. These findings suggest that direct DNA isolation  from  clinical  specimens  coupled  with  PCR-ELISA  provide  a  rapid,  reproducible,  and sensitive tool for detection and discrimination of five major dermatophytes at species level, independent of morphological and biochemical characteristics. 

 Nested PCR

A  modification  of  the  PCR  approach  is  “nested  PCR”  –  in  which  conventional  amplification  is followed  by  a  second  amplification  reaction,  that  targets  an  internal  sequence  within  the  initial amplicon, using a different set of primers. Nested PCR reduces the effect of interfering agents, resulting in an increased amount of the final amplicon. Okeke et al. [65] amplified a 725–762 bp sequence of the  ACT gene (which encodes actin) from genomic DNA of 12 dermatophyte species, and then sequenced the amplicons. Reverse transcription (RT)-nested PCR of dermatophyte ACT 

mRNA was performed using a primer pair that amplified an  ACT-associated intron region to produce  a  dermatophyte-specific  171  bp  amplicon.  This  fragment  was  subsequently  targeted  by RT-nested PCR to determine the viability of dermatophytes in skin scales. Results were correlated with culture-based evaluation. The advantage of the RT-nested PCR approach is that it allows the determination of dermatophyte viability in clinical samples. Nagao et al. [66] also used the nested PCR approach, targeting the ITS region to identify  T. rubrum in glabrous skin. Yang et al. [67] 

identified dermatophyte species in clinical specimens, using a seminested PCR approach (targeting  the  ITS  region,  with  NS5,  ITS1,  and  ITS4  primers)  combined  with  RFLP  (digestion  with BciT130I and DdeI). RFLP-based identification of the strains involved matched results obtained by culture-based methods [67]. 

 Multiplex Real-Time PCR Detection/Identification

Arabatzis et al. [68] used gene sequences to design a quantitative real-time PCR (qPCR) assay for rapid detection and identification of dermatophytes in clinical specimens (Fig. 15.6). Two assays, based on amplification of ribosomal ITS regions and employing probes specific to relevant species and species-complexes, were designed, optimized, and clinically evaluated. One assay was used to detect the  T. mentagrophytes species complex,  T. tonsurans and  T. violaceum. The second assayed for the  T. rubrum species complex,  M. canis and  M. audouinii. Results showed that the analytical sensitivity of both assays was 0.1 pg of DNA per reaction, corresponding to 2.5–3.3 genomes per sample [68]. The protocol was clinically evaluated over 6 months by testing 92 skin, nail, and hair specimens from 67 patients with suspected dermatophytosis. qPCR detected and correctly identified the causative agent in specimens from which  T. rubrum, T. interdigitale, M. audouinii,  or  T. violaceum were cultured, and also detected a dermatophyte species in an additional seven specimens that were negative by microscopy and culture [68]. This highly sensitive assay also proved to have high positive and negative predictive values (95.7% and 100%, respectively), facilitating rapid and accurate diagnosis conducive to targeted rather than empirical therapy for dermatophytosis. However, this protocol cannot discriminate between all clinically relevant dermatophyte species and two PCR 
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Fig. 15.6  Amplification curve derived from real-time  Trichophyton violaceum-specific PCR assay of a hair sample. 

The x-axis shows the cycle number and the y-axis indicates the fluorescence units. An increase in fluorescence above the  threshold  ( horizontal  orange   line)  indicates  detection  of  PCR  products  after  20–21  cycles  (Courtesy  of Dr. Michael Arabatzis, Medical School, University of Athens, Greece)

reactions are required [68]. More recently, Bergmans et al. [69] developed a single-tube dermatophyte-specific  qPCR  assay,  based  on  ITS1  sequences.  The  detection  and  identification  of  11  clinically important species (within  Trichophyton,  Microsporum, and  Epidermophyton genera) in nail, hair, and  skin  samples  was  possible,  using  species-specific  probes  (Fig. 15.7)  [69].  Of  note,  qPCR 

yielded significantly more positive results than conventional dermatophyte culture and direct microscopic methods (61.7%  vs.  47.5%). Most importantly, single-tube qPCR-based dermatophyte identification and quantification may be completed in as little as 4 h (following overnight lysis), with minimal hands-on time, making it a very suitable diagnostic assay for dermatophytosis [69]. 

 PCR-Reverse Line Blot

In a recent study, Bergmans et al. [70] developed and successfully employed a PCR-reverse line blot (PCR-RLB) method for rapid detection and identification of nine dermatophyte species in nail, skin, and  hair  samples.  The  method  was  based  on  ITS1  sequences,  using  genus-specific  and  species-specific probes for nine species within three genera, in isolates obtained from 819 clinical samples (596 nail, 203 skin, and 20 hair). Membranes containing immobilized oligonucleotide probes were exposed to denatured PCR products, allowed to hybridize for 30 min, then subjected to stringency washes  and  detection  using  streptavidin-peroxidase  and  chemiluminescence.  The  investigators reported a positive PCR-RLB reaction in 93.6% of 172 culture-positive and microscopy-positive samples [70]. More recently, the same authors have shown good concordance (92%) between PCR-RLB and qPCR assays on clinical specimens [69]. PCR-RLB holds great promise, as it facilitates easy  detection  and  identification  of  dermatophytes  directly  from  nail,  skin,  and  hair  samples. 

However,  compared  with  qPCR,  it  requires  slightly  greater  hands-on  time  (~5  h)  and  post-PCR 

analysis, with a risk of amplicon contamination and false-positive results [69]. 

[image: Image 100]
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Fig.  15.7  Typical  melting  curve  analyses  following  real-time  PCR  amplification  of  dermatophyte  DNA.  Upper panel:  Microsporum audouinii (Tm 60.5°C) and  Microsporum canis (Tm 66°C), using DNA from cultured isolates spiked  into  DNA  from  negative  clinical  samples,  with  the  species-specific  hybridization  probe  set  Mcaau1S  + 

Mcaau1A.  Lower  panel:   Trichophyton  tonsurans  (Tm  57.5°C)  and   Trichophyton  interdigitale  (Tm  65°C)  from clinical samples, using the species-specific hybridization probe set Tinmeto1S + Tinmeto3A. Values on the y-axis are the first negative derivative of the change in fluorescence (dFluorescence) divided by the change in temperature (dT).  Vertical  lines  indicate  the  melting  temperatures  (Tm)  of  the  dermatophyte  species  with  the  probe  sets (Courtesy of Dr. Anneke Bergmans, Laboratory of Medical Microbiology, Franciscus Hospital, Roosendaal, The Netherlands)

 Single Strand Conformational Polymorphism (SSCP)

Variations  in  target  sequences  can  be  identified  by  electrophoretic  separation  of  single-stranded nucleic acids, and have been used to identify dermatophytes. These variations lead to alterations in the  secondary  structure,  influencing  the  conformation  of  the  biomolecules,  and  hence  affecting mobility  during  electrophoresis.  Cafarchia  et  al.  [71]  reported  the  development  of  a  PCR-SSCP 

approach, targeting  CHS1, as a tool to identify dermatophytes. 

 Loop-Mediated Isothermal Amplification

Routine PCR applications involve multiple cycles of amplification reactions at different temperatures, thus necessitating the use of a thermal cycler. The loop-mediated isothermal amplification (LAMP) 
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method amplifies a few copies of DNA to 109 in less than an hour, under isothermal  conditions and with greater specificity [72]. Therefore, it has the potential for routine use in clinical laboratories. Ohori et al. 

[73] performed LAMP, using species-specific primers based on the D1/D2 domain of the 28S rDNA sequence, in order to identify the dematiaceous fungus  Ochroconis gallopava, which is recognized as a  causative agent of zoonotic and emerging fungal infections. These investigators reported successful detection of the target gene from both fungal DNA and experimentally infected tissues [73]. 

 Microarray Analysis

Microarray-based analysis of ITS1 and ITS2 was recently used to identify 17 species (198 strains) of  dermatophytes  [74]. The  amplified  ITS  fragments  were  labeled  with  digoxigenin  and  then exposed to (i.e., hybridized with) an immobilized array of 17- to 30-mer oligonucleotides on a nylon membrane.  The  sensitivity  and  specificity  of  this  method  was  reported  to  be  99.5%  and  97.8%, respectively. However, one  M. audouinii strain was not identified. In addition, two nontarget strains, M. equinum and  T. gourvilii var.  intermedium, were misidentified as  M. canis and  T. soudanense, respectively.  Nonetheless,  a  microarray-based  method  has  potential  to  become  an  alternative  to conventional identification technologies. 

 Mass Spectrometry

Mass spectrometry has been used to identify fungal isolates, including dermatophytes [52, 75–81]. 

This approach is based on the presence of highly abundant low-molecular weight proteins (2–20 kDa), which are believed to be involved in the degradation of keratin. Giddey et al. [80] used a combined 2D-PAGE and shotgun mass spectrometry approach to analyze proteins secreted by  T. rubrum and  T. 

 violaceum, and identified 80 proteins that included endo- and exo-proteases, other hydrolases, and oxidoreductases. In another study, Jousson et al. [52] isolated seven genes encoding putative serine proteases of the subtilisin family ( SUB) in  T. rubrum, and showed that Sub3 and Sub4 proteins (33 and 31 kDa, respectively) exhibited activity against keratin, suggesting a potential role in fungal invasion of keratinized tissues. These investigators used proteolysis and mass spectrometry to identify orthologous  Sub  proteins  secreted  by  other  dermatophyte  species  [52].  Recently,  Erhard  et  al.  [81]  used matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) mass spectrometry to identify isolates causing onychomycosis and tinea pedis, and showed similar or better specificity than an ITS/PCR-based approach. Mass spectrometry analysis is rapid and relatively simple to implement. 

However, (a) contamination and interference are not uncommon; (b) differentiation between different species may be problematic; and (c) results can be influenced by the fungal morphology (i.e., blas-tospore, conidia, and filaments) [76, 79]. Therefore, although promising, the utility of this technique for rapid and accurate identification of dermatophytes requires further validation. 

 Molecular Testing: Advantages and Need for Caution

Molecular methods for identification of dermatophytes have gained significant popularity and acceptance in recent years, driven by the fact that these methods allow fast and accurate detection and quantification  of  fungi.  However,  widespread  adoption  of  these  techniques  in  clinical  laboratories  is hampered by several disadvantages. Most recent advances in molecular methods require specialized 
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training of personnel, in addition to expensive equipment and reagents, and are therefore often available only  as  research  tools.  Other  major  deterrents  to  the  application  of  molecular  diagnostic  methods include: (a) risk of false-positive test results; (b) risk of false-negative test results; (c) hypersensitivity with no clinical significance; and (d) potential for narrow range of specificity. False positives are commonly traced to background contamination (i.e., from other samples or from previous amplification reactions) and/or related to an inability to provide any information about cellular viability (i.e., even DNA from dead fungal elements will result in a positive signal by classic PCR). The exclusion of a requirement for post-PCR analysis (i.e., through the use of single-tube qPCR) can reduce the risk of contamination [69]. In addition, the incorporation of a reverse transcription (RT) step can overcome some of the risks of false positivity, since the target by this approach is mRNA, which is expressed only by  live  fungal  cells.  However,  such  modifications  can  be  cost-prohibitive  for  routine  assays.  False-negative results may be related to the presence of interfering agents in the tested samples, insufficient starting material, or inefficient DNA extraction from infected tissues. The improper selection of targets, nonspecific primers, and suboptimal assay conditions can also lead to reduced sensitivity and/or specificity, which are crucial determinants that need to be considered before the widespread acceptance of these techniques in clinical practice. In addition, a lack of protocol standardization and reproducibility for molecular diagnostic tests across different laboratories has also precluded their routine use to date. 

 Cost Effectiveness of Molecular Diagnostic Methods

Molecular diagnostic tests not only demonstrate the advantages of fast and accurate identification of dermatophytes, but also have the potential of providing significant cost benefits in the management and treatment of patients. For example, Kardjeva et al. [82] report that the cost of a single PCR 

test for  T. rubrum would be only slightly higher than that of conventional direct microscopy/culture diagnostic  testing  (2.90   vs.   2.30  euros).  However,  any  cost  benefit  must  be  balanced  with  the increased expenditure required to develop and perform these tests; for example, measures instituted to  reduce  contamination  (i.e.,  building  separate  laboratory  space).  Recently,  Louie  et  al.  [83] 

reported that the cost of PCR-based diagnosis of infectious agents can range anywhere from Can$8 

to Can$40 per sample, excluding the cost of initial equipment purchase, reagents, and labor. The cumulative cost of PCR analysis can be as high as Can$125 per test, if the latter are included [83]. 

Of course, reimbursement rates must also be factored into any cost analysis (see Chap. 23). Variable and  inadequate  reimbursement  by  third-party  payers  and  managed-care  organizations  have  also hampered  widespread  acceptance  of  these  methods  into  the  clinical  diagnostic  laboratory  [84]. 

However, the cost effectiveness of molecular diagnostic testing may be more broadly related to a net reduction in the number of infections, unnecessary treatments, disabilities, hospital stays, and mortality, in addition to societal benefits, such as decreased drug resistance due to targeted therapy, facilitated by such methods [63, 68, 82–91]. For example, Bergmans et al. [70] estimated that the costs of PCR-RLB for dermatophyte identification are US$90 per person, as compared to US$31 

per person for traditional diagnostic techniques (i.e., direct microscopy and culture), a premium of US$59 for molecular testing. However, as PCR-RLB results are obtained quickly (3–4 days  vs.  3–6 

weeks for culture), this procedure results in ~50% fewer patients receiving unnecessary antimycotic therapy (i.e., those with PCR-negative results, who would have been treated empirically for 1 month pending culture results), producing an average cost saving of ~US$35 per patient [70]. 

In summary, molecular methods for dermatophyte identification show increasing potential for routine use in the diagnosis and follow-up (i.e., evaluation of efficacy of antifungal therapy) of skin, hair, and nail infections. For example, molecular tests could be used to determine if relapse after treatment is due to reinfection with either the same or a different dermatophyte strain. Continued development and optimization of some of the more recently described technologies is warranted. 

334

P.K. Mukherjee et al. 

References

1.  Rippon JW. Medical mycology: the pathogenic fungi and the pathogenic actinomycetes. 3rd ed. Philadelphia, PA: WB Saunders; 1988. 

2.  Hainer BL. Dermatophyte infections. Am Fam Physician. 2003;67:101–8. 

3.  Hay R. Literature review. Onychomycosis. J Eur Acad Dermatol Venereol. 2005;19 Suppl 1:1–7. 

4.  Elewski BE. Tinea capitis: a current perspective. J Am Acad Dermatol. 2000;42:1–20. 

5.  Elewski  BE.  Onychomycosis.  Treatment,  quality  of  life,  and  economic  issues.  Am  J  Clin  Dermatol. 

2000;1:19–26. 

6.  Jennings MB, Pollak R, Harkless LB, et al. Treatment of toenail onychomycosis with oral terbinafine plus aggressive  debridement:  IRON-CLAD,  a  large,  randomized,  open-label,  multicenter  trial.  J  Am  Pediatr  Med  Assoc. 

2006;96:465–73. 

7.  Rupke SJ. Fungal skin disorders. Prim Care. 2000;27:407–22. 

8.  Deng S, Bulmer GS, Summerbell RC, et al. Changes in frequency of agents of tinea capitis in school children from Western China suggest slow migration rates in dermatophytes. Med Mycol. 2008;46:421–7. 

9.  Havlickova B, Czaika VA, Friedrich M. Epidemiological trends in skin mycoses worldwide. Mycoses. 2008;51 

Suppl 4:2–15. 

10.  Seebacher C, Bouchara JP, Mignon B. Updates on the epidemiology of dermatophyte infections. Mycopathologia. 

2008;166:335–52. 

11.  Panackal AA, Halpern EF, Watson AJ. Cutaneous fungal infections in the United States: analysis of the National Ambulatory  Medical  Care  Survey  (NAMCS)  and  National  Hospital  Ambulatory  Medical  Care  Survey (NHAMCS), 1995–2004. Int J Dermatol. 2009;48:704–12. 

12.  Neji  S,  Makni  F,  Cheikhrouhou  F,  et  al.  Epidemiology  of  dermatophytoses  in  Sfax,  Tunisia.  Mycoses. 

2009;52:534–8. 

13.  Godoy-Martinez P, Nunes FG, Tomimori-Yamashita J, et al. Onychomycosis in Sao Paulo, Brazil. Mycopathologia. 

2009;168:111–6. 

14.  Zaki SM, Ibrahim N, Aoyama K, et al. Dermatophyte infections in Cairo, Egypt. Mycopathologia. 2009;167:133–7. 

15.  Lawry  MA,  Haneke  E,  Strobeck  K,  et  al.  Methods  for  diagnosing  onychomycosis:  a  comparative  study  and review of the literature. Arch Dermatol. 2000;136:1112–6. 

16.  Weinberg  JM,  Koestenblatt  EK,  Tutrone  WD,  et  al.  Comparison  of  diagnostic  methods  in  the  evaluation  of onychomycosis. J Am Acad Dermatol. 2003;49:193–7. 

17.  Miranda MFR, Silva AJG. Vinyl adhesive tape also effective for direct microscopy diagnosis of chromomycosis, lobomycosis, and paracoccidioidomycosis. Diagn Microbiol Infect Dis. 2005;52:39–43. 

18.  Mohanty J, Mohanty S, Sahoo R, et al. Diagnosis of superficial mycoses by direct microscopy – A statistical evaluation. Indian J Dermatol Venereol Leprol. 1999;65:72–4. 

19.  Brasil KW, Pinheiro RL, Pimentel IC. Laboratory diagnosis of superficial and cutaneous mycosis: a comparison of the potassium hydroxide and calcofluor white methods. An Bras Dermatol. 2003;78:547–51. 

20.  Elston DM. Fluorescence of fungi in superficial and deep fungal infections. BMC Microbiol. 2001;1:21. 

21.  Murray PR, Baron EJ. Manual of clinical microbiology. 9th ed. Washington, DC: ASM Press; 2007. 

22.  Haldane DJ, Robart E. A comparison of calcofluor white, potassium hydroxide, and culture for the laboratory diagnosis of superficial fungal infection. Diagn Microbiol Infect Dis. 1990;13:337–9. 

23.  McGinnis MR. Laboratory handbook of medical mycology. New York: Academic; 1980. 

24.  St-Germain G, Summerbell RC. Identifying filamentous fungi: a clinical laboratory handbook. Belmont CA: Star Publishing; 1996. 

25.  Sutton DA, Fothergill AW, Rinaldi MG. Guide to clinically significant fungi. 1st ed. Baltimore, MA: Williams & Wilkins; 1998. 

26.  Pierard GE, Arrese JE, De Doncker P, et al. Present and potential diagnostic techniques in onychomycosis. J Am Acad Dermatol. 1996;34:273–7. 

27.  Baek SC, Chae HJ, Houh D, et al. Detection and differentiation of causative fungi of onychomycosis using PCR 

amplification and restriction enzyme analysis. Int J Dermatol. 1998;37:682–6. 

28.  Binstock JM. Molecular biology techniques for identifying dermatophytes and their possible use in diagnosing onychomycosis in human toenail: A review. J Am Pediatr Med Assoc. 2007;97:134–44. 

29.  Kanbe T. Molecular approaches in the diagnosis of dermatophytosis. Mycopathologia. 2008;166:307–17. 

30.  de  Bievre  C,  Dauguet  C,  Nguyen  VH,  et  al.  Polymorphism  in  mitochondrial  DNA  of  several   Trichophyton rubrum isolates from clinical specimens. Ann Inst Pasteur Microbiol. 1987;138:719–27. 

31.  Nishio K, Kawasaki M, Ishizaki H. Phylogeny of the genera  Trichophyton using mitochondrial DNA analysis. 

Mycopathologia. 1992;117:127–32. 

32.  Kawasaki M, Aoki M, Ishizaki H, et al. Phylogenetic relationships of the genera  Arthroderma and  Nannizzia inferred from mitochondrial DNA analysis. Mycopathologia. 1992;118:95–102. 

15  Infectious Diseases of the Skin I: Dermatophytosis/Onychomycosis 335

33.  Kawasaki M, Ishizaki H, Aoki M, et al. Phylogeny of  Nannizzia incurvata,  N. gypsea,  N. fulva and  N. otae by restriction enzyme analysis of mitochondrial DNA. Mycopathologia. 1990;112:173–7. 

34.  Mochizuki T, Takada K, Watanabe S, et al. Taxonomy of  Trichophyton interdigitale ( Trichophyton mentagrophytes  var.  interdigitale)  by  restriction  enzyme  analysis  of  mitochondrial  DNA.  J  Med  Vet  Mycol. 

1990;28:191–6. 

35.  Bock M, Maiwald M, Kappe R, et al. Polymerase chain reaction-based detection of dermatophyte DNA with a fungus-specific primer system. Mycoses. 1994;37:79–84. 

36.  Bock M, Nickel P, Maiwald M, et al. Diagnosis of dermatomycoses with polymerase chain reaction. Hautarzt. 

1997;48:175–80. 

37.  Liu D, Coloe S, Baird R, et al. PCR identification of  Trichophyton mentagrophytes var. interdigitale and  T. mentagrophytes var. mentagrophytes dermatophytes with a random primer. J Med Microbiol. 1997;46:1043–6. 

38.  Liu D, Coloe S, Baird R, et al. Molecular determination of dermatophyte fungi using the arbitrarily primed polymerase chain reaction. Br J Dermatol. 1997;137:351–5. 

39.  Liu D, Coloe S, Baird R, et al. Application of PCR to the identification of dermatophyte fungi. J Med Microbiol. 

2000;49:493–7. 

40.  Liu D, Pearce L, Lilley G, et al. PCR identification of dermatophyte fungi  Trichophyton rubrum, T. soudanense and T. gourvilii. . J Med Microbiol. 2002;51:117–22. 

41.  Zhong ZR, Li R, Li D, et al. Typing of common dermatophytes by random amplification of polymorphic DNA. 

Jap J Med Mycol. 1997;38:239–46. 

42.  Graser  Y,  el  Fari  M,  Presber  W,  et  al.  Identification  of  common  dermatophytes  ( Trichophyton,  Microsporum, Epidermophyton) using polymerase chain reactions. Br J Dermatol. 1998;138:576–82. 

43.  Mukherjee PK, Leidich SD, Isham N, et al. Clinical  Trichophyton rubrum strain exhibiting primary resistance to terbinafine. Antimicrob Agents Chemother. 2003;47:82–6. 

44.  Faggi E, Pini G, Campisi E, et al. Application of PCR to distinguish common species of dermatophytes. J Clin Microbiol. 2001;39:3382–5. 

45.  Faggi E, Pini G, Campisi E. PCR fingerprinting for identification of common species of dermatophytes. J Clin Microbiol. 2002;40:4804–5. 

46.  Shehata  AS,  Mukherjee  PK,  Aboulatta  HN,  et  al.  Single-step  PCR  using  (GACA)4  primer:  Utility  for  rapid identification of dermatophyte species and strains. J Clin Microbiol. 2008;46:2641–5. 

47.  Kano  R,  Nakamura  Y,  Watari  T,  et  al.  Molecular  analysis  of  chitin  synthase  1  ( CHS1)  gene  sequences  of Trichophyton mentagrophytes complex and  T. rubrum. Curr Microbiol. 1998;37:236–9. 

48.  Ninet B, Jan I, Bontems O, et al. Identification of dermatophyte species by 28S ribosomal DNA sequencing with a commercial kit. J Clin Microbiol. 2003;41:826–30. 

49.  Frealle E, Rodrigue M, Gantois N, et al. Phylogenetic analysis of  Trichophyton mentagrophytes human and animal isolates based on MnSOD and ITS sequence comparison. Microbiology. 2007;153:3466–77. 

50.  Summerbell RC, Moore MK, Starink-Willemse M, et al. ITS barcodes for  Trichophyton tonsurans and  T. equinum. Med Mycol. 2007;45:193–200. 

51.  Fumeaux  J,  Mock  M,  Ninet  B,  et  al.  First  report  of   Arthroderma  benhamiae  in  Switzerland.  Dermatology. 

2004;208:244–50. 

52.  Jousson  O,  Lechenne  B,  Bontems  O,  et  al.  Secreted  subtilisin  gene  family  in   Trichophyton  rubrum.  Gene. 

2004;339:79–88. 

53.  Monod M, Bontems O, Zaugg C, et al. Fast and reliable PCR/sequencing/RFLP assay for identification of fungi in onychomycoses. J Med Microbiol. 2006;55:1211–6. 

54.  Graser Y, Kuijpers AF, Presber W, et al. Molecular taxonomy of  Trichophyton mentagrophytes and  T. tonsurans. 

Med Mycol. 1999;37:315–30. 

55.  Jackson  CJ,  Barton  RC,  Evans  EG.  Species  identification  and  strain  differentiation  of  dermatophyte  fungi  by analysis of ribosomal-DNA intergenic spacer regions. J Clin Microbiol. 1999;37:931–6. 

56.  Shin JH, Sung JH, Park SJ, et al. Species identification and strain differentiation of dermatophyte fungi using polymerase  chain  reaction  amplification  and  restriction  enzyme  analysis.  J  Am  Acad  Dermatol. 

2003;48:857–65. 

57.  Brillowska-Dabrowska A, Saunte DM, Arendrup MC. Five-hour diagnosis of dermatophyte nail infections with specific detection of  Trichophyton rubrum. J Clin Microbiol. 2007;45:1200–4. 

58.  Ding J, Li J, Liu Z, et al. Clinical identification of common species of dermatophytes by PCR and PCR-RFLP. 

J Huazhong Univ Sci Technol Med Sci. 2004;24:642–4. 

59.  Gutzmer R, Mommert S, Kuttler U, et al. Rapid identification and differentiation of fungal DNA in dermatological specimens by LightCycler PCR. J Med Microbiol. 2004;53:1207–14. 

60.  Kamiya A, Kikuchi A, Tomita Y, et al. PCR and PCR-RFLP techniques targeting the DNA topoisomerase II gene for rapid clinical diagnosis of the etiologic agent of dermatophytosis. J Dermatol Sci. 2004;34:35–48. 

61.  He G, Li J, Ding J, et al. Identification of common species of dermatophytes by PCR-RFLP. J Huazhong Univ Sci Technol Med Sci. 2005;25:458–60. 

336

P.K. Mukherjee et al. 

62.  Pounder  JI,  Williams  S,  Hansen  D,  et  al.  Repetitive-sequence-PCR-based  DNA  fingerprinting  using  the Diversilab  system  for  identification  of  commonly  encountered  dermatophytes.  J  Clin  Microbiol. 

2005;43:2141–7. 

63.  Turenne CY, Sanche SE, Hoban DJ, et al. Rapid identification of fungi by using the ITS2 genetic region and an automated fluorescent capillary electrophoresis system. J Clin Microbiol. 1999;37:1846–51. 

64.  Beifuss B, Bezold G, Gottlober P, et al. Direct detection of five common dermatophyte species in clinical samples using a rapid and sensitive 24-h PCR-ELISA technique open to protocol transfer. Mycoses. 27 Sept 2009. [Epub ahead of print]. 

65.  Okeke CN, Tsuboi R, Kawai M, et al. Isolation of an intron-containing partial sequence of the gene encoding dermatophyte actin (ACT) and detection of a fragment of the transcript by reverse transcription-nested PCR as a means of assessing the viability of dermatophytes in skin scales. J Clin Microbiol. 2001;39:101–6. 

66.  Nagao K, Sugita T, Ouchi T, et al. Identification of  Trichophyton rubrum by nested PCR analysis from paraffin embedded  specimen  in  trichophytia  profunda  acuta  of  the  glabrous  skin.  Nippon  Ishinkin  Gakkai  Zasshi. 

2005;46:129–32. 

67.  Yang G, Zhang M, Li W, et al. Direct species identification of common pathogenic dermatophyte fungi in clinical specimens  by  semi-nested  PCR  and  restriction  fragment  length  polymorphism.  Mycopathologia. 

2008;166:203–8. 

68.  Arabatzis M, van Coppenraet LE Bruijnesteijn, Kuijper EJ, et al. Diagnosis of common dermatophyte infections by  a  novel  multiplex  real-time  polymerase  chain  reaction  detection/identification  scheme.  Br  J  Dermatol. 

2007;157:681–9. 

69.  Bergmans AM, van der Ent M, Klaassen A, et al. Evaluation of a single-tube real-time PCR for detection and identification of 11 dermatophyte species in clinical material. Clin Microbiol Infect. 2010;16:704–10. 

70.  Bergmans AM, Schouls LM, van der Ent M, et al. Validation of PCR-reverse line blot, a method for rapid detection  and  identification  of  nine  dermatophyte  species  in  nail,  skin  and  hair  samples.  Clin  Microbiol  Infect. 

2008;14:778–88. 

71.  Cafarchia C, Otranto D, Weigl S, et al. Molecular characterization of selected dermatophytes and their identification by electrophoretic mutation scanning. Electrophoresis. 2009;30:3555–64. 

72.  Notomi T, Okayama H, Masubuchi H, et al. Loop-mediated isothermal amplification of DNA. Nucleic Acids Res. 

2000;28:E63. 

73.  Ohori A, Endo S, Sano A, et al. Rapid identification of  Ochroconis gallopava by a loop-mediated isothermal amplification (LAMP) method. Vet Microbiol. 2006;114:359–65. 

74.  Li  HC,  Bouchara  JP,  Hsu  MM,  et  al.  Identification  of  dermatophytes  by  an  oligonucleotide  array.  J  Clin Microbiol. 2007;45:3160–6. 

75.  Sun L, Teramoto K, Sato H, et al. Characterization of ribosomal proteins as biomarkers for matrix-assisted laser desorption/ionization mass spectral identification of Lactobacillus plantarum. Rapid Commun Mass Spectrom. 

2006;20:3789–98. 

76.  Fenselau  C,  Demirev  PA.  Characterization  of  intact  microorganisms  by  MALDI  mass  spectrometry.  Mass Spectrom Rev. 2001;20:157–71. 

77.  Amiri-Eliasi B, Fenselau C. Characterization of protein biomarkers desorbed by MALDI from whole fungal cells. 

Anal Chem. 2001;73:5228–31. 

78.  Vargha  M,  Takats  Z,  Konopka  A,  et  al.  Optimization  of  MALDI-TOF  MS  for  strain  level  differentiation  of Arthrobacter isolates. J Microbiol Methods. 2006;66:399–409. 

79.  Santos C, Paterson RR, Venancio A, et al. Filamentous fungal characterizations by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry. J Appl Microbiol. 2010;108:375–85. 

80.  Giddey K, Monod M, Barblan J, et al. Comprehensive analysis of proteins secreted by  Trichophyton rubrum and Trichophyton violaceum under  in vitro conditions. J Proteome Res. 2007;6:3081–92. 

81.  Erhard M, Hipler UC, Burmester A, et al. Identification of dermatophyte species causing onychomycosis and tinea pedis by MALDI-TOF mass spectrometry. Exp Dermatol. 2008;17:356–61. 

82.  Kardjeva V, Summerbell R, Kantardjiev T, et al. Forty-eight-hour diagnosis of onychomycosis with subtyping of Trichophyton rubrum strains. J Clin Microbiol. 2006;44:1419–27. 

83.  Louie M, Louie L, Simor AE. The role of DNA amplification technology in the diagnosis of infectious diseases. 

CMAJ. 2000;163:301–9. 

84.  Pfaller MA. Molecular approaches to diagnosing and managing infectious diseases: Practicality and costs. Emerg Infect Dis. 2001;7:312–8. 

85.  Scherer LC, Sperhacke RD, Ruffino-Netto A, et al. Cost-effectiveness analysis of PCR for the rapid diagnosis of pulmonary tuberculosis. BMC Infect Dis. 2009;9:216. 

86.  Ninove L, Tan C, Nougairede A, et al. Impact of diagnostic procedures on patient management and hospitalization cost during the 2000 and 2005 enterovirus epidemics in Marseilles, France. Clin Microbiol Infect. 2010; 16:651–6. 

15  Infectious Diseases of the Skin I: Dermatophytosis/Onychomycosis 337

87.  Khairnar  K,  Martin  D,  Lau  R,  et  al.  Multiplex  real-time  quantitative  PCR,  microscopy  and  rapid  diagnostic immuno-chromatographic tests for the detection of  Plasmodium spp: performance, limit of detection analysis and quality assurance. Malar J. 2009;8:284. 

88.  Mahony JB, Blackhouse G, Babwah J, et al. Cost analysis of multiplex PCR testing for diagnosing respiratory virus infections. J Clin Microbiol. 2009;47:2812–7. 

89.  Yang S, Rothman RE. PCR-based diagnostics for infectious diseases: uses, limitations, and future applications in acute-care settings. Lancet Infect Dis. 2004;4:337–48. 

90.  Chandrasekar P. Diagnostic challenges and recent advances in the early management of invasive fungal infections. Eur J Haematol. 2010;84:281–90. 

91.  Alexander BD, Pfaller MA. Contemporary tools for the diagnosis and management of invasive mycoses. Clin Infect Dis. 2006;43:S15–27. 

92.  Makimura K, Tamura Y, Mochizuki T, et al. Phylogenetic classification and species identification of dermatophyte  strains  based  on  DNA  sequences  of  nuclear  ribosomal  internal  transcribed  spacer  1  regions.  J  Clin Microbiol. 1999;37:920–4. 

93.  Mochizuki T, Kawasaki M, Ishizaki H, et al. Identification of several clinical isolates of dermatophytes based on the  nucleotide  sequence  of  internal  transcribed  spacer  1  (ITS  1)  in  nuclear  ribosomal  DNA.  J  Dermatol. 

1999;26:276–81. 

94.  Makimura K, Tamura Y, Murakami A, et al. Cluster analysis of human and animal pathogenic  Microsporum species  and  their  teleomorphic  states,  Arthroderma  species,  based  on  the  DNA  sequences  of  nuclear  ribosomal internal transcribed spacer 1. Microbiol Immunol. 2001;45:209–16. 

95.  Kano R, Okabayashi K, Nakamura Y, et al. Differences among chitin synthase I gene sequences in  Trichophyton rubrum and  T. violaceum. Med Mycol. 2000;38:47–50. 

96.  Kanbe T, Suzuki Y, Kamiya A, et al. PCR-based identification of common dermatophyte species using primer sets specific for the DNA topoisomerase II genes. J Dermatol Sci. 2003;32:151–61. 

      

Chapter 16

Infectious Diseases of the Skin II:  

Non-Dermatophytic Infections

Michael J. Murphy and Avery LaChance 

Identification of the pathogenic microbe is essential for selection of the most appropriate treatment in the majority of cutaneous infections. Historically, the diagnosis of cutaneous pathogens has been based on the results of immunological studies, lesional culture, and/or microscopic examination of tissue samples, in combination with histochemical stains (i.e., PAS, Gram) or immunohistochemical studies. Microscopic review of clinical specimens allows for rapid microbe detection. However, this method lacks sensitivity and specificity, and typically results in a preliminary determination only. 

In addition, not every pathogen is identifiable by microscopic analysis, and special stains are often less sensitive than culture methods. Thus, definitive characterization requires growth of the pathogen in culture, which remains the gold-standard methodology for laboratory diagnosis of microbial infection. While the latter generally demonstrates improved sensitivity and specificity as compared with histopathological examination, microbe growth may require days to weeks of culture, delaying both diagnosis and the institution of appropriate therapy. Further complicating matters is the fact that not all pathogens grow outside of their host. 

Molecular diagnostic strategies for microbe detection have a number of distinct advantages over traditional methodologies [1–5]. For example, polymerase chain reaction (PCR)-based and fluorescence in situ hybridization (FISH)-based assays generally have no requirement for pathogen growth in culture media. Therefore, a variety of microorganisms (i.e., bacteria, viruses, and fungi) which may be difficult or impossible to culture (due to the need for specialized media and/or protracted incubation times) can be rapidly characterized using these technologies. The high sensitivity of molecular methods allows for the detection of infectious agents that may be present in only minute numbers, in addition to the identification of microbes from nonculturable resources (i.e., formalin-fixed paraffin-embedded tissue)  [1–7]. For  many  infectious  diseases,  these  newer  assays  are  employed  in  conjunction  with traditional  methods.  For  example,  information  gained  from  histochemical  staining  may  be  used  to select for one or a small number of molecular-based bacterial or fungal family-, genus-, or species-specific probes from a larger probe set. In some instances, however, molecular technologies are now beginning to replace culture-, biochemical-, and immunological-based microbial methods [1–5]. 

Nucleic acid-based testing is being increasingly employed in the diagnosis and management of dermatologic infections (Tables 16.1–16.3) [6–92]. Molecular technologies have been used to detect pathogenic mucocutaneous bacteria (Figs. 16.1–16.4, 17.2 and 17.3), spirochetes (Fig.  16.5), fungi (Fig.  16.6 and Chap. 15), viruses (Fig.  16.7), parasites (Figs. 16.8 and 16.9), and infestations. In terms of  practical  applications,  there  are  multiple  clinical  and/or  pathobiological  questions  regarding A. LaChance () 
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Table 16.1  Applications of molecular diagnostic tests in the management of mucocutaneous infectious diseases Facilitate highly sensitive and specific microbial detection

–  Necessary for definitive diagnosis before the initiation of treatment

Identify to species level

–  Because of the established link between some microbe species and disease severity and/or treatment response Detect and specifically identify infectious agents that are difficult to culture and/or distinguish by other methodologies

–  Fastidious or slow-growing microorganisms; anaerobes; mycobacteria; viruses; unknown species Demonstrate the viability of detected microbes in host tissues

Quantify microbial load in host tissues

Define patterns of genotypic and phenotypic expression under variable clinical and morphologic conditions Characterize virulence factors and potential drug resistance mechanisms in microbes Determine drug efficacy and/or identify disease persistence or relapse

Detect infectious agents that play a role in the pathogenesis of certain skin tumors Microbe tracking

Identify emerging cutaneous infectious diseases

Reservoir host investigations and vector surveys

mucocutaneous  infections  that  may  be  answered  by  nucleic  acid-based  methods  (Table  16.1). 

Molecular technologies allow for highly sensitive and specific microbial detection (up to 100% in some instances), irrespective of species or genus, and necessary for definitive diagnosis before the initiation  of  treatment.  Of  note,  the  performance  characteristics  of  a  variety  of  molecular  assays have been shown to be consistently better than microscopy or tissue culture, particularly in samples with low microbe loads. In addition, species identification may be accomplished. This is important information for the clinical management of patients with many mucocutaneous infections, because of  the  established  link  between  some  microbe  species  and  disease  severity  and/or  treatment response. Results may also support the development of targeted and effective treatment protocols. 

Infectious agents that are difficult to culture and/or distinguish by other methodologies, including fastidious or slow-growing microorganisms, anaerobes, mycobacteria, viruses, or unknown species, can be detected and often specifically identified. Molecular assays can also be used to demonstrate the  viability  of  detected  microbes  (i.e.,  through  RNA  analysis  using  reverse  transcription  PCR 

[RT-PCR] or other methods) and to quantify microbial loads in host tissues (i.e., real-time quantitative PCR [qPCR]). Such data may be relevant to the monitoring of disease progression, assessing drug efficacy and predicting treatment outcomes. Molecular diagnostic techniques can be employed to define patterns of genotypic and phenotypic expression under variable clinical and morphologic conditions, identify microbe-specific features, such as virulence factors and specific genes associated with antimicrobial drug resistance (Table 16.3), and determine treatment response, including the  identification  of  disease  persistence  or  relapse  in  mucocutaneous  infections  (Fig. 16.4). The characterization of infectious agents that play a role in the pathogenesis of certain skin tumors is also possible. Finally, molecular methods may be used for microbe tracking, the identification of emerging cutaneous infectious diseases, and reservoir host studies and vector surveys (i.e., rodents and sand flies in  Leishmaniasis), which have broader epidemiological and public health implications, including the tracking of drug-resistant strains and outbreak investigations. Of course, implementation of these molecular tests depends on the clinical relevance of the results, and is limited by the availability of alternative methods of testing, the need for specialized equipment, and the technical expertise of the laboratory personnel. 

More  widespread  use  of  molecular  assays  for  the  detection  of  mucocutaneous  microbes  will improve patient care in dermatologic clinics. This is a function of their greater sensitivity and specificity, user-friendliness, and reduced test turn-around times, compared with traditional laboratory methods.  Theoretically,  a  more  rapid  and  accurate  characterization  of  an  infectious  agent  would 
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Table 16.3  Drug resistance genes of particular interest in mucocutaneous infections Microbe

Genes conferring resistance

Drug

 Mycobacterium 

Mutations in  KatG, inhA,  and  aphC

Isoniazid

 tuberculosis

Mutations in  rpoB

Rifampin

Mutations in  embB

Ethambutol

Mutations in  pncA

Pyrazinamide

Mutations in  rpsL and  rrs

Streptomycin

Mutations in  gyrA

Fluoroquinolones

Mutations in  rrs

Amikacin/capreomycin

 Mycobacterium 

Mutations in  folP1

Dapsone

 leprae

Mutations in  rpoB

Rifampin

Mutations in  gyrA

Fluoroquinolones (i.e., ofloxacin)

 Staphylococcus 

Presence of  blaZ,  blaI,  and  blaR

Penicillin and b-lactam antibiotics

 aureus

Presence of SCC mec

B-lactams, clindamycin, gentamicin, fluroquinolones, 

methicillin

Presence of  femA,  femB,  and  femX

Methicillin

Presence of  luk S-PV and  luk F-PV

Methicillin

Presence of  Tn1546

Vancomycin

Presence of  aadD

Neomycin, kanamycin, paromomycin, and tobramycin

Presence of  ant4

Tobramycin

Presence of  ars RBC

Arsenate, antimonite

Presence of  ble

Bleomycin

Presence of  cad A,B

Cadmium (and potentially zinc)

Presence of  cad D,X

Cadmium

Presence of  cat

Chloramphenicol

Presence of  cfr

Chloramphenicol, florfenicol, and clindamycin

Presence of  dfrA and  dfrK

Trimethoprim

Presence of  erm B,C

Macrolides, erythromycin, lincosamides, clindamycin, 

streptogramin B

Presence of  far1

Fusidic acid

Presence of  fus B

Fusidic acid

Presence of  ile S-2

Mupirocin

Presence of  mer operon

Mercury

Presence of  mphBM

Macrolide antibiotics

Presence of  msrA

Macrolide antibiotics

Presence of  mupA

Mupirocin

Presence of  qac A,B and  smr

Quaternary ammonium compounds and biocides

Presence of  str

Streptomycin

Presence of  tetK and  tetL

Tetracyclines

Presence of  vat

Streptogramins type A

Presence of  vga

Streptogramins type A, lincosamides, and pleuromutilins

Presence of  vgb

Streptogramins type B

Presence of transposon  aacA  

Gentamicin, kanamycin, and tobramycin

and  aphD

Presence of transposon  cadB  

Cadmium

and  cadC

Presence of transposon  erm A,B

Macrolides, erythromycin, lincosamides, clindamycin, 

and streptogramin B

Presence of transposon  fexA

Florfenicol, chloramphenicol

Presence of transposon  mer A,B

Inorganic and organic mercury

Presence of transposon  sat4

Streptothricin

Presence of transposon  spc(ant9)

Spectinomycin

(continued)
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Table 16.3  (continued)

Microbe

Genes conferring resistance

Drug

Presence of transposon  tetM

Tetracycline, minocycline

Presence of transposon  

Vancomycin

 vanRSHAXYZ

 Treponema 

Mutations in 23S rRNA gene

Clindamycin and 14-,15-, and 16-lactone ring macrolides 

 pallidum

(i.e., azithromycin, erythromycin, spiramycin)

Mutations in  rpoB

Rifampin

 Pseudomonas 

Presence of transposon Tn 6061 

 aeruginosa

components:

–   bla

and  bla

b-lactams

 VEB-1

 OXA-10

–   ant(2’)-Ia, ant(3”)-Ia, 

Aminoglycosides

 ant(4’)-IIb



–   tet(G)

Tetracycline

–   arr-2

Rifampin

–   cmlA5 and  floR

Chloramphenicol

–   sul 1

Sulfonamides

Mutations in  gyrA/gyrB

Fluoroquinolones

Mutations in  parC/parE

Fluoroquinolones

Mutations in  ampD

Carbenicillin, ticarcillin, piperacillin, azlocillin, 

ceftazidime, aztreonam, cefepime, and cefpirome

Mutations in  nalB at  mexR

Fluoroquinolones, carbenicillin, ticarcillin, piperacillin, 

azlocillin, ceftazidime, aztreonam, cefepime, 

cefpirome, and meropenem

Mutations in  nalC at  nfxB

Fluoroquinolones, carbenicillin, ticarcillin, piperacillin, 

azlocillin, ceftazidime, aztreonam, cefepime, 

cefpirome, and meropenem

Mutations in  nfxC at  mex T

Fluoroquinolones, carbenicillin, ticarcillin, piperacillin, 

azlocillin, ceftazidime, aztreonam, cefepime, 

cefpirome, imipenem, and meropenem

Mutations in  OprD and  nfxC  

Imipenem and meropenem

at  mexT

Mutations in  nalC

Fluoroquinolones and all b-lactams, except imipenem

Mutations in  ampR and  dacB

Penicillins and cephalosporins

 Streptococci  

Presence of  ermA, ermB, mefA,   

Macrolides (i.e., erythromycin and clindamycin)

Groups A  

and/or  mefE

and B

 Chlamydia 

Mutations in 23S rRNA gene

Macrolides (i.e., erythromycin, azithromycin, and 

 trachomatis

josamycin)

Mutations in  rpoB

Rifampin

 Neisseria 

Mutations in  gyrA and  parC

Fluoroquinolones (i.e., ciprofloxacin)

 gonorrhoeae

Mutations in  erm genes

Macrolides

Mutations in  mtr CDE

Triton X, crystal violet, erythromycin, and fusidic acid

Mutations in  mtr R

Erythromycin and azithromycin

Mutations in  mtrR with mutations  

Penicillin

in  penA and  ponA

Mutations in  penB with mutations  

Penicillin

in  penA and  ponA

Mutations in 23S rRNA gene

Azithromycin

 Bartonella spp . 

Mutations in  gyrA

Fluoroquinolones

Mutations in  rpoB

Rifampin

Mutations in 23S rRNA gene

Erythromycin

(continued)
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Table 16.3  (continued)

Microbe

Genes conferring resistance

Drug

 Bacillus  

Mutations in  gyrA/B and  parC/E

Fluoroquinolones (i.e., ciprofloxacin)

 anthracis

 Candida spp. 

Mutations in  FUR1, FCY1,   

5-fluorocytosine

and  FCY2

Mutations in  CDC21

Fluorinated analogs

Mutations in  CgPDR1

Azoles

Mutations in  CDR1 and  CDR2

Fluconazole

Mutations in  fks

Micagungin

Mutations in  erg5 and  erg11

Azoles and amphotericin B

 Aspergillus spp. 

Mutations in  cyp51A

Azoles

 Cryptococcus 

Mutations in  MDR1

Fluconazole and itraconazole

 neoformans

Mutations in  AFR1

Azoles

Mutations in  ubc6-2

Fluconazole

Mutations in  ssk1, ssk2, 

Fluconazole and ketoconazole

 pbs2, skn7,  and  hog1

 Histoplasmosis 

Mutations in  cyp51p

Fluconazole

 capsulatum

 Herpes simplex 

Mutations in  thymidine kinase

Acyclovir, penciclovir, brivudin, valacyclovir, 

 virus and 

and famciclovir

 varicella  

Mutations in  DNA polymerase

Foscarnet

 zoster virus

 Cytomegalovirus

Mutations in  UL97

Ganciclovir, foscarnet, and cidofovir

Mutations in  UL54

Ganciclovir

Mutations in  UL27

Maribavir

 Human herpes 

Mutations in  U69

Ganciclovir

 virus 6

Mutations in  U38

Ganciclovir and cidofovir

Mutations in  DNA polymerase

Foscarnet

 Toxoplasma  

Mutations in  alpha-1 tubulin

Dinitroanilines

 gondii

 Sarcoptes  

Mutations in  Vssc

Permethrin

 scabiei

allow  for  the  administration  of  a  narrow-spectrum  and/or  equally  sensitive  and  less  expensive antimicrobial drug. This would not only benefit patients, but potentially impact drug resistance patterns,  in  addition  to  reducing  health  care  expenditures.  Dollar  savings  could  be  realized  through better use of ancillary diagnostic services and hospital beds, as well as reduced pharmacy costs [51,  

93, 94]. Improvements in automation and reductions in cost-per-test, in addition to physician awareness and education, should result in wider availability and broader usage of these testing strategies in dermatology. There are three nucleic acid-based approaches that are employed for the detection of  infectious agents at mucocutaneous sites: (a) target amplification; (b) signal amplification; and (c) nonamplified probes [1–7]. 

Target amplification is the most commonly used molecular application for nucleic acid-based diagnosis of mucocutaneous infections. This approach includes such techniques as PCR (and its variants,  including  qPCR,  multiplex  PCR,  broad-range  PCR,  and  RT-PCR)  and  non-PCR-based strategies,  including  ligase  chain  reaction  (LCR),  transcription-mediated  amplification  (TMA), strand displacement amplification (SDA), nucleic acid sequence-based amplification (NASBA), and signal-mediated amplification of RNA technology (SMART) [1–7]. All of these methods combine the  use  of  an  enzyme  (polymerase  or  ligase)  with  primers  (short  synthetic  oligonucleotides  that 

[image: Image 101]
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Fig. 16.1  Cutaneous  Mycobacterium tuberculosis. (a) Clinical signs and (b) histopathological features of cutaneous tuberculosis.  Right panel: Analysis of PCR products on 1.5% agarose gel. (c) 100-bp ladder. (d) Skin sample demonstrating a 245-bp product when analyzed with primers for the right-arm of the insertion element IS 6110 of M. tuberculosis (Courtesy of Drs. Oliverio Welsh, Lucio Vera-Cabrera, and Alberto de la Fuente-Garcia, University Hospital, UANL, Monterrey, México)

specifically bind to complementary DNA or RNA sequences in the infectious agent). Early molecular assays were monoparametric (i.e., one analyte, one assay) and qualitative (i.e., positive or negative result). The introduction of multiparametric assays, such as multiplex PCR, now allows for the parallel identification of different targets and acquisition of other data, such as multiple antimicrobial resistance determinants. Furthermore, the development and utilization of closed-tube systems (i.e., qPCR technology)  has  sped  up  microbe  detection,  improved  sensitivity,  and  facilitated quantification (i.e., microbial load), in addition to reducing the risk of test contamination. The latter is particularly important for microbe diagnostics, because of the ubiquitous presence of environmental pathogens. The quantification of microbe nucleic acid could be used to differentiate true disease from colonization, as well as monitoring the efficacy of antimicrobial therapies. A number of different post-amplification technologies can be employed for further amplicon characterization. These include melt curve analysis (qPCR), restriction fragment length polymorphism, DNA sequencing (traditional [Sanger] and pyrosequencing), reverse hybridization, bead-based flow cytometric assays (Luminex  technology), and solid- and liquid-phase microarray analysis. 

Signal amplification and nonamplified single-probe methods utilize fluorescent, enzymatic (peroxidase) or chemiluminescent-labeled RNA, DNA, or PNA (peptide nucleic acid) probes that bind to  the  target  nucleic  acid  and  generate  a  signal  from  the  attached  reporter  molecule  [1–7].  These strategies do not require the amplification of the target molecule and, therefore, are not prone to the risks  of  amplicon  contamination.  Signal  amplification  technologies  include  hybrid  capture  and branched-chain DNA assays. These methods result in the production of multiple signaling molecules, 
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Fig. 16.2  Detection of  Mycobacterium leprae in skin samples by (a) LightCycler real-time PCR and (b) PCR-agarose gel electrophoresis (AGE). Lane M, molecular size marker; Samples 1–2,  M. leprae positive controls; Samples 3–6, skin specimens containing  M. leprae; Sample 7, negative control. 171-bp fragment is specific for  M. leprae on 2% AGE 

(Courtesy of Dr. Benjawan Phetsuksiri, Mycobacteria Laboratory, National Institute of Health, Nonthaburi, Thailand) Fig. 16.3  Detection of 

 Mycobacterium leprae  

in a skin sample by peptide 

nucleic acid-fluorescence  

in situ hybridization  

(PNA-FISH).  Top panel:  

The overview shows (i)  green 
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cell nuclei, stained with the 
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Fig.  16.4  Determination  of   Mycobacterium  leprae  DNA  and  mRNA  before  and  after  multidrug  chemotherapy (MDT). Total DNA and total RNA from six lepromatous leprosy patients were collected before MDT was started and at different time points during treatment. Copy numbers of  hsp18 DNA and mRNA were calculated. Copy number of b-actin mRNA is also shown along with  hsp18 mRNA for comparison. Time points of post-treatment stage (duration in months) at which the samples were collected from each patient are shown on the X-axis. Copy numbers of DNA and mRNA before and after MDT are shown on the Y-axis. Samples from two different patients were analyzed for hsp18 mRNA at 24 months post-treatment. No detectable RNA could be found at this point in both cases (Courtesy of Dr. Kuppamuthu Dharmalingam, Department of Genetic Engineering, School of Biotechnology, Madurai Kamaraj University, Madurai, Tamil Nadu, India)

Fig. 16.5  Detection of  Treponema pallidum in Secondary Syphilis. (a) Histopathological features: Irregular epidermal acanthosis with dermal inflammation. (b) Immunohistochemistry demonstrating numerous spirochetes within the epidermis.  Right panel: PCR for  T. pallidum gene  Tp47 (amplified product is 168-bp). Lane 1, molecular size marker. 

Lane 2, positive control. Lane 3, negative control. Lane 4, DNA extracted from a swab of a papule from the trunk of a patient with secondary syphilis. Lane 5, DNA extracted from a biopsy of the same papule (Courtesy of Drs. Nicolas Dupin,  Philippe  Grange,  and  Françoise  Plantier,  Departments  of  Dermatology  and  Pathology,  Hôpital  COCHIN, AP-HP and National Reference Center for Syphilis, Paris, France)
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Fig. 16.6  Detection of  Sporothrix schenckii DNA in nine human lesional skin biopsies by PCR assay. A 152-bp fragment was obtained with the inner primers SS  and SS . Lane M, molecular size marker ladder DL2000; lane 1, 3

4

ATCC10268 (positive control); lanes 2–10, skin biopsies; lane 11, distilled water (Courtesy of Dr. Hong-Duo Chen, Dermatology, No.1 Hospital of China Medical University, Shenyang, China)

Fig. 16.7  Detection of herpesvirus-encoded transcripts in skin lesions. HS, herpes simplex; HZ, herpes zoster; HV, hydroa  vacciniforme;  Lane  M,  molecular  size  marker;  b2-MG,  b2-microglobulin;  EBER1,  Epstein-Barr  virus-

encoded  small  nuclear  RNA-1;  HSV,  herpes  simplex  virus  (HSV-1  UL30,  129-bp;  HSV-2  UL30,  163-bp);  VZV, varicella zoster virus (ORF40, 363-bp) (Courtesy of Drs. Keiji Iwatsuki and Youzi Hirai, Department of Dermatology, Okayama University Graduate School of Medicine, Dentistry and Pharmaceutical Sciences, Okayama, Japan) greatly increasing the signal for each target, and thereby the sensitivity over nonamplified single-probe methods. The latter encompass the hybridization protection assay (HPA), and in situ hybridization (ISH) methodologies, such as FISH and chromogenic in situ hybridization (CISH). In addition, the ViaGram™ staining kit uses fluorescent nucleic acid stains to differentially label many gram-positive  and  gram-negative  bacterial  species  and,  at  the  same  time,  distinguish  live  from  dead 
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Fig. 16.8  Detection of cutaneous  Leishmaniasis. (a) Clinical signs and (b) histopathological features of cutaneous leishmaniasis ( arrows).  Right panel: High resolution melting (HRM) curves of the 265–288 bp ITS1-PCR amplicon of Old World  Leishmania species. Normalized fluorescence is plotted against °C degrees (deg.). The curves include parasites from different hosts and geographic origins, including 7 strains of  L. major, 5 of  L. aethiopica, 7 of  L. tropica, 13 of  L. infantum, and 2 of  L. donovani ( Right panel: Reprinted from Talmi-Frank et al. [87]. Open Access Journal) Fig. 16.9  Detection of cutaneous  Toxoplasma gondii. (a) “Cysts” with numerous tiny bradyzoites are seen within the epithelial cells of a sweat gland duct ( arrows). (b) PCR result confirming cutaneous lesion as  T. gondii. Lane 1: Skin biopsy specimen from  T. gondii- infected patient; lane 2: skin biopsy specimen from patient with leishmaniasis; lane 3: T. gondii positive control; lane 4: negative control; lane L: 100-bp ladder (Courtesy of Drs. Gail Amir and Harold Salant, Departments of Pathology and Parasitology, Hadassah Medical Center and Hebrew University, Jerusalem, Israel)
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microbes on the basis of plasma membrane integrity. Although some probes require prior growth in culture for accurate identification and achievement of their reported sensitivities, hybridization technologies can also be used directly on clinical specimens or histologic sections for microbe detection. 

One advantage of in situ technologies is the capacity to correlate results of molecular studies with the morphological features of the disease (i.e., the location of the pathogen within the tissue can be identified).  Of  note,  the  ability  to  use  fluorescent  molecular  probe  technologies  (such  as  FISH  and ViaGramTM) to not only determine bacterial presence, but also to visually characterize the bacterial communities that exist in cutaneous ulcers is leading to a better understanding of the relationship between particular bacteria and the pathobiology of chronic wounds (Fig. 17.3) [22, 90]. Growing bacteria (and fungi) produce an abundance of ribosomal RNAs (rRNAs) that contain regions of highly conserved, species-specific sequences – ideal targets for detection assays, such as FISH. However, the target sequences are frequently located in highly structured regions of the rRNA that are virtually inaccessible to DNA probes. In addition, bacterial cell walls may hamper DNA probe penetration. 

The unique properties of PNA probes facilitate access to these sites. A PNA probe is a DNA mimic, in which the negatively charged sugar–phosphate backbone of DNA is replaced with a noncharged polyamide or “peptide” backbone, but still contains the same nucleotide bases as DNA (adenine (A), cytosine (C), guanine (G), and thymine (T)), and follows standard Watson-Crick base-pairing rules upon hybridization to complementary nucleic acid sequences. Because of their uncharged chemical backbone,  PNA  probes  possess  unique  hybridization  characteristics,  including  rapid  and  stronger binding to complementary targets compared with traditional DNA probes. PNA-FISH is particularly suited to the fast and accurate identification of bacteria and fungi in tissue sections (Fig. 16.3). For example, FISH performed with a species-specific PNA probe, in combination with a PNA probe that detects all eubacterial species, represents a powerful technique for rapid tissue-based detection of bacteria, and for the determination of their structural organization and spatial distribution in clinical samples, such as chronic wounds. Although chronic wounds are commonly polymicrobial, investigators  have  used  PNA-FISH  and  ViaGramTM  technologies  to  determine  that  bacteria  often  exist  in aggregates (usually  P. aeruginosa or  S. aureus), which are enclosed in self-produced extracellular polymeric matrices within wounds (“biofilms”) (see Chap. 17) [90]. 

Depending on the clinical setting, different technologies and protocols may be employed. For example, PCR-based assays for bacterial detection commonly investigate for 16S ribosomal DNA sequences (“the universal primer”), found in all bacterial species, but not in eukaryotes. In this setting, post-amplification analyses of amplicons (i.e., sequencing) are relied upon to more accurately identify bacterial subtypes. Alternatively, testing using primers that are specific to a particular  bacterium  or  species  may  be  employed;  for  example,  hsp65  gene  and  fragment  of  the right-arm of the insertion element IS6110 for  mycobacterium spp. [10, 13],  mtp40 gene for  M. 

 tuberculosis [10], 172-bp fragment of rRNA and  hsp18 gene for  M. leprae [17, 18],  nuc and  orfX 

genes  for   S.  aureus  [21,  22],  oprL  gene  for   P.  aeruginosa  [21,  22],  htrA  and   gltA  genes  for Bartonella  spp. [34, 37],  ompA  gene  for   R.  rickettsii  [40],  rpoB,  capA  and   pagA  genes  for   B. 

 anthracis [41], and  Tp47 gene for  T. pallidum [47]. The most common targets used for fungal detection by molecular methods are the ribosomal genes, including 5.8S rDNA, 18S rDNA, 28S 

rDNA, ITS1, and ITS2 regions (see Chap. 15). Preferred target genes are those that are present as multiple copies in the microbe genome, thereby increasing the sensitivity of detection. One important caveat is that assays which rely on DNA analysis can identify both viable and nonviable microbes. Importantly, fragments of DNA from microorganisms that have lysed as a function of  antimicrobial  therapy  and/or  host  immune  response  may  be  incorrectly  identified  as  viable species. It is likely that evolving technologies will increasingly focus on mRNA analysis, facilitating the detection of only viable microbes in the tissue or fluid sample. Another advantage of RNA-directed assays is that the starting number of template molecules is typically much higher (particularly for rRNA) compared to DNA, thereby significantly increasing test sensitivity and decreasing required sample volumes [85]. 
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These technologies are described in greater detail in Chap. 3. A number of kits with US Food and Drug Administration (FDA)-clearance/approval are now commercially available for the detection of common infectious agents. An updated list of approved bacterial, fungal, and viral tests can be  found  on  the  Association  for  Molecular  Pathology  website  (http://www.amp.org/FDATable/

FDATable.doc). These assays have been cleared or approved for clinical diagnostic use and require minimal laboratory validation prior to routine testing. However, kits are not available for the identification of all pathogens associated with mucocutaneous disease. Accordingly, laboratories must develop and validate in-house molecular assays (home brew tests) for many infectious conditions. 

One area of dermatology where molecular technologies are proving to be invaluable is in the evaluation of chronic wounds, including pressure, diabetic and venous leg ulcers [20–22, 90–92]. 

There is now a large body of evidence concerning the pathophysiology of aberrant wound healing, and it is known that nonhealing chronic ulcers show microbial, in addition to biochemical and histopathological, differences compared with their healing counterparts. Of note, bacterial loads and the presence of “biofilms” within chronic ulcers may adversely affect healing, even in the absence of clinical signs of infection [20–22, 90–92]. The utilization of molecular assays has demonstrated how  culture-based  methodologies  commonly  underestimate  the  bacteria  present,  particularly  in those  ulcers  with  slow-growing,  fastidious,  or  anaerobic  microbes  [20–22, 90–92]. In  order  to improve  treatment  outcomes  of  chronic  ulcers,  it  is  imperative  to  determine  which  microbes  are 

“benign” colonizers and whether the most commonly identified bacteria are the critical causative agents,  or  if  other  microbes  also  contribute  to  wound  persistence.  The  application  of  molecular technologies to the management of chronic ulcers is discussed in Chap. 17. 

In addition to the detection and identification of infectious agents, molecular methods may also be  used  to  characterize  virulence  factors  and  potential  drug  resistance  mechanisms  in  microbes (Table 16.3). In this regard, both HA-MRSA (healthcare-associated methicillin-resistant  S. aureus) and  CA-MRSA  (community-associated  methicillin-resistant   S.  aureus)  are  now  becoming  major concerns  in  dermatology  outpatient  clinics  [24,  25]. However,  CA-MRSA  is  distinct  from HA-MRSA in a number of respects. HA-MRSA mainly possess the type I-IV staphylococcal cassette chromosome  mec (SCC mec), which confers resistance to both b-lactam and many non-b-lactam antibiotics,  including  clindamycin,  gentamicin,  and  the  fluoroquinolones  [25].  In  contrast, CA-MRSA predominantly possess SCC mec A type IV or V, and are susceptible to most groups of antibiotic agents, but do display variable resistance to a small number of antimicrobials, including fusidic acid (which is associated with the  far-1 gene, coding for a ribosome protection mechanism) 

[25]. Furthermore, the majority of CA-MRSA possess the Panton-Valentine leukocidin (PVL) gene, which is uncommon in HA-MRSA. PVL is a bicomponent ( luk S-PV and  luk F-PV), pore-forming exotoxin  which  targets  inflammatory  cells,  including  neutrophils  [25]. PVL-producing  strains, including CA-MRSA, are preferentially isolated from particular skin lesions, such as furuncles and cutaneous abscesses. While most PVL-related infections are uncomplicated, there is a risk, albeit small, that severe systemic infection may occur [25]. Dermatologists are ideally positioned to identify the presence of virulent resistant  S. aureus strains. In this respect, recent studies by Yao et al. 

[24] and Jappe et al. [25] employed PCR-based methods to determine PVL production and presence of drug resistance genes ( mecA and  far-1) in both hospital-acquired and community-acquired S. aureus isolates causing skin and soft tissue infections. 

Another  interesting  application  of  molecular  technologies  is  the  monitoring  of  treatment responses in patients with cutaneous infections and chronic wounds, in an effort to determine drug efficacy and/or identify disease persistence or relapse [17, 19, 43, 92]. Lini et al. [17] evaluated the efficacy of multidrug chemotherapy (MDT) in 47 leprosy patients, using a qPCR-based assay to quantify bacterial DNA and  hsp18 mRNA copy number from paraffin-embedded biopsy samples (Fig. 16.4). A reduction in both DNA and mRNA during MDT was observed, and  hsp18 mRNA could not be identified in patients who had received 2 years of treatment. However, Lini et al. [17] 

reported that  M. leprae DNA was still detectable, even after 2 years of MDT. In addition,  hsp18 
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mRNA was found in reactional cases, indicating that the treatment regimens of such patients should take into consideration the possibility of live bacilli persistence in reversal cases. Importantly, the correlation  between  MDT  and  the  decline  in  gene  expression  level  indicated  the  utility  of  this approach for monitoring disease persistence/progression and efficacy of chemotherapy in patients with  leprosy.  Phetsuksiri  et al.  [19]  reported  that  a  one-step  RT-PCR  assay  was  also  effective  in monitoring bacterial clearance in leprosy patients during chemotherapy. In this study, the persistence  of   M.  leprae  16S  rRNA  gene  positivity  in  ~32%  of  patients  (16  of  36  with  multibacillary disease, 3 of 24 with paucibacillary disease), following MDT for 6 months, indicated the need for longer courses of treatment [19]. In addition, Pícha et al. [43] noted that a decrease in PCR positivity correlated with the clinical effect of antibacterial therapy in patients with Lyme borreliosis. Finally, Price  et  al.  [92]  used  16S  rRNA  gene-based  pyrosequencing  analysis  to  determine  that  chronic wound  bacterial  flora  from  antibiotic-treated  patients  was  significantly  different  from  untreated patients, and characterized by  Pseudomonas-dominated communities. Interestingly, antibiotic use may select for biofilm-producing microbes, such as  Pseudomonas, and retard rather than expedite wound healing [92]. In addition, chronic wounds in diabetic patients are associated with significant Streptococcus colonization, and antibiotic therapy is found to reduce this finding [92]. 

Molecular testing has also been used to discover and characterize microbes that play a role in the pathophysiology of a number of benign and malignant mucocutaneous proliferations and tumors. 

These include  human papillomavirus (HPV) in proliferative epithelial lesions;  human herpesvirus 8  (HHV-8)  in  Kaposi’s  sarcoma;  Merkel  cell  polyomavirus  (MCPyV)  in  Merkel  cell  carcinoma (Fig. 3.1);  Epstein-Barr virus (EBV) in oral hairy leukoplakia, lymphoepithelioma-like carcinoma of the skin, and extranodal NK/T-cell lymphoma (Fig. 11.3); and  human T-cell lymphotropic virus type 1 (HTLV-1) in adult T-cell leukemia/lymphoma (Fig. 11.6). In some instances, these discoveries have provided an opportunity to utilize more widely available laboratory technologies for the diagnosis  of  tumor-associated  microbes;  for  example,  the  recently  developed  monoclonal  antibody CM2B4 can be used for immunohistochemical-based identification of MCPyV [95]. Interestingly, the detection of MCPyV may have both diagnostic and prognostic implications in the setting of Merkel cell  carcinoma,  in  addition  to  identifying  mechanisms  of  tumor  pathogenesis  [82].  The  HPVs represent a large and diverse group of viruses (>100 types) which infect keratinocytes at mucocutaneous surfaces [60–69]. There are five major HPV genera ( alpha,  beta,  gamma,  mu, and  nu), and cutaneous types are found in otherwise normal-appearing skin, benign skin warts (verrucae), epidermodysplasia verruciformis, actinic keratoses, and non-melanoma skin cancer (NMSC), including cutaneous squamous cell carcinoma (cSCC) and basal cell carcinoma (BCC) [60–69]. Of note, a higher prevalence of HPV infection is reported for immunosuppressed patients compared with immunocompetent individuals. HPV infection is also associated with genital condylomata, cervical carcinoma, and other mucosal cancers [60–69]. The frequency of HPV DNA detection in primary and  metastatic  cSCC  ranges  from  9%  to  60%,  and  includes  alpha-HPV  (#18)  and  beta-HPV 

(#15, 20, 22, 23, 24, 35) types [60–69]. However, HPV integration into the host genome is rare in cSCC,  and  most  NMSC  contain  only  very  low  viral  loads,  usually  less  than  1  copy/1,000  cells. 

Occasional NMSC may demonstrate very high levels of virus (up to 1.3 × 106 copies/cell) [60–69]. 

The  exact  role  of  HPV  infection  in  NMSC  remains  unclear.  The  search  for  new  HPV  types  in NMSC continues, and as yet unidentified HPV types could be present in such lesions. In addition, the recent development of preventive vaccines for HPV types associated with cervical cancer may spur on further research for preventive and/or therapeutic vaccines against HPV-associated cutaneous  proliferative  epithelial  lesions,  particularly  in  immunocompromised  individuals  (i.e.,  organ transplant  recipients).  Of  course,  the  development  of  such  vaccines  will  require  a  greater  understanding of the natural history of HPV types that are associated with cutaneous warts and NMSC. 

Based on test volume data, the detection and characterization of infectious diseases is the most commonly used clinical application of molecular diagnostic testing [96]. Importantly, these methods improve patient care by reducing test turn-around times (relative to conventional testing strategies), 
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in addition to confirming diagnoses that are based on clinical signs and symptoms. The trend in microbial molecular testing is from single- to multiple-pathogen detection assays, and from centralized laboratory-based to point-of-care (POC) tests [97, 98]. Many molecular (i.e., target amplification) assays consist essentially of three steps: extraction and purification of nucleic acid, amplification of the target sequence, and detection of the amplified product. The goal of POC testing is to streamline and  miniaturize  these  processes  in  order  to  develop  hand-held  devices  for  “bed-side”  testing  in resource-limited settings (i.e., developing countries) and/or in the workup of those conditions (i.e., life-threatening infections) where rapid diagnosis is necessary for initiation of appropriate therapy. 

In the future, it is envisioned that protein/antibody and cDNA/oligonucleotide microarrays, whole genome sequencing, mass spectrometry (for both nucleic acid and proteome analysis), and nano/

microfluidic technologies will be increasingly employed in clinical settings. Instead of detecting the infectious  agent  itself,  new  strategies  could  evaluate  for  either  the  host  immune  response  or  an individual’s background genetic variation [99]. It is believed that routine use of these technologies will enable us to more accurately diagnose infections, analyze virulence  factors/resistance determinants, and specifically tailor treatment strategies for individual patients. Of note, a commercially available microarray-based HPV test (PapilloCheck HPV Screening Test, Greiner Bio-one GmbH) recently showed comparable results to PCR-based assays [60]. In addition, these technologies may provide a means to evaluate host-specific responses and host-pathogen interactions, and facilitate broader epidemiological and public health investigations [1–5, 97, 98]. While almost all of the currently employed molecular tests rely on  a priori genomic knowledge of the pathogen to be investigated,  these  new  strategies  could  be  used  to  characterize  previously  unsuspected  or unknown  microbes,  and  should  promote  the  development  of  novel  therapeutic  strategies  (i.e., drugs and vaccines). While cost-prohibitive at present, it is likely that the speed of technological advancement will make these forms of testing affordable and more widely available in the future. 

As we move forward, more microbe genomes and target genes will be sequenced, costs associated with equipment and reagents will decrease, greater test standardization and validation data will be achieved, and more kits will be granted FDA approval. The diagnostic applications of these technologies  in  the  setting  of  cutaneous  microbiology  will  continue  to  grow,  and  their  general acceptance  and  broader  implementation  in  the  practice  of  dermatology  and  dermatopathology will be assured. 
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Chapter 17

Wound Healing Disorders: Chronic Wounds  

and Keloids

Michael J. Murphy 

The normal wound healing response can be divided into (1) inflammatory, (2) proliferative, and (3)  tissue  remodeling  (i.e.,  fibroplasia  and  maturation)  phases  that  involve  complex  interactions between various cutaneous-derived and inflammatory cells, cytokines, and the extracellular matrix (ECM) [1–6]. Numerous studies continue to uncover the genetic, epigenetic (i.e., microRNA), cellular (including stem cells), molecular, and biochemical mechanisms underlying this process [1–9]. 

An  in-depth  review  of  normal  wound  healing  principles  is  beyond  the  scope  of  this  chapter. 

However, it is important to point out that a tightly regulated balance between ECM production and degradation is required for normal scar formation. Any disturbances in these opposing processes can lead to wound healing disorders, such as chronic nonhealing ulcers (i.e., ↓ production and 

↑ degradation of ECM) or keloids (↑ production and ↓ degradation of ECM) [1–9]. It is envisioned that efforts to improve our current understanding of the mechanisms and pathways that underpin the pathobiology of these disorders may also lead to the development of predictive and/or diagnostic molecular tests that are clinically useful in the management of patients with these conditions, as well as to the discovery of novel therapeutic targets. In this regard, gene and stem-cell therapy is emerging as a promising approach to cutaneous wound treatment [5, 8]

Chronic Wounds

Chronic  wounds,  including  venous  leg  ulcers  (VLU),  pressure  ulcers,  and  diabetic  ulcers,  are  a major health care problem and among the most common conditions seen in dermatology clinics. 

The annual cost of chronic wound care in the USA exceeds $10 billion, representing >50% of the total expenditure for all skin diseases [10]. The prevalence of VLU is ~1% in the USA, affecting more than one million individuals, and accounting for >50% of all lower extremity ulcerations [1, 2]. 

Importantly, the treatment of VLU places a significant burden on the USA health care system, with management expenditures for this subtype of chronic wound estimated at $1–$2.5 billion per annum 

[1, 3]. For European countries, wound treatment has been estimated to cost the equivalent of $360 

million per year in Denmark, and represents ~1.5–2% of the annual healthcare budget in France, M.J. Murphy (*) 
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Germany, and the UK [11]. In addition to cost considerations, chronic wounds can lead to disability and decreased quality of life, with further psychosocial implications. VLU is a complex multifactorial disease, with both predisposing and exacerbating factors, that include increasing age, female gender, chronic venous disease (CVD), diabetes mellitus, trauma, and skin cancers [3]. Unfortunately, minimal evidence exists with regard to the efficacy of currently available therapies for chronic wounds, and patients with seemingly similar disease phenotypes and undergoing comparable therapeutic modalities can show significantly different outcomes [10]. Only 55–66% of VLU patients respond to the current standard of care (i.e., compression bandaging) [1]. A number of measurable signs, such as initial wound size, wound duration, and change in wound area with treatment, appear to have some clinical utility in identifying nonresponsive cases, but are associated with only ~75% accuracy in predicting healing outcome [1, 2]. 

There is now a large body of evidence in the research literature on the pathophysiology of aberrant wound healing. It is known that nonhealing chronic ulcers show biochemical and histopathological differences compared with their healing counterparts [1–5]. For example, poor wound healing is associated with the variable expression of cytokines (↑ TNF-a), proteases (↑ MMP-2, ↑ MMP-9) and their inhibitors (↓ TIMPs), fibroblast senescence markers, and oxidative stress markers (↑ iron). 

Tissue microbiology status is also a major factor (i.e., presence of pathogenic bacteria, ↑ polymicrobial populations), with bacterial loads in chronic wounds adversely affecting healing, even in the absence of clinical signs of infection [1, 2, 10–19]. However, all wounds are colonized by bacteria, and the differentiation of benign colonizers from invading pathogenic microbes is difficult. Common methods employed to determine bacterial populations in chronic wounds are outlined in Table 17.1. 

Of note, metagenomics, the most recent development in this field, can be used to characterize the entire genetic composition of all bacterial populations in a particular environment, including those present in low numbers or in a dormant metabolic state [10]. Interestingly, chronic wounds show diverse polymicrobial populations, with variable proportions of aerobic and anerobic bacteria; the latter appearing to be dependent on the underlying wound etiology (Fig.  17.1). With culture-based assays,  the  most  frequently  observed  bacteria  in  VLU  are   Staphylococcus  aureus,  Pseudomonas aeruginosa,  and   Enterococcus  faecalis  [11,  12].  Unfortunately,  routine  culturing  procedures  are time-consuming and often lack sensitivity. The increasing use of molecular technologies, in concert with improved sampling techniques, has demonstrated how culture-dependent methods commonly underestimate the bacteria present in wounds, particularly in those ulcers with slow-growing, fastidious,  or  anaerobic  microbes  [11,  12].  In  a  recent  study,  up  to  40%  of  “cultivable”  organisms identified from VLU by molecular methods could not be identified by culture [13]. In fact, robust nucleic acid-based techniques have now demonstrated that only a minority (~1%) of environmental and human host bacteria are detectable by culture methods [10]. 

In order to improve the treatment of VLU and other chronic wounds, it is imperative to determine if the most commonly identified bacteria are the critical causative agents, or if other microbes also contribute  to  wound  persistence.  To  date,  SeptiFast®  (Roche  Diagnostics),  a  multispecies  PCR-based test developed for the detection and identification of bacterial and fungal bloodstream infections, has not been applied to the study of chronic wounds [15]. Accordingly, a number of groups have utilized  their  own  laboratory-developed  molecular  panels  to  investigate  chronic  wound  flora, employing  quantitative  polymerase  chain  reaction  (PCR)-,  fluorescence  in  situ  hybridization (FISH)-, fingerprinting-, 16S rRNA gene-, pyrosequencing- and metagenomics-based methodologies 

[10–19]. For example, Melendez et al. [15] have assessed the utility of real-time PCR (qPCR) to determine microbial diversity in chronic wounds, and demonstrated that this approach can be used for rapid detection of the most common, clinically relevant, aerobic organisms. qPCR is faster (~4–6 h) than  traditional  PCR,  and  does  not  require  a  post-amplification  step  for  microbial  identification (Fig. 17.2). The  sensitivity  of  qPCR  is  comparable  with  results  from  tissue  culture  studies,  and nonculturable organisms may even be identified in some instances [15]. In addition, qPCR can be used  to  distinguish  methicillin-susceptible   S.  aureus  (MSSA)  and  methicillin-resistant   S.  aureus 
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Fig. 17.1   Distribution of bacterial populations in chronic wounds in relation to aerotolerance. Diabetic, venous, or pressure ulcer types were analyzed separately using pyrosequencing and the resulting populations grouped into three categories  based  upon  their  suggested  aerotolerance.  This  figure  graphically  illustrates  the  relative  distribution  of these functional categories among the wound types (Reprinted from Dowd et al. [18], Open access article) (MRSA) in chronic wounds [14,  15]. “Following the development of additional assays targeting other clinically-relevant aerobic and anaerobic organisms,” Melendez et al. [15] report that they 

“look  forward  to  developing  a  rapid,  cost-effective,  clinically-applicable  molecular  diagnostic panel to serve in the diagnosis and care of chronic wounds.” In another study, Thomsen et al. [11] 

used a combination of molecular technologies, including rRNA sequencing, fingerprinting, qPCR, and peptide nucleic acid (PNA)-FISH, to also investigate the bacterial flora in chronic VLU. They noted  that  each  wound  contained  an  average  of  5.4  species,  but  that  the  actual  species  varied between wounds [11]. In addition, the numbers of particular bacterial species varied greatly between samples taken at different locations and depths in the same ulcer; emphasizing the need for multiple samplings in order to obtain an accurate representation of the bacterial composition of the entire wound [11, 12]. Of note, molecular analyses have identified a nonrandom distribution pattern of bacterial wound colonization, where  S. aureus is primarily located close to the wound surface, while  P. aeruginosa is primarily located deeper in the wound bed [11, 12]. This finding may explain the underrepresentation of  P. aeruginosa and overrepresentation of  S. aureus in chronic wounds by conventional cultivation of wound swab samples, which detects the bacteria that are associated with the wound surface, but may not identify the bacteria that are located inside the wound bed [12]. With the use of fluorescent molecular probe technologies (such as PNA-FISH and ViaGramTM), bacteria are commonly detected in chronic wounds as small, highly organized niches or microcolonies, also known as “biofilms” (Fig.  17.3) [11, 12, 16, 17]. These are densely aggregated colonies of bacteria often surrounded by an extracellular polymeric substance matrix; a finding that may explain both how bacteria survive within wound beds and the lack of efficacy of some antimicrobial therapies 

[11, 12, 16, 17]. Evidence suggests that biofilms play a major role in the chronicity of wounds and aberrant  wound  healing.  A  recent  study  by  James  et  al.  [16]  demonstrated  that  60%  of  chronic wounds  contain  biofilms  compared  with  only  6%  of  their  acute  counterparts.  Biofilm-associated bacteria are known to be difficult to culture, respond poorly to antimicrobials, and are resistant to host defenses [10]. In another study by Price et al. [19], large-scale genomic sequencing was used to  further  enhance  our  understanding  of  the  pathobiology  of  chronic  wounds.  Employing  16S 

rRNA gene-based pyrosequencing analysis, an average of ten different bacterial families (~4× more than that estimated by culture), as well as anaerobic predominance, can be found in chronic wounds 

[19]. In addition, Price et al. [19] determined that chronic wound bacterial flora from antibiotic-treated patients was significantly different from that found in untreated patients, and characterized by   Pseudomonas-dominated  communities.  Interestingly,  antibiotic  use  may  select  for  biofilm-producing  microbes,  such  as   Pseudomonas,  and  delay  rather  than  expedite  wound  healing  [19]. 
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Fig. 17.2   Real-time PCR-based detection of bacteria directly from chronic wound tissue samples. (a) Representative amplification plots obtained from DNA extracted from bacterial cultures and tissue samples. (b) Melt curve profile used for speciation of species. No melt curve was observed for the negative control ( yellow line). * Proteus mirabilis and  Proteus vulgaris have identical melt curves. #Melt curve profile of  Klebsiella oxytoca is identical to that of K. pneumoniae.  +Negative control = Tissue sample negative for bacterial DNA.  M. morganii,  Morganella morganii; E. coli,  Escherichia coli (Courtesy of Dr. Johan Melendez, Infectious Diseases, Johns Hopkins Medical Institutions, Baltimore, USA)

Of  note,  chronic  wounds  in  diabetic  patients  are  reported  to  be  associated  with  significant Streptococcus colonization, and antibiotic use is noted to reduce this finding [19]. 

According to some investigators, the different results obtained with culture-based and molecular-based strategies demonstrate that the use of one approach alone is not sufficient to identify all of  the  bacteria  present  in  wounds  [11]. It  is  important  to  consider  that  molecular  technologies, 
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Fig. 17.3   Biofilm in a venous leg ulcer (VLU) .  Epifluorescence micrograph from a thin section (5 mm) of a VLU 

specimen stained with ViaGram™. The bacteria appear  green and the host (human) tissue  red. Note the biofilm in the lower right hand quadrant. Microcolonies are visible in the upper left hand corner and top of the image. Individual bacteria are also present. The scale bar is 10-mm long (Courtesy of Drs. Garth James and Kelly Kirker, Center for Biofilm Engineering, Montana State University, Bozeman, MT)

similar  to  culture-based  methods,  have  their  limitations  and  biases.  These  include  unknown extracted DNA quantity/quality, the amplification of naked DNA (from dead/nonviable bacteria), differential amplification due to PCR primer bias, and heterogeneity and comigration of amplicon bands using gel-based analyses (i.e., DGGE fingerprinting) [11]. It is also important to consider tissue sampling techniques. Superficial swabs often isolate only noninvasive benign colonizers on the wound surface and demonstrate low yield for anaerobic microbes [10]. Deep tissue swab/

biopsy  or  curettage  for  a  combined  approach  of  conventional  cultivation  (including  quantitative cultures), microscopic review (with Gram staining), and molecular analysis may provide a broader picture of the bacterial species that reside in chronic wounds [10, 12]. Data could be correlated with clinical outcomes in order to establish testable hypotheses and evidence-based algorithms for the management of these conditions [10]. 

A number of recent papers in the literature highlight the search for predictive, diagnostic, and prognostic biomarkers in VLU [1–3, 9]. The ultimate goal is the translation of this information from bench-to-bedside with the development of wound care strategies which incorporate objective parameters  that  predict  clinical  course  into  wound  assessment  systems.  This  will  allow  for  healing response monitoring and early identification of those VLU that are likely to fail standard care, in addition to potentially uncovering novel therapeutic targets. It is conceivable that these will include measurable biomarkers that can be quantified in the peripheral blood and/or wound microenvironment (i.e., tissue samples and wound exudates). For example, protease levels in wound exudates (i.e., uPA, MMP-9) have been proposed as potential biomarkers of wound healing status [2]. On light microscopy, disordered regulation of the normal healing process is reflected in distinct histopathological findings (i.e., chronic nonresolving inflammation, ↑ mast cells). In addition, phenotypic  changes,  such  as  aberrant  expression  and/or  localization  of  wound  healing  factors  (i.e.,  ↓ 

TGF-b, ↑ TNF-a, ↑ uPA), can be determined by immunohistochemistry [2, 9]. Eming et al. [20] 

recently  reported  a  mass  spectrometry-  and  immunohistochemistry-based  comparative  proteomic study  of  both  exudates  and  tissue  samples  obtained  from  normal  healing  and  nonhealing  (VLU) chronic wounds. Of note, a number of proteins were found to be unique to the healing ( n = 23) and nonhealing ( n = 26) groups [20]. In addition, proteins in particular categories (i.e., ECM, proteinases, inhibitors, and immune modulators) showed differential distribution between the two wound 
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types. Whereas healing wounds were characterized by mediators that promote tissue growth and mitigate against inflammation-induced tissue damage, nonhealing wounds were associated with a chronic inflammatory response phenotype [20]. Novel proteins with yet unknown functions in skin repair were also identified [20]. 

A putative role for genetic factors in chronic ulcer predisposition, development, response to treatment, and ultimate outcome has been proposed. A number of studies, using DNA microarray technology for high-throughput analysis of gene expression, have uncovered novel transcripts that appear to be associated with poor/delayed healing [1]. A gene expression profiling study on lesional tissue by Charles et al. 

[1] reported that healing and nonhealing VLU are characterized by differential expression of transcripts encoding for inflammatory mediators (i.e., selectin-E), transcription factors (i.e., SFRP4), apoptosis regulators (i.e., clusterin), and structural epidermal proteins (i.e., KRT16). Other studies have proposed that a chronic wound is comprised of a central wound bed and a peripheral wound boundary, with the latter further subdividable into two biologically distinct areas: (1) a more central nonhealing edge and (2) a more  peripheral  healing  edge  [21].  In  the  nonhealing  wound  edge,  there  is  deregulation  of  TGF-b signaling with decreased expression of TGF-b receptors (TGF-bRI, TGF-bRII, TGF-bRIII), suppression of TGF-b-inducible transcription factors (GADD45b, ATF3, ZFP36L1), and inactivation of the SMAD 

signaling cascade (absent pSMAD2, ↓ SMAD7), leading to tissue hyperproliferation [22]. Inhibition of keratinocyte differentiation/migration and suppression of re-epithelialization in chronic wounds, even in the  presence  of  adequate  granulation  tissue,  may  be  due  to  activation  of  the  b-catenin/c-myc  pathway  with  repression  of  KRT6/16  keratins,  inhibition  of  epidermal  growth  factor  (EGF)  effects,  and upregulation of the glucocorticoid pathway [23]. This is evidenced by the presence of nuclear b-catenin and increased c-myc protein expression in keratinocytes at the nonhealing wound edge of chronic ulcers 

[23]. In contrast, keratinocytes in the healing edge demonstrate normal capacity for proliferation and migration in response to wound healing signals [21]. Therefore, it has been proposed that the latter could be mobilized, following debridement of the stalled nonhealing edge, in an effort to improve treatment outcomes for chronic ulcers [21]. Accordingly, molecular diagnostic strategies to distinguish the nonhealing and healing edges of these lesions have been investigated [21]. Of note, the two edges of chronic wounds  show  different  transcriptomic  profiles,  with  variable  expression  of  multiple  genes,  including KRT2A and SPRR3 [24]. Therefore, bioassays, such as (1) immunohistochemistry to identify b-catenin+ 

and c-myc+ ulcerogenic cells and/or (2) microarray technologies to develop transcriptional maps, could be used in the clinical setting to promote wound healing and enhance therapeutic potential. Theoretically, results of such tests would guide the extent of surgical debridement required to remove the nonhealing edge  and  expose  its  lagging  healing  counterpart  to  the  wound  bed/granulation  tissue  (concept  of 

“molecular surgery,” as proposed by Brem and Tomic-Canic) [21, 25]. 

Recently, Gemmati et al. [3] have proposed that the routine use of DNA microarray technology, in order to identify specific single nucleotide polymorphisms (SNPs) in peripheral blood samples, could  have  a  role  in  the  clinical  management  of  patients  with  VLU  and  CVD  (Table  17.2). 

Preliminary findings suggest that the simultaneous evaluation of a limited set of SNPs ( n = 5) can provide  a  predictive  and  prognostic  assessment  for  VLU  vis-à-vis  susceptibility  (HFE,  FPN1, MMP-12), healing time (FXIII), ulcer size (MMP-12, FXIII), and response to surgery (FXIII) [3]. 

Therefore, the potential exists for both VLU prevention and treatment programs to be influenced by the results of molecular diagnostic testing. According to Gemmati et al. [3], “one example is given by HFE and FPN1 SNPs. A positive test for one or both gene variants would suggest indication and priority for surgical correction of superficial venous insufficiency,  so that  primary vari-cose veins could be treated more appropriately before any lesion appears in those patients with a critical gene haplotype.” Validation of these findings, as well as the possible identification of other disease-associated SNPs, requires additional study. 

In  the  future,  chronic  wound/VLU  management  will  likely  incorporate  molecular  diagnostic tools  that  employ  a  panel  of  clinically  validated  biomarkers.  This  should  facilitate  stratification based on healing potential and provide a rationale for effective treatments in all patients. 
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Table 17.2  SNP markers for venous leg ulcer risk and prognosis (Adapted from Gemmati et al. [3])

VLU risk 

VLU onset 

Healing time  

SNPs

(primary CVD)

(primary CVD)

VLU size

(after surgery)

HFE C282Y

Y-allele ↑ risk 

–

–

No effect after 

(×6–7)

correction

HFE H65D

–

D-allele ↓ age of 

–

–

onset (~10 

years)

FPN1-8CG

GG-genotype ↑ 

–

GG-genotype ↑ 

–

risk (~×5)

size (NS)

MMP-12-82AG

AA-genotype ↑ 

–

GG-genotype ↓ 

–

risk (~×2)

size (~×2)

FXIII V34L

–

–

L-allele ↓ size 

VV-genotype ↑ HT (~×2)

(~×3.5)

HFE/FPN1

Y/G-carriers ↑ 

–

–

–

risk (NS)

FXIII/MMP-12

–

–

L/G-carriers ↓ size 

–

(NS)

 SNP single nucleotide polymorphism,  VLU venous leg ulcer,  CVD chronic venous disease,  NS not significant,  HT 

healing time

Keloids

Keloids represent a form of abnormal wound healing in predisposed individuals; typically arising between the ages of 10 and 30 years, and following local (even minor) trauma [6, 7, 26, 27]. These locally aggressive benign fibroproliferative scars may be functionally disabling and/or associated with disturbing symptoms (i.e., intense pruritus, pain) or cosmetic concerns, resulting in impaired quality of life and causing psychological distress. Their incidence is higher in darkly pigmented individuals (4–16%) compared with Caucasians (<1%) [6, 7, 26, 27]. In addition to surgical excision,  other  therapeutic  modalities  include  intralesional  steroid  injections,  laser  and  radiation treatment, and compression/occlusive dressings [26]. However, no satisfactory treatment for keloids has been found to date, and recurrence rates are high (55–100%) [26, 27]. A greater understanding of the pathogenesis of this disease is necessary in order to develop predictive/prognostic models and more effective therapeutic strategies [27]. 

A number of clinical and light microscopic criteria can be used to definitively diagnose keloids and distinguish them from other fibrosing cutaneous lesions [6, 7, 26, 27]. By definition, keloids are raised,  extend  beyond  the  boundaries  of  the  original  wound  site,  grow  continuously  and  rarely regress. They demonstrate larger, thicker collagen fibers, an increased type I/III collagen ratio, and scant a-smooth muscle actin-reactive cells. In contrast, hypertrophic scars, while also raised, remain within  the  confines  of  the  original  wound  area,  and  after  a  period  of  growth  generally  undergo spontaneous  regression.  In  addition,  fine  collagen  fibers  and  increased  a-smooth  muscle  actin-expressing myofibroblasts are identified in the latter [6, 7, 26, 27]. 

Research continues to identify the genetic, cellular, immunological, and biochemical pathways, in  addition  to  environmental  factors,  responsible  for  the  development  of  keloids  (Fig. 17.4). 

There appear to be: (1) variable inherited predisposition to their formation (autosomal dominant, autosomal recessive, and X-linked recessive); (2) possible linkage to loci at chromosomes 2q23 and 7p11;  (3)  an  association  with  several  human  leukocyte  antigen  (HLA)  alleles  (HLA-DRB1*15, HLA-DQA1*0104, DQ-B1*0501, and DQB1*0503); (4) an association with gene polymorphisms and mutations (TP53, RUNX3, and TNFRII); and (5) aberrant expression of ~25 genes (reported to date), including TGF-bRIII, POSTN, ANXA1, and a number of collagen types [6, 7, 26, 27]. Gene expression  studies  in  keloids  have  utilized  high-throughput  DNA  microarray  technology  and  evaluated 
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Fig. 17.4  Putative etiological factors in the pathogenesis of keloids (Adapted from Shih et al. [7]) transcript levels in tissue biopsies, keloid-derived fibroblast cultures, or both [6, 7, 26, 27]. However, few  overlapping  gene  expression  patterns  have  been  identified.  While  a  number  of  factors  may contribute to these discordant findings, such as the site and age of keloid analyzed, prior therapy, and/or family history, it has also been shown that transcriptomic results generated from cultures do not consistently correlate to their biopsy equivalents [27]. Importantly, a number of molecules known to play a role in normal wound healing have been found to show increased or decreased expression in keloids [7]. In fact, the development and rationale for use of a number of novel therapies have been based on these genomic discoveries, including IFN-g, imiquimod, recombinant IL-10, and anti-TGF-b1 

[6]. Other associations (↓ SMAD7, ↑ IL-6) may be targets for future therapeutic strategies in keloids. 

A recent study demonstrated a set of genes that are significantly upregulated in biopsy samples of keloid margins compared with adjacent normal skin [27]. These identified genes, including ACAN, ASPN,  C5ORF13,  EGFR,  HDGF,  HIF1A,  IGFBP7,  INHBA,  LGALS1,  PTN,  SERPINH1,  and TNFAIP6,  may  serve  as  potentially  important  biomarkers  for  keloidal  disease  [27]. Interestingly, unique  mRNA  transcript  expression  profiles  are  also  noted  in  different  areas  within  a  keloid (i.e.,  center   vs.   margin)  [28].  Although  no  definitive  keloid-causing  gene  has  been  identified,  the pathogenesis  of  these  lesions  appears  to  involve  a  complex  interaction  between  abnormal  keloid-derived fibroblasts and ECM remodeling, with deregulation of apoptosis, mitogen-activated protein kinase  (MAPK),  protease,  cytokine,  and  growth  factor  signaling  pathways  [6,  7]. Comparative  mass spectrometry-based proteomic analysis of keloids and normal skin has also been accomplished [29]. 

With this approach, differentially expressed proteins specific to keloids have been identified, including 

↑ stratifin, ↑ galectin-1, ↑ maspin, ↑ asporin, and ↑ PEDF. Again, these may also represent potential targets for therapeutic intervention [29]. To date, however, a predictive, diagnostic or prognostic role for genomic or proteomic testing in this disorder is yet to be established. 
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Chapter 18

Alopecias

Diane M. Hoss and Michael J. Murphy 

Primary  alopecias  of  the  scalp  are  divided  into  scarring  and  nonscarring  types  [1].  Scarring alopecias include: (a) lymphocytic (discoid lupus erythematosus [DLE], lichen planopilaris [LPP], pseudopelade  of  Brocq  [PPB],  central  centrifugal  cicatricial  alopecia  [CCCA]);  (b)  neutrophilic (dissecting folliculitis/cellulitis, folliculitis decalvans); and (c) combined (acne keloidalis) subtypes. 

Nonscarring alopecias include alopecia areata (AA), telogen effluvium, trichotillomania, traction alopecia, and androgenetic alopecia (AGA) [1]. The etiology of many of these disorders is unclear; although, a combination of genetic and environmental factors appears to contribute to the pathogenesis of several types of alopecia [2]. In addition, hair loss may also occur secondary to inflammatory dermatoses, infections, neoplastic disorders (i.e., follicular mycosis fungoides [MF]), drug eruptions, trauma,  and  genodermatoses  (as  discussed  in  Chap.  19)  [3].  The  diagnosis  and  classification  of alopecias is currently based on the correlation of clinical findings with histopathological changes on scalp biopsy. A number of these disorders can show significantly overlapping morphological features, and a definitive distinction may be difficult in some instances (i.e., LPP  vs.  PPB). Additional tests, such as direct immunofluorescence studies for immmunoreactant deposition (i.e., IgG, C3), may be helpful for particular conditions (i.e., DLE) [1]. As in other skin diseases, a number of molecular technologies  have  been  employed  to  elucidate  the  pathophysiology  of  these  disorders,  and  have provided  some  understanding  of  deregulated  pathways  underlying  disease  development  [4,  5]. 

Interestingly,  hair-specific  cDNA  microarrays,  designed  for  gene  expression  profiling  studies, have even been developed [6]. From a clinical perspective, it is conceivable that molecular testing could supplement current subjective morphology-based classification systems of alopecia and play a role in daily practice. Data from gene expression profiling studies may provide a basis for a more objective and accurate diagnosis of these disorders, identify biomarkers for disease activity and clinical end-points, and uncover potential drug targets. Other molecular tests, such as PCR-based T-cell receptor gene rearrangement (TCR-GR) analysis, may be useful in distinguishing primary lymphocyte-mediated alopecia (i.e., polyclonal result) from secondary alopecia due to follicular MF  (i.e.,  monoclonal  result)  [7].  However,  with  regard  to  TCR-GR  studies,  it  is  important  to consider  that  autoimmune  dermatoses  such  as  DLE,  can  also  demonstrate  monoclonal/restricted oligoclonal T-cell expansions. 
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Alopecia Areata

Alopecia  areata  (AA)  is  one  of  the  most  prevalent  autoimmune  diseases,  affecting  ~5.3  million individuals in the USA, and associated with a lifetime risk of 1.7% [8]. In a recent genome-wide association study (GWAS) of >1,000 AA cases, Petukhova et al. [8] identified 139 single nucleotide polymorphisms  (SNPs)  that  are  significantly  associated  with  this  disease  (Table  18.1).  Of  note, several risk loci common to other types of autoimmunity, including systemic lupus erythematosus, psoriasis,  rheumatoid  arthritis,  and  generalized  vitiligo,  were  found;  supporting  the  proposed common-cause hypothesis of human autoimmune disorders. The authors reported that both innate and adaptive immunity, in addition to upregulation of ULBP3 (a NK-cell activating ligand) within the hair follicle dermal sheath/papilla, are involved in the pathogenesis of AA [8]. Results of a study by Dudda Subramanya et al. [4], using gene expression profiling technology, have also implicated immune response, as well as cell cycle control and apoptosis-related genes, in the development of this disease. In another cDNA microarray-based study, Carroll et al. [5] demonstrated 95 genes that were differentially regulated (31 upregulated; 64 downregulated) in biopsies of chronic nonresponsive AA compared with control groups. Identified upregulated genes (i.e., IL-2R1, STAT-1, granzyme  A,  IFI27)  again  highlighted  the  putative  role  of  immune  cell-mediated  mechanisms  in  the pathogenesis of this disease [5]. More recently, Lueking et al. [9] utilized a protein biochip which was purported to facilitate (a) the detection of potential autoantigens in AA and (b) the discrimination of AA from other inflammatory skin disorders. By profiling the autoantibody repertoire of sera from  AA  patients  against  a  human  high-density  array  containing  37,200  redundant  recombinant human  proteins,  a  set  of  8  putative  autoantigens  was  identified,  and  subsequently  verified  by Western blot analysis. These proteins included GLCDAC05, NOL8, a-endosulfine, signal recognition particle subunit 14, FGFR3, endemic pemphigus foliaceus autoantigen, dematin, and SCG10 [9]. 

Table 18.1  Genes significantly associated with alopecia areata (Adapted from Petukhova et al. [8])

Association with other 

autoimmune disorders 

Region

Gene

Function

with skin manifestations

2q33.2

CTLA4

Costimulatory family

SLE, RA

ICOS

Costimulatory family

4q27

IL-21/IL-2

T-, B-, and NK-cell proliferation

PS, RA

6q25.1

ULBP6

NKG2D-activating ligand

None

ULBP3

NKG2D-activating ligand

None

9q31.1

STX17

Premature hair graying

None

10p15.1

IL-2RA

T-cell proliferation

GV

11q13

PRDX5

Antioxidant enzyme

None

12q13

Eos (IKZF4) 

Treg transcription factor

SLE

ERBB3

Epidermal growth factor receptor

6p21.32

MICA

NKG2D-activating ligand

PS, SLE, RA

(HLA)

NOTCH4

Hematopoietic differentiation

RA

C6orf10

Unknown

PS, GV, RA

BTNL2

Costimulatory family

SLE, GV, RA

HLA-DRA

Antigen presentation

GV, RA

HLA-DQA1

Antigen presentation

SLE, PS, RA

HLA-DQA2

Antigen presentation

RA

HLA-DQB2

Antigen presentation

RA

 SLE systemic lupus erythematosus,  RA rheumatoid arthritis,  PS psoriasis,  GV generalized vitiligo
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Except for FGFR3, which is already known to be strongly related to hair disorders and expressed in  the  suprabasal/inner  layers  of  hair  follicles  and  precuticle  cells  of  the  hair  bulb,  the  possible pathophysiological roles of the other detected proteins in AA remain to be defined. According to the study, “these (eight) autoantigens were arrayed on protein microarrays to generate a disease-associated protein chip that may be suitable for fast diagnosis [9].” Using this disease-associated protein chip, the authors  reported  accurate  identification  of  AA  in  90%  of  cases,  when  compared  with  sera  from patients with psoriasis or hand-and-foot eczematous dermatitis [9]. Finally, Coda et al. [10] suggested that gene expression profiling of the peripheral blood of AA patients could determine transcriptional signatures  related  to:  (a)  genetic  susceptibility  to  the  disease  (3,750  differentially  regulated genes, including ↑LRCH4, ↑BCL3, ↓ADAM15, ↓HOXB8); (b) phenotypic expression of the disease (882 differentially expressed genes, including ↑PADI4, ↑FGD4, ↓EPYC, ↓SREBF1); and (c) disease severity (464 differentially expressed genes, including ↑GPR3, ↑CARD11, ↓ANXA3, ↓CX3CR1). It is likely that future studies will lead to the identification of clinically applicable biomarkers of AA that are relevant to disease prediction, classification, prognosis, and treatment response. 

Lichen Planopilaris and Pseudopelade of Brocq

Yu et al. [11] have utilized DNA microarray technology to investigate LPP and PPB; two scarring alopecias that often exhibit similar clinical and microscopic features, and considered by some physicians to represent variants of the same disorder [1, 11]. In addition to proposing mechanisms for disease pathogenesis, gene expression profiles in this study suggested that LPP and PPB are in fact distinct conditions. This was based on the finding of 504 differentially expressed genes, including 479  upregulated  and  25  downregulated  transcripts,  in  LPP  as  compared  to  PPB  [11]. Of  note,  a number of specific genes (MMP-11, TNFSF13B, and APOL2) showed significantly different levels of both mRNA and protein expression, by DNA microarray, quantitative polymerase chain reaction (PCR), and immunohistochemical analysis, for both conditions (Fig. 18.1). 

Androgenetic Alopecia

Patterned hair loss in men, also known as androgenetic alopecia (AGA) and male balding, is a common condition, affecting up to 50% of men by age 50 [12–14], and up to 90% of men by age 90 [15, 16]. 

This type of hair loss has been shown to be both androgen-dependent and inherited [17]; thus the term AGA is an apt one. Patterned hair loss in women, initially known as female AGA, but now termed female pattern hair loss (FPHL), is somewhat less common, affecting up to 25% of women under age 50 [18], and up to 40% of women at age 70 [19]. 

The mode of inheritance of AGA remains controversial. Initially, the condition was felt to be autosomal dominant in men, and autosomal recessive in women, based on a study of 22 families, published by Osborn in 1916 [20]. However, recent work favors a polygenic inheritance, based on several observations, including: (a) the high prevalence of AGA (i.e., single gene traits rarely occur with a frequency greater than 1 in 1,000); (b) the association between an increased risk of becoming bald and increasing numbers of affected relatives; (c) the gradual distribution of balding patterns in the general population, ranging from minimal to severe balding, falls along a gaussian curve, as seen in other polygenic traits; and (d) the results of the largest twin study to date [16, 21–23]. In addition, it has been proposed that microRNAs, a recently discovered class of noncoding RNAs, may have a role in the pathogenesis of AGA [24]. 
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Fig. 18.1  TNFSF13B 

expression in lichen plano-

pilaris ( LPP), pseudopelade 

of Brocq ( PPB), and normal 

scalp skin. Inflammatory 

infiltrate cells in LPP 

expressed TNFSF13B (a, b). 

Little or no positive expres-

sion was found in PPB infil-

trating leukocytes (c–f). In 

LPP, limited expression of 

TNFSF13B was present in 

follicular keratinocytes (a), 

while PPB keratinocytes 

more readily expressed 

TNFSF13B (c). Normal hair 

follicle keratinocytes were 

consistently negative for 

TNFSF13B (g). TNFSF13B 

was found in the normal 

sebaceous gland (g and h) 

and was also detected in the 

inflammatory infiltrated seba-

ceous gland (e and f). 

Bar = 50 mm (a, c, e, and g); 

25 mm (b, d, f, and h). 

Quantitative PCR confirmed 

increased expression in 

 TNFSF13B (i). (From Yu 

et al. [11]. Reprinted with  

permission from Elsevier, 

Copyright © 2010)

The association between androgens and male balding was first noted more than 2,000 years ago by Hippocrates, who observed that children and eunuchs never developed patterned baldness [25]. 

In 1942, Hamilton [17] observed 54 men who never became bald, and were noted either to have been castrated before puberty ( n = 10) or in early adolescence ( n = 34), or to have severe testicular 
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insufficiency ( n = 10). However, administration of exogenous testosterone to four of these men, all of whom had a strong family history of AGA, caused male pattern baldness [17]. The relationship of androgens to the development of FPHL is more complex than that in male AGA. While women with hyperandrogenism certainly have a very high incidence of FPHL (up to 86%), the vast majority of women with FPHL have normal low levels of serum androgens [26]. In fact, FPHL has even been reported in a woman with no circulating androgens [27]. 

Androgens  are  sex  steroids  that  are  required  in  utero  for  normal  development  of  the  male fetus, and which result at puberty in the development of primary (libido and potency) and secondary (pubic, axillary, and facial hair; male muscle mass) male sexual characteristics. Androgens can affect hair follicles in both a stimulatory capacity (i.e., beard growth after puberty) and an inhibitory one (i.e., AGA) [28]. There is no significant difference in circulating testosterone levels in men with and without AGA [29, 30]. Testosterone, the main circulating androgen in men, is metabolized to dihydrotestos-terone (DHT) in tissues, by the enzyme 5a-reductase, which has two isozymes. The type 1 isozyme is found in the outer root sheath of scalp hair follicles, dermal papillae, sebaceous glands, liver, adrenal gland, and kidney; while the type 2 isozyme is localized in the inner and outer root sheaths of scalp hair follicles, dermal papillae, beard, liver, prostate, testes, and seminal vesicles. However, localization studies often employ different methodologies and show some conflicting results [31–34]. Both men and  women  with  AGA  have  higher  levels  of  5a-reductase  types  1  and  2  in  frontal  hair  follicles (balding area) than in occipital hair follicles (nonbalding area) [34]. The role of DHT in male balding is demonstrated by male pseudohermaphrodites, who lack 5a-reductase and are born with ambiguous genitalia and undescended testes. At puberty, their testes descend and produce testosterone, with resultant development of normal primary male sexual characteristics and increased muscle mass. However, beard growth remains scanty and AGA does not occur [35]. Finasteride, an inhibitor of 5a-reductase type 2, has been found to be effective in some men with AGA, when given at a dose of 1 mg/day [36].  

The same dose of finasteride showed a lack of efficacy in postmenopausal women with FPHL [37].  

However,  four  women  with  hyperandrogenism  and  FPHL  did  respond  to  finasteride  therapy  at 1.25 mg/day [38]. An uncontrolled study has also shown higher doses of finasteride (2.5 mg/day) to be beneficial for premenopausal women with FPHL [39]. 

Both testosterone and its metabolites, like all steroid hormones, exert their effects by binding to a nuclear receptor, thereby forming a hormone/receptor complex that modulates transcription and processing of proteins through its interaction with DNA [32]. Androgen receptors (AR) in the skin are localized in sebaceous glands (sebocytes), keratinocytes of the pilosebaceous ducts, and in the dermal papillae of hair follicles [40]; the latter are composed of mesenchymal cells that regulate the cyclic regeneration of hair follicles during the hair cycle [41]. In a study by Choudhry et al. [40], using skin samples from the scalp, face, limb, and genitalia of men and women that were discarded after  surgery,  AR  were  noted  to  be  absent  in  the  hair  germinative  matrix,  outer  and  inner  root sheaths, and hair shafts. In contrast, Sawaya and Price [34] noted the presence of AR in the outer root sheaths of hair follicles from both men and women with AGA. Of note, higher AR levels have been demonstrated in balding scalp compared with nonbalding scalp [34, 42, 43]. 

Given the genetic predisposition of male and female pattern hair loss, and the role of androgens in its pathogenesis, several genes involved in androgen function have been studied. Genetic association studies of the genes encoding for both isotypes of 5a-reductase (SRD5A1 on chromosome 5 

and SRD5A2 on chromosome 2), using dimorphic intragenic restriction fragment length polymorphisms  (RFLP),  found  no  significant  differences  in  allele,  genotype,  or  haplotype  frequencies between young bald men and older nonbald male controls [22]. These results suggest that the genes encoding  for  the  two  5a-reductase  isozymes  are  not  associated  with  male  pattern  baldness  [22]. 

Attention has turned to the AR gene that is located on the X chromosome (Xq11–12). The amino-terminal  domain  (exon  1),  required  for  transcriptional  activation,  contains  two  triplet-repeat polymorphisms that are functional variants; a polyglutamine repeat (CAG) and a polyglycine repeat (GGC or GGN) [44]. In humans, the AR gene is polymorphic, and can include a synonymous SNP 
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in exon 1, known as S tu1 (rs6152, RFLP, E211 G > A), in addition to variations in the number of CAG repeats lying proximal and GGC repeats lying distal to S tu1. Several groups have shown that polymorphisms of the AR gene are associated with the development of male AGA [44–48]. The strongest association is seen with the  Stu1 (rs6152) restriction site [42, 45, 46]. Ellis et al. [44] found the  Stu1 marker to be present in 98% of young bald men (aged 18–30), in 92% of older bald men (50 years and older), and in 77% of nonbald controls. Since such a large proportion of nonbald men carry this marker, they hypothesize that these men must lack other necessary causes of AGA, thus supporting a polygenic pathogenesis for this condition [44]. Based on the results of this study, the chance of developing baldness in the absence of this marker is extremely low [44]. Therefore, a negative  Stu1 test might be useful for identifying men who are highly unlikely to develop AGA. The findings of another recent study suggest that AR  Stu1 polymorphism does not serve as a biomarker for FPHL predisposition, as it does for male AGA [49]. 

Studies have found shorter CAG triplet-repeats to be associated with the development of male AGA  [44,  45],  and  both  pre-  and  postmenopausal  FPHL  [45,  50].  There  are  conflicting  studies regarding  the  role  of  polyglycine  repeats  in  AGA.  One  study  suggests  an  association  between shorter GGN repeats and male AGA [46]. However, Ellis et al. [48] found that the AR GGN repeat polymorphism does not independently confer AGA susceptibility, and they postulate that the association is due to linkage disequilibrium between this and more relevant (yet to be defined) AR gene variants. In addition, Wakisaka et al. [51] have noted that the lower the sum of the CAG plus GGC 

repeats, the greater the severity of baldness. 

Several other genes are found to be associated with AGA, in keeping with the probable polygenic transmission of this condition. The EDA2R gene, located close to the AR gene on the X chromosome, is expressed in cells of the hair bulb and hair matrix. A nonsynonymous SNP rs1385699 on the  EDA2R  gene  has  been  shown  to  be  strongly  associated  with  the  development  of  AGA  [52]. 

Recent  genome-wide  association  studies  found  a  significant  correlation  between  five  SNPs  on chromosome 20p11 and the development of early onset male pattern baldness in a group of German and Austrian men [53]. An AGA susceptibility locus has also been mapped to chromosome 3q26 in a population of German men [54]. 

A postulated genetic basis for the variable response to finasteride therapy for male AGA has also been investigated. The gene expression of several cytokines that are believed to regulate hair growth was analyzed in follicular dermal papillae, before and after finasteride therapy, in a small group of nine men with AGA [55]. Increased expression of insulin-like growth factor 1 mRNA was associated with a positive response to finasteride therapy [55]. In addition, a possible association between AR  CAG/GGC  triplet-repeats  and  response  to  finasteride  has  been  proposed.  In  a  study  of  488 

Japanese men, a sum of £40 CAG plus GGC triplet-repeats in the AR gene was associated with improved response to finasteride, despite this group presenting with more severe AGA [51]. These results were verified in a second study of 178 men: 70% of men with a marked response to finasteride had CAG repeat lengths <22, while 70% of those with only minimal drug response had CAG 

repeat  lengths  >22  [56,  57]. A  recent  unpublished  study,  measuring  the  sum  of  CAG  and  GGC 

repeats in 842 balding men, confirms that lower combined repeat scores (£40) are associated with a higher chance of developing male AGA, but paradoxically predict a better response to finasteride therapy (Fig.  18.2) (N. Wakisaka, personal communication, 2010). The difference in response rates between the short (£40) and long (³41) repeat groups was greatest in older patients (Fig. 18.2). 

The results of these molecular studies are now being incorporated into the clinical evaluation and treatment of male AGA and FPHL [58]. One objective would be the development of a screening test that would allow for earlier identification of AGA, as long-term treatment with finasteride has been shown to decrease the likelihood of developing further visible hair loss [59]. In this regard, a genetic screening test for male AGA that analyzes several AGA-related markers, including the S tu1 SNP, is now being marketed by a California-based company (A. Goren, HairDx LLC, personal communication, 2010 and [57]). This company estimates that the test, performed on a cheek swab, has a positive 
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Fig. 18.2  (a) Relationship between number of triplet-repeats and effect of finasteride therapy in male androgenetic alopecia ( AGA). Patients ( n = 842) with different numbers of CAG + GGC repeats in the androgen receptor ( AR) gene were treated with finasteride for 6 months (total dose of 50 mg or more). Severity and pattern of AGA before and after therapy was judged according to the modified Hamilton–Norwood scale. For statistical analysis, AGA patterns I–VII were converted to numerical values, 1–9. Effectiveness of finasteride therapy was expressed as the degree of improvement (i.e., difference between the pre-treatment and post-treatment severity value). The number of triplet-repeats was plotted against the improvement (expressed in mean points).  Dashed line = regression line,  vertical bar = standard error of the mean. 

Fitness was demonstrated by regression analysis (at  a = 1%,  p = 0.007). Decline (m1  ³ mi) was proved by Kruskal–Wallis test ( a = 5%). (b) Finasteride response in male AGA, in relationship to short or long triplet-repeats and patient age. Patients were divided into two groups: short repeat group (number of repeats £ 40,  closed circles) and long repeat group (number of repeats ³ 41,  open circles), and treated with finasteride for 6 months. The drug was more effective for patients in the short repeat group than for those in the long repeat group. This difference was greatest in older patients. Significant difference between these two groups was demonstrated by ANOVA ( a = 1%,  p = 0.0023) (Courtesy of Dr. Nagaoki Wakisaka, NPO, Future Medical Laboratory, Tokyo, Japan)

predictive value of 80% and a negative predictive value of 90% (A. Goren, HairDx LLC, personal communication, 2010 and [57]). A second genetic test, which measures the number of CAG repeats in the AR gene, is used to predict a woman’s risk of developing FPHL [57]. The company cites the 1998 study by Sawaya and Shalita ( n = 60), which reported that less than 2% of women with >23 CAG 

repeats developed AGA, while the vast majority of women (97.7%) with <16 CAG repeats had AGA 

[45, 57]. In women with intermediate numbers of CAG repeats (between 16 and 23), lower repeat scores  tended  to  be  associated  with  FPHL;  however,  there  was  overlap  in  repeat  scores  between women with and without FPHL in this intermediate range [45]. Therefore, this commercial test could be used to reassure a woman whose CAG repeats are >23 that she is very unlikely to develop FPHL. 

Likewise, a woman with <16 CAG repeats might strongly consider initiating therapy for FPHL. 
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Another objective would be to determine subgroups of patients predicted to show either high or low response rates to available therapy. A third test, marketed by the same company as the “RxR 

genetic  test  for  finasteride  response”  (in  male  AGA),  also  measures  the  number  of  CAG  repeat lengths in the AR gene. It is advertised that the resulting score would allow the “patient and his physician to compare the results to the current scientific literature”, helping them in their decision as to whether finasteride therapy would be beneficial [57]. 

In conclusion, molecular diagnostic tests may have a role in the prediction and diagnosis of hair loss disorders, in identifying subsets of patients expected to show either good or poor response(s) to therapy, and in uncovering candidate targets for novel therapeutic approaches. 

Acknowledgment  We would like to thank Andy Goren, HairDx, LLC, for his helpful discussions. 
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Chapter 19

Genodermatoses: Inherited Diseases of the Skin

Frances J.D. Smith and W.H. Irwin McLean 

This chapter discusses the molecular basis of inherited diseases in which the primary changes are manifest in the skin and its appendages (nails, hair, sweat glands, and sebaceous glands). The disorders have been subdivided into sections according to their clinical presentation and molecular basis, but this is not a fixed classification, as many diseases will fit into more than one category. With increasing knowledge of the identities and functions of the genes involved in these inherited skin conditions, many of these disorders are being reclassified, as has occurred recently for epidermolysis bullosa (EB) and the ectodermal dysplasias. Molecular-based diagnostic criteria should help streamline the archaic and sometimes confusing classification systems currently in use. Knowledge of the precise molecular defect(s) underlying hereditary skin diseases will be a necessary step in the development  and  application  of  “personalized  medicine”  approaches  to  treatment,  so  that  strategies targeting specific genes, pathways, or even mutant alleles may be possible in the near future. 

Genodermatoses

The term “genodermatoses” covers a range of inherited skin disorders that are due to heritable defects in one or more genes whose function is essential for normal skin physiology. The underlying genetic lesions fall into three broad categories: (a) single gene disorders (the vast majority of genodermatoses); (b) chromosomal disorders; and (c) complex traits. In the single gene disorders (also known as monogenic or Mendelian traits),  inheritance patterns are relatively simple (usually dominant, recessive, autosomal or X-linked). Chromosomal abnormalities are often sporadic – whole or partial chromosomes, and therefore, many genes may be deleted, duplicated, or rearranged. In complex traits (also known as polygenic or multifactorial  disorders), a number of genes, usually scattered throughout the genome, act in concert with environmental or behavioral factors to promote disease. Skin diseases with complex traits, such as eczema, psoriasis, acne, and alopecia, affect as many as one in four individuals in some ethnic populations. Monogenic genodermatoses are individually rare, each affecting ~1 in 10,000 or fewer, but collectively these skin disorders are not uncommon. Due to the large number of single gene disorders that exclusively or primarily affect the skin and its appendages, this chapter will mainly focus on these genodermatoses. 
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Inheritance Patterns and Risk in Genodermatoses

In the monogenic genodermatoses, inheritance is normally in an autosomal dominant or autosomal recessive pattern, but there are also a small number of X-linked dominant and X-linked recessive disorders. Identifying the inheritance pattern of a disorder within a family is important so that the risk  to  any  future  offspring  is  determined  and  appropriate  genetic  counseling  can  be  provided. 

Commonly encountered inheritance patterns are shown in Fig.  19.1. 

In  autosomal  dominant  disorders,  affected  individuals  are  heterozygous  carriers  of  a  mutant allele which is inherited from an affected parent, except in those cases of “de novo” mutations, as outlined below. Both males and females are equally affected. An important indication of autosomal dominant inheritance is male-to-male transmission of the condition within the pedigree, excluding the possibility of X-linked inheritance, since the Y-chromosome passes from the male parent to all male offspring. In an autosomal dominant condition, each offspring of an affected individual has a 50%  chance  of  inheriting  the  disorder.  Examples  of  autosomal  dominant  skin  disorders  include epidermolysis bullosa simplex (EBS) caused by mutations in the keratin genes  KRT5 or  KRT14, and hereditary hemorrhagic telangiectasia (HHT) due to mutations in  ENG, ACVRLI,  or  SMAD4 

genes. 

Fig.  19.1  Inheritance  patterns  in  genodermatoses.  Example  pedigrees  showing  classical  inheritance  patterns commonly encountered in clinical practice.  Squares indicate males;  circles, females;  filled symbols, disease phenotype;  open  symbols,  normal  individuals.  Autosomal  dominant  inheritance  can  be  distinguished  by  male-to-male transmission, both males and females with disease, and persons in each subsequent generation affected. In autosomal recessive  conditions,  the  parents  are  phenotypically  normal  carriers.  In-breeding  (consanguinity)  is  often,  but  not universally, associated with a recessive inheritance pattern. In X-linked recessive diseases, only males are affected, born to unaffected carrier females. In X-linked dominant diseases, affected females transmit the disorder to both male and female offspring, whereas affected males transmit the condition to all their daughters, but not their sons. Other more complex patterns of inheritance also occur (not shown here). Sporadic cases are difficult to diagnose, and can represent recessive; de novo dominant; X-linked, particularly if the affected individual is male; or complex trait patterns of inheritance. In these isolated cases, reference to the literature and resources like Online Mendelian Inheritance in Man (OMIM) are essential to make the diagnosis and counsel the family appropriately
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“De novo” mutations can occur in autosomal dominant disorders (Fig. 19.1). In these cases, the parents are unaffected, and a new mutation has arisen in their offspring within the gene associated with that specific disorder. In a smaller number of these sporadic or spontaneous cases, one of the parents may be the carrier of a germline mosaic mutation (i.e., the mutation arose during embryogenesis  in  such  a  way  that  the  gonadal  tissue  carries  the  mutation,  but  not  the  skin).  In  such instances, there is a significant risk of having a second affected child. 

In dermatology, genetic mosaicism is much more easily observed than in other medical specialties, as the skin is readily visualized. Epidermal nevi (or birthmarks) are instances of genetic mosaicism, where the molecular defect occurs at a stage of embryogenesis and allows for the formation of clinically evident lesions within a background of normal-appearing skin. Such lesions tend to follow the lines of Blaschko – areas within adult skin that correspond to ectodermal cell migration patterns  in  the  embryo.  An  archetypal  epidermal  nevus  is  nevoid  epidermolytic  hyperkeratosis, which results from mutations in the keratin genes  KRT1 and/or  KRT10 [1, 2]. In many instances, mosaicism may affect only internal tissues and remain unknown, until perhaps an affected person has children with obvious cutaneous lesions. 

In autosomal recessive disorders, there is a requirement for two copies of the mutant allele to be present, in order for a person to be affected by the disease (Fig. 19.1). Affected individuals may have the same mutation on each allele (homozygous) or different mutations on each allele (compound  heterozygous).  Recessive  disorders  are  usually  transmitted  by  unaffected  carrier (heterozygous) parents. In addition, recessive diseases are commonly encountered when there is consanguinity  (in-breeding)  within  the  pedigree,  as  each  parent  is  likely  to  carry  the  same mutant allele inherited from a shared ancestor in this instance. With each pregnancy of carrier parents,  there  is  a  25%  chance  of  inheriting  the  disorder.  Autosomal  recessive  disorders  are often  severe;  for  example,  harlequin  ichthyosis,  recessive  dystrophic  epidermolysis  bullosa (RDEB), and  oculocutaneous albinism (OCA). In rare cases of recessive disorders, only one of the parents is a heterozygous carrier and the second genetic event arises in their offspring due to a “de novo” mutation on the other allele of the same gene. Examples of this phenomenon have been seen in EBS with muscular dystrophy (EBS-MD), which is due to mutations in the plectin gene ( PLEC1) [3]. 

X-linked  disorders  are  those  in  which  the  mutant  gene(s)  is  present  on  the  X  chromosome (Fig. 19.1). Similar to autosomal diseases, these can be inherited as either dominant or recessive traits, depending on the function of the mutant gene. In X-linked recessive cases, affected individuals are usually male. An example is X-linked ichthyosis (XLI), one of the first inherited skin disorders to have its gene identified [4]. Half the male offspring of an unaffected female carrier will develop XLI, and half the daughters of a female carrier will also be carriers. All daughters of an affected male will be carriers of the mutant gene, and therefore at risk of having an affected male child. 

There is no male-to-male transmission observed in X-linked conditions, allowing these to be readily separated from autosomal disorders. In X-linked dominant disorders, both males and females are affected.  A  male  with  an  X-linked  dominant  disorder  can  transmit  only  the  mutant  allele  to  his daughters, while affected females can transmit the disorder to both their sons and daughters. Very often in X-linked dominant disorders, the affected males do not survive, as they have no compensa-tory normal X chromosome. This is seen in the X-linked dominant genodermatosis, incontinentia pigmenti (IP) [5]. 

Conditions  associated  with  chromosomal  abnormalities  may  be  due  to:  (a)  gain  or  loss  of  a chromosome(s)  or  (b)  structural  rearrangement  due  to  chromosomal  breakage.  These  conditions may present with multiple congenital signs, including minor skin defects; for example, deletion of the long arm of chromosome 18 leads to multiple developmental abnormalities, in addition to an increased risk of eczema/atopic dermatitis [6]. 

Rare  inheritance  patterns  include:  (a)  disorders  due  to  mutations  in  mitochondrial  DNA  (i.e., palmoplantar  keratoderma  with  deafness)  and  (b)  those  where  uniparental  disomy  occurs.  In  the 
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latter cases, the affected individual receives both copies of a chromosome or part of a chromosome from  one  parent  and  no  copies  from  the  other  parent.  This  phenomenon  has  been  observed  in unusual cases of recessive EB [7]. 

In contrast to some of the very common skin disorders (i.e., atopic dermatitis), most genodermatoses are rare “orphan” disorders with the result that many general practice physicians and dermatologists  will  only  very  occasionally  come  across  such  cases  during  their  careers.  In  addition, affected patients and their families can feel very isolated. However, there are specialist clinics for a number of these disorders to which patients can be referred; for example, there are several hospital centers in the USA and UK which run clinics for individuals with EB and can also provide information about any relevant patient support groups/charities. 

Genotypic and Phenotypic Variation and Penetrance

Among inherited disorders of the skin there is a great degree of both clinical and genetic heterogeneity. There may be variable expression of the clinical signs of genodermatoses, both between and within families, ranging from mild to severe disease. It is likely that this variability is due to modifier  genes  and/or  environmental  factors.  Examples  include  severe  cases  of  XLI  which,  in addition to a predicted mutation in the steroid sulphatase ( STS) gene, also contain a mutation in the filaggrin ( FLG) gene, resulting in more prominent scaling of the skin [8]. Another example is RDEB, where a functional single nucleotide polymorphism (SNP) in the matrix metalloproteinase (MMP1) promoter has been reported to be a modifier of the disease, resulting in a more severe clinical phenotype. This range of severity has been noted within members of one family and also in a cohort of unrelated cases [9]. Genetic heterogeneity may be found in: (a) some of the keratin disorders, where the same clinical phenotype can result from mutations in either one of a pair of functionally linked keratin genes [10]; and (b) xeroderma pigmentosum (XP), where at least seven different genes are involved, all of which have a role in DNA excision repair [11]. In contrast, different mutations in the gene encoding desmoplakin (DSP), an epithelial cell junction protein, can give rise to very heterogeneous clinical phenotypes [12]. The spectrum of clinical features associated with this molecular defect depends on: (a) the type of mutation present (i.e., missense, nonsense, splice site, or frameshift); and/or (b) the mechanisms by which these mutations act at the protein level (including dominant–negative interference, loss-of-function, gain-of-function, or haploinsufficiency). In some cases, the position of the mutation within a particular gene is important. Some genetic abnormalities are also due to large genomic deletions that may involve one or more exons of a gene, an entire gene, or even groups of genes. The consequences of any genetic mutation are strongly influenced by the function of the resultant protein (i.e., it may result in abnormal protein structure and function; loss of a specific protein or enzyme; or a defect in a specific step within a biological pathway). 

The penetrance of a disorder is defined as the percentage of individuals with the mutant allele(s) who demonstrate clinical signs of the disorder. Complete penetrance is when all individuals have the mutant allele and a clinical phenotype. Incomplete/reduced penetrance is when some individuals carry the mutant allele, but do not show clinical evidence of disease. In general terms, penetrance tends to be complete or close to 100% in monogenic disorders, whereas penetrance in complex traits is generally low. This means that inheritance patterns are readily determined in monogenic diseases, and risks for future pregnancies can be estimated with high certainty. In contrast, for complex traits, one tends to observe clustering of affected individuals within extended kindreds, but the inheritance pattern may be unclear. Therefore, the risk to future offspring can be difficult to estimate with any degree of certainty in these disorders. 
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Databases

The Online Mendelian Inheritance in Man (OMIM) website (www.ncbi.nlm.nih.gov/omim) provides details on all genetic disorders and includes clinical findings together with information on the specific genes/mutations involved. Another useful database is “A current and online genodermatosis database” that was recently published [13]. For skin disorders associated with intermediate filaments, particularly the many keratin genes expressed in the epidermis and its appendages, a valuable online resource is the Human Intermediate Filament Database (www.interfil.org), which records all published mutations in genes encoding intermediate filament proteins, together with DNA sequence, protein changes, and clinical data [14]. 

Molecular Diagnosis of Genodermatoses

The  genetic  defect  for  many  inherited  diseases  of  the  skin  is  now  known,  and  diagnosis  at  the molecular level using a variety of techniques is routinely performed to confirm clinical findings. 

Most  of  these  molecular  tests  utilize  polymerase  chain  reaction  (PCR)  and  direct   sequencing  of known disease-associated gene(s), in order to identify the specific pathogenic mutation(s). Some disorders have known mutation hotspots within a gene and these regions may be sequenced first; for example, pachyonychia congenita (PC) is due to mutations in the keratin genes  KRT6A, KRT6B, KRT16,  or  KRT17 [15]. The majority of mutations in PC patients are found within DNA sequences that  encode  the  highly  conserved  helix  initiation  and  termination  motif  at  either  end  of  the  rod domain of a keratin protein. To date, these aberrations are all either missense or small insertion/

deletion  mutations,  inherited  in  an  autosomal  dominant  manner.  Mutational  analysis  can  be  performed on genomic DNA derived from either a blood or saliva sample. Oragene®•DNA saliva kits (DNA Genotek Inc., Ontario, Canada) are particularly useful for young children as they are less invasive than a blood sample. Such kits are also useful when samples cannot be sent immediately for DNA extraction. Once samples are collected with such kits, they are stable at room temperature for several weeks and are also safe and easy to ship to diagnostic laboratories. 

In some disorders, one specific mutation may account for nearly all cases of the disease (i.e., in EBS  with  mottled  pigmentation,  almost  all  cases  carry  the  p.P25L  mutation  in  the  keratin  gene KRT5). As an alternative to sequencing, other technologies may be used to detect the predicted mutation, such as restriction digest/allelic discrimination Taqman assays or mass spectrometry genotyping methods. Some of these methods are particularly useful for high-throughput screening of large numbers of samples and are therefore widely used in complex trait genetics. 

However, there are still a number of genetic skin conditions which remain to be elucidated at the molecular level. In some instances, pathogenic mutations are not identified in the candidate genes and/or the clinical features may not exactly fit a known disorder. In these cases, further investigations are necessary to definitively identify the disease and genetic defect. Firstly, the mode of inheritance should be established (Fig. 19.1). If the disorder is inherited in an autosomal dominant manner and genomic DNA is available from a number of family members, genetic linkage can be performed for candidate genes. From even a relatively small pedigree, it may be possible by linkage analysis to exclude some candidate genes and therefore reduce the number of potential markers to be sequenced. 

If all candidate genes are excluded by genetic linkage analysis or direct DNA sequencing, then the next step would be to perform genome-wide linkage analysis to identify the gene involved. This is achieved using microsatellite markers, at intervals corresponding to five million base pairs of DNA or less, across the entire genome. Linkage of a disorder to certain chromosomal regions can be further defined using markers close together within these regions. Depending on how narrow the interval is 
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(i.e., it usually gets smaller with increasing number of samples/families analyzed), a  number of candidate genes may be identified for further investigation. The expression profiles of these genes can be used to determine if they are likely to be candidate markers. Sometimes a number of genes may be sequenced before the correct gene and mutation is identified. 

Homozygosity mapping is a method employed to identify the gene(s) involved in a recessively inherited disorder. Again, DNA samples are required from as many family members (and families) as possible. This technique was used to determine the genes involved in both Kindler syndrome [16] 

and laryngo-onycho-cutaneous (LOC) syndrome [17], with the respective mutations subsequently confirmed by DNA sequencing. 

For both genetic linkage and homozygosity mapping studies, procurement of samples from several families with the same phenotypic features increases the chance of identifying the region of the genome and/or the actual gene involved in the disorder(s). But it is important that careful clinical examination be carried out on all affected members to ensure that they indeed have the same disease. 

Identification of susceptibility loci/genes for complex traits is very different from analyses on monogenic disorders. The current state-of-the-art technology for genome analysis in complex traits will be discussed at the end of this chapter. 

Molecular Basis of Genodermatoses

In this chapter, the genodermatoses have been subdivided into sections according to their clinical presentation and molecular basis [13, 18]. Those disorders with known causative genes are listed in the Tables. Those diseases for which a locus or loci, but not a specific gene, has been identified, have been excluded in the interest of brevity. Due to overlap in clinical features, the classification of some of these disorders is complex, as they may fit into more than one group. 

 Disorders of Keratinization

Ichthyoses

The  molecular  basis  for  a  number  of  clinically  distinct  ichthyoses  has  now  been  identified (Table  19.1).  Inheritance  patterns  include  autosomal  dominant,  semidominant,  recessive,  and X-linked  (both  dominant  and  recessive).  Mutations  have  been  identified  in  a  number  of  genes, including  filaggrin  ( FLG),  transglutaminase-1  ( TGM1),  connexin  26  ( GJB2),  and  several  of  the suprabasally expressed keratin genes ( KRT1, KRT2, KRT10). 

Ichthyosis Vulgaris

The genetic defect in patients with the most commonly inherited keratinizing disorder, ichthyosis vulgaris, was for many years predicted by biochemical assays to be caused by mutations in the  FLG 

gene (Fig. 19.2). However, due to the large and highly repetitive structure of this gene, and the difficulty in designing specific primers for PCR and DNA sequence analysis, its role was only recently confirmed at the molecular level with the identification of nonsense or frameshift mutations in a number of ichthyosis vulgaris families [19]. On close examination of a number of large pedigrees, it has been established that ichthyosis vulgaris is inherited as a semidominant trait. Homozygous or compound heterozygous individuals present with more severe clinical phenotypes compared with those who are classic heterozygotes. In the original families analyzed, two mutations were identified,  R501X  and  2282del4,  which  have  since  been  found  to  be  the  prevalent  mutations  in  white 
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Table 19.1  Ichthyoses

Name

OMIM number

Inheritance

Gene

Ichthyosis vulgaris (Also atopic dermatitis 2, 

146700 

Semidominant 

 FLG

susceptibility ATOD2)

(605803)

(Complex trait)

X-linked recessive ichthyosis (XLI)

308100

XLR

 STS

Ichthyosis lamellar 1 (LI1)

242300

AR

 TGM1

Ichthyosis lamellar 2 (LI2)

601277

AR

 ABCA12

Ichthyosis lamellar 3 (LI3)

604777

AR

 CYP4F22

Ichthyosis, leukocyte vacuoles, alopecia, and 

607626

AR

 CLDN1

sclerosing cholangitis

Bullous congenital ichthyosiform erythroderma 

113800

AD

 KRT1, KRT10

(BCIE)/ Epidermolytic hyperkeratosis (EHK)

Ichthyosis, cyclic with epidermolytic hyperkeratosis 

607602

AD

 KRT1, KRT10

(CIEHK)

Ichthyosis bullosa of Siemens (IBS)

146800

AD

 KRT2

Ichthyosis hystrix (Curth Macklin) (IHCM)

146590

AD

 KRT1

Ichthyosis hystrix-like with deafness (HID)

602540

AD

 GJB2

Ichthyosiform erythroderma, congenital, nonbullous 

242100

AR

 ALOXE3, ALOX12B, 

(NCIE)

 TGM1, ABHD5

Ichthyosis harlequin

242500

AR

 ABCA12

Ichthyosis, congenital, autosomal recessive, 

612281

AR

 ICHTHYIN

Ichthyin-related (ARCI)

Netherton syndrome (NETH)

256500

AR

 SPINK5

Ichthyotic neutral lipid storage disease (NLSD)/

275630

AR

 CGI58 (ABHD5)

Chanarin-Dorfam disease

Chondrodysplasia punctata 1 (CDPX1)

302950

XLR

 ARSE

Chondrodysplasia punctata 2 (Conradi-Hünerman 

302960

XLD

 EBP

syndrome) (CDPX2)

Chondrodysplasia punctata, rhizomelic form (CDPR)

215100

AR

 PEX7

Congenital hemidysplasia with ichthyosiform 

308050

XLD

 NSDHL

erythroderma and limb defects (CHILD)

Keratitis-Ichthyosis-Deafness (KID) syndrome

148210

AD

 GJB2

Sjögren-Larsson syndrome (SLS)

270200

AR

 FALDH (ALDH3A2)

Refsum syndrome

266500

AR

 PEX7, PHYH

Gaucher disease type I (GDI)

230800

AR

 GBA

Gaucher disease type II (GDII)

230900

AR

 GBA

 AD autosomal dominant,  AR autosomal recessive,  XLD X-linked dominant,  XLR X-linked recessive populations of European ancestry. Many more mutations have now been found throughout the  FLG 

gene, some of which are prevalent in the general population and others that are either very rare or even  family-specific [20]. Studies of ichthyosis vulgaris patients from different ethnic backgrounds have identified further common and rare mutations in different ancestral groups [21, 22]. Shortly after the discovery of  FLG mutations in ichthyosis vulgaris, it was also determined that mutations in this gene are very strongly associated with atopic dermatitis [23], as discussed in detail below. 

X-Linked Ichthyosis

XLI, another common disorder of keratinization, was the first keratinizing disorder to be elucidated at the molecular level, in 1987 [4]. Affected individuals present with dark, regular, and adherent scales of skin. Inherited as an X-linked recessive trait, the majority of affected individuals are males, as they inherit the X chromosome carrying the mutant gene from their unaffected carrier mother. 

Only rarely do females present with the disease. In such an instance, the female would have  inherited two mutant X alleles: one from her affected father and one from her carrier mother. This disorder is 
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Fig. 19.2  Structural defects causing epidermal diseases. Many epidermal disorders are caused by genetic defects in structural molecules. Two examples are shown here. Keratin K5 ( KRT5) is a major structural protein of the basal cell layer ( red staining). Dominant-negative mutations in the  KRT5 gene can lead to epidermolysis bullosa simplex ( EBS) – 

an  inherited  bullous  disease.  The  granular  layers  of  the  epidermis  are  rich  in  profilaggrin  ( green  staining).  Upon terminal differentiation of the keratinocytes to form squames of the stratum corneum, profilaggrin is processed into filaggrin, which performs key roles in squame biogenesis and hydration. Loss of filaggrin expression due to loss-of-function mutations leads to ichthyosis vulgaris – the most prevalent inherited keratinizing disorder. Filaggrin ( FLG) gene mutations are carried by up to 10% of certain human populations; also predisposing individuals to atopic dermatitis, in addition to their role in dry, scaly skin phenotypes

caused by loss-of-function mutations in the  STS gene, most commonly (in 90% of patients) due to a large genomic deletion of the entire gene, which is located at Xp22.3. The condition can be diagnosed  by  a  biochemical  assay  for  STS  enzyme  activity  in  the  blood.  Molecular  confirmation  is achieved by either fluorescence in situ hybridization (FISH) to detect the common deletion mutation, or PCR-based sequencing to identify the small insertion/deletion mutations or point mutations present in about 10% of cases. 

Palmoplantar Keratodermas

The palmoplantar keratodermas include a range of disorders where the predominant clinical feature is thickening and/or blistering of the palms and soles (Table 19.2). A variety of associated distinct clinical  features  provide  clues  as  to  the  molecular  aberration  involved  in  an  affected  individual. 

Mutations have been identified in a number of genes, including several of those encoding keratins, desmosomal proteins, connexins, and loricrin. 

Several keratin disorders fall into the category of palmoplantar keratodermas. Keratins belong to the family of intermediate filaments and exist as obligate heteropolymers, consisting of a type I and type II keratin [24]. They are expressed in epithelial cells, in a tissue- and differentiation-specific manner [25]. One of their main functions is to provide a structural cytoskeleton within cells, which if compromised, due to a mutation within one of the keratins, can result in cell fragility. The latter can be seen clinically as skin blistering and/or hyperkeratosis [26]. A number of clinically distinct disorders caused by mutations in different keratin genes have been identified since the early 1990s 

[10]. These can affect the skin, hair, nails, cornea, mucosal surfaces, and simple epithelial tissues (www.interfil.org). Other keratin disorders of the skin are classified in this chapter under ichthyoses, EB, and/or ectodermal dysplasias [10, 18]. 

Pachyonychia congenita (PC) is a keratin disorder affecting the skin, nails, and mucosal tissues 

[15]. Clinically, PC is characterized predominantly by painful palmoplantar keratoderma, hypertrophic 
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Table 19.2  Palmoplantar keratodermas (PPKs)

Name

OMIM number

Inheritance

Gene

Epidermolytic palmoplantar keratoderma (Vörner: 

144200

AD

 KRT9, KRT1

EPPK)

Nonepidermolytic PPK (NEPPK)

600962

AD

 KRT1, KRT16

Mal de Meleda (MDM)

248300

AR

 SLURP1

Vohwinkel syndrome (classic variant: KHM)

124500

AD

 GJB2

Vohwinkel syndrome (ichthyotic variant)

604117

AD

 LOR

Pachyonychia congenita type 1 (Jadassohn-

167200

AD

 KRT6A, KRT16

Lewandowsky syndrome; PC-1)

Pachyonychia congenita type 2 (Jackson-Lawler 

167210

AD

 KRT6B, KRT17

syndrome; PC-2)

PPK striate 1 (PPKS1)

148700

AD

 DSG1

PPK striate 2 (PPKS2)

612908

AD

 DSP

PPK striate 3 (PPKS3)

607654

AD

 KRT1

PPK + deafness

148350

AD/Mitochondrial

 GJB2/MTTS1

Striate PPK with dilated cardiomyopathy and woolly 

605676

AR

 DSP

hair (Carvajal syndrome)

Skin fragility-woolly hair syndrome (SFWHS)

607655

AR

 DSP

Naxos disease (PPK + woolly hair + cardiac 

601214

AR

 JUP

abnormalities)

Papillon-Lefèvre syndrome (PPK + periodontitis:PALS)

245000

AR

 CSTC (DPPI)

Haim-Munk Syndrome (HMS)

245010

AR

 CSTC (DPPI)

Oculodentodigital dysplasia (ODDD)

164200

AD/AR

 GJA1

Richner-Hanhart syndrome (tyrosinemia)

276600

AR

 TAT

Knuckle pads, leukonychia, and sensorineural deafness 

149200

AD

 GJB2

(Bart-Pumphrey syndrome)

Cerebral dysgenesis, neuropathy, ichthyosis, and PPK 

609528

AR

 SNAP29

(CEDNIK)

 AD autosomal dominant,  AR autosomal recessive

nail dystrophy, and oral leukokeratosis. Other findings include palmoplantar blistering,  follicular keratoses, cysts, and hyperhidrosis [27]. PC is caused by mutations in one of four keratin genes, KRT6A, KRT6B, KRT16,  or  KRT17 [28–30]. To date, all cases with identified mutations show autosomal dominant inheritance patterns [15, 31]. Further details about PC can be found on the PC Project website (www.pachyonychia.org), a recently established patient support group that facilitates genetic testing, provides patient information, and organizes both clinical and scientific  meetings, as well as funding research into treatments for PC. Recently, dominant mutations in  KRT6C, which encodes keratin K6c, have been reported in patients with painful focal plantar keratoderma [32]. K6c shows overlap in its distribution with K6a and K6b, but is thought to be expressed at lower levels. Therefore, the disease phenotype associated with  KRT6C mutations is more restricted than in classic PC, with minimal nail involvement and no other ectodermal features [32]. 

Another commonly encountered palmoplantar disorder involving keratin mutations is epidermolytic palmoplantar keratoderma (EPPK; also known as Vörner syndrome). EPPK is predominantly caused by dominant-negative mutations in the  KRT9 gene [33]; although, there are also a number of reports of specific mutations in the  KRT1 gene [34]. In this condition and some other keratodermas, the physical findings are generally not associated with debilitating pain, as in classic PC. 

Several genetic skin disorders are associated with different proteins located within desmosomes. 

Desmosomes are cell–cell adhesion junctions that are composed of three families of proteins: (a) armadillo proteins; (b) cadherins; and (c) plakins. Desmosomes are predominantly found in skin and cardiac tissue; therefore, in addition to a skin phenotype, mutations in some of the genes for these proteins can result in forms of cardiomyopathy. 
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Table 19.3  Other keratinizing disorders

Name

OMIM number

Inheritance

Gene

Darier disease (DD)

124200

AD

 ATP2A2

Hailey-Hailey disease (HHD)

169600

AD

 ATP2C1

Acrokeratosis verruciformis (AKV)

101900

AD

 ATP2A2

Erythrokeratodermia variabilis (EKV)

133200

AD/AR

 GJB3, GJB4

Keratosis follicularis spinulosa decalvans (KFSDX)

308800

XL

 SAT1

Infantile systemic hyalinosis (ISH)

236490

AR

 CMG2 (ANTXR2)

Restrictive dermopathy, lethal

275210

AD/AR

 LMNA, ZMPSTE24

 AD autosomal dominant,  AR autosomal recessive,  XL X-linked DSP belongs to the plakin family of cytoskeletal linker proteins. It is a large desmosomal plaque protein, whose gene is located on chromosome 6p24. A number of different types of mutations have been identified in this gene, and are associated with distinct phenotypes showing skin, hair, and/or heart abnormalities, but with clinical heterogeneity [35]. Autosomal dominant mutations (heterozygous nonsense or splice site mutations) cause striate palmoplantar keratoderma (SPPK), as a result of haploinsufficiency of DSP [36, 37]. Dominant mutations have also been reported in cases presenting with SPPK and woolly hair, a condition associated with cardiomyopathy that can lead to death at an early age [38]. There are also some dominant mutations that demonstrate only cardiac abnormalities, such as arrhythmogenic right or left ventricular cardiomyopathy [39]. As a recessive trait, homozygous  or  compound  heterozygous  mutations  (nonsense,  frameshift  resulting  in  premature termination codons [PTC], or missense mutations) cause keratoderma, woolly hair, and arrhythmyo-genic dilated cardiomyopathy which can lead to heart failure in children [40–43]. Other reported cases of compound heterozygous (missense and/or nonsense) mutations have a similar phenotype, but without the cardiac abnormalities; although, these patients should probably be  monitored regularly  [44].  Interestingly,  heterozygous  parents  are  unaffected  since  some  heterozygous  mutations result in haploinsufficiency (see above). There is one report of a compound heterozygous individual (resulting in loss of DSP tail domain) who presented with a severe phenotype showing widespread epidermolysis,  generalized  alopecia,  absence  of  nails,  and  the  presence  of  neonatal  teeth  [45]. 

Another case with bullous dermatosis, plantar keratoderma, alopecia totalis, and childhood lethal cardiomyopathy was found to be due to compound heterozygosity for two nonsense mutations [46].  

Thus, DSP is a good example of how different types and/or combinations of mutations in the same gene can lead to a variety of phenotypes with differing severities, in addition to recessive versus dominant inheritance patterns. Other keratinizing disorders are outlined in Table 19.3. 

 Inherited Bullous Skin Disorders

EB  encompasses  a  number  of  clinically  and  genetically  distinct  disorders  that  all  result  in  some form of skin blistering, ranging from relatively mild to very severe phenotypes, and affecting many body sites (Table 19.4). Similar to other disorders in this chapter, a provisional diagnosis can often be made on the basis of histopathological features, ultrastructural changes, and/or antigenic staining patterns of skin biopsy specimens [47]. Recently, the classification of EB has been revised on the basis of clinical and molecular findings, and now encompasses several other genetic disorders, such as  Kindler  syndrome,  which  are  included  due  to  the  presence  of  cutaneous  blistering  and  cell fragility [47]. EB is divided into four main forms that can be distinguished by the level of blistering within the skin: (a) epidermolysis bullosa simplex (EBS; intraepidermal cleavage); (b) junctional EB (JEB; intralamina lucida cleavage); (c) dystrophic EB (DEB; sublamina densa cleavage); and (d) a fourth group in which the level of cleavage is mixed. 
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Table 19.4  Inherited bullous disorders

Name

OMIM number

Inheritance

Gene

Epidermolysis bullosa simplex – intraepidermal skin 

cleavage – suprabasal

 Lethal acantholytic EB (EBLA)

609638

AR

 DSP

 Ectodermal dysplasia/skin fragility syndrome (McGrath 

604536

AR

 PKP1

 syndrome)

Epidermolysis bullosa simplex – intraepidermal skin 

cleavage – basal

Epidermolysis bullosa simplex, Dowling Meara 

131760

AD

 KRT5, KRT14

(EBS-DM)

EBS, localized (EBS-loc)

131800

AD

 KRT5, KRT14, 

 ITGB4, ITGA6

EBS, other generalized (EBS, gen-nonDM, EBS)

131900

AD

 KRT5, KRT14

 EBS with mottled pigmentation (EBS-MP)

131960

AD

 KRT5

 EBS, autosomal recessive (EBS-AR)

601001

AR

 KRT14

EBS with muscular dystrophy (EBS-MD)

226670

AR

 PLEC1

 EBS with pyloric atresia (EBS-PA)

612138

AR

 PLEC1

 EBS-Ogna (EBS-Og)

131950

AD

 PLEC1

 EBS, migratory circinate (EBS-migr)

609352

AD

 KRT5

Junctional epidermolysis bullosa (JEB) – intralamina 

lucida skin cleavage

JEB-Herlitz (JEB-H)

226700

AR

 Laminin-5 (LAMA3, 

 LAMB3, LAMC2)

JEB, non-Herlitz generalized EB (JEB-nH gen); JEB 

226650

AR

 COL17A1, Laminin-5 

non-Herlitz localized (JEB-nH loc) and  JEB inversa 

 (LAMA3, LAMB3, 

 (JEB-I)

 LAMC2), ITGB4

JEB with pyloric atresia (JEB-PA)

226730

AR

 ITGB4, ITGA6

 Laryngo-onycho-cutaneous syndrome (LOCS)

245660

AR

 Laminin-5 (LAMA3)

Dystrophic epidermolysis bullosa (DEB) – sublamina 

densa skin cleavage

Dominant DEB, generalized (DDEB-gen)

131750

AD

 COL7A1

 DDEB, pretibial (DDEB-Pt)

131850

AD

 COL7A1

 DDEB pruriginosa (DDEB-Pr), (RDEB-Pr)

604129

AD/AR/

 COL7A1

Sporadic

 DDEB, toenails only (DDEB-na)

607523

AD

 COL7A1

 DDEB, bullous dermolysis of the newborn (DDEB-BDN)

131705

AD

 COL7A1

Recessive dystrophic epidermolysis bullosa, severe 

226600

AR

 COL7A1

generalized (RDEB-sev gen); RDEB, generalized 

other (RDEB-O);  RDEB, inversa (RDEB-I)

Kindler syndrome – level of skin cleavage mixed

173650

AR

 KIND1

Peeling skin syndrome, acral type (APSS)

609796

AR

 TGM5

Rare subtypes of EB shown in italics

 AD autosomal dominant,  AR autosomal recessive

EBS, where blistering occurs within the basal keratinocytes, is predominantly caused by  mutations in the keratin genes  KRT5 or  KRT14, and normally inherited as a dominant trait [10]. A case of EBS 

as a result of a  KRT5 mutation is shown in Fig. 19.2. The structure of the  KRT5 gene, which encodes keratin K5, is shown in Fig. 19.3. There are rare cases of recessive EBS due to mutations in  KRT14 

[48] .  Less commonly, EBS can be associated with mutations in the gene encoding plectin, a linker protein which connects the keratin cytoskeleton to the hemidesmosomes in basal keratinocytes, and also performs a variety of other cytoskeleton cross-linking functions in muscle [49, 50]. Dominant mutations in plectin have been reported in a rare form of EBS, originally described in a large family 

[image: Image 119]
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Fig. 19.3  Complexity of the human genome. The human genome consists of approximately three billion base pairs of DNA, packaged into 22 pairs of autosomes (chromosomes 1–22) plus the sex chromosomes, X and Y. There are thought to be ~25,000 genes in the human genome, although new classes of genes are still being discovered. A keratin gene is shown here as an example of typical gene organization. The type II keratin genes are clustered together on chromosome band 12q13.13. There are 27 keratin genes in this cluster, one of which is the  KRT5 gene encoding the K5 protein. This gene consists of nine protein-encoding exons separated by eight introns, and spans about 6,000 

base pairs of DNA. These individual exons must be amplified and sequenced to search for mutations in K5-related diseases, such as epidermolysis bullosa simplex (EBS)

on the island of Ogna in Norway [51]. Recessively acting mutations in plectin can cause EBS, either in combination with muscle disease [49, 50] or with pyloric atresia [52]. 

JEB, where blistering occurs within the lamina lucida of the basement membrane zone, is a result of  mutations  in:  (a)  the  genes  encoding  the  three  subunits  of  laminin  332  ( LAMA3,  LAMB3, 
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 LAMC2); (b) the two genes encoding a6b4 integrin ( ITGA6 or  ITGB4); or (c) the collagen XVII gene  ( COL17A1)  [47]. The  products  of  these  genes  are  all  part  of  a  complex  of  interconnected molecules required for normal epidermal–dermal adhesion. 

The  third  form  is  DEB,  inherited  as  either  a  dominant  or  recessive  trait  [47].  The  level  of blistering is below the basement membrane zone (within the sublamina densa), and is caused by mutations in the collagen VII gene ( COL7A1) [53]. 

The fourth group of EB under the current classification system includes Kindler syndrome, in which there are multiple cleavage planes within the skin [16, 54]. Another skin blistering disorder, called  acral  peeling  skin  syndrome,  shows  cleavage  high  in  the  epidermis,  between  the  granular layer and the stratum corneum. This autosomal recessive condition is caused by loss-of-function mutations in the transglutaminase-5 gene  (TGM5) [55]. There are further subtypes of most forms of EB, as described in Table 19.4. 

 Ectodermal Dysplasias

The ectodermal dysplasias (ED) make up a large and very heterogeneous group of inherited conditions; all of which have a genetic abnormality that affects one or more ectodermal structures and/or epidermal appendages (hair, nails, teeth, and sweat glands) (Table 19.5). The classification of ED 

Table 19.5  Ectodermal dysplasias (new classification by Priolo [56])

Name

OMIM number Inheritance Gene

 Group 1

Ectodermal dysplasia 1 (ED1)

305100

XLR

 EDA

Ectodermal dysplasia, hypohidrotic, autosomal dominant (HED)

129490

AD

 EDAR/EDARADD

Ectodermal dysplasia, anhidrotic

224900

AR

 EDAR/EDARADD

Incontinentia pigmenti (IP)

308300

XLD

 NEMO (IKBKG)

Ectodermal dysplasia, hypohidrotic, with immunodeficiency 

300291

XLR

 NEMO (IKBKG)

(HED-ID)

Ectodermal dysplasia, anhidrotic, with immunodeficiency, 

300301

XLR

 NEMO (IKBKG)

osteopetrosis, and lymphedema (OLEDAID)

Ectodermal dysplasia, anhidrotic, with T-cell 

612132

AD

 IKBA

immunodeficiency, autosomal dominant

Ectrodactyly–ectodermal dysplasia – cleft lip/palate syndrome 

604292

AD

 TP63

(EEC3)

Anchyloblepharon–ectodermal dysplasia – cleft lip/palate 

106260

AD

 TP63

syndrome (AEC)

Acro-dermato-ungual-lacrimal-tooth syndrome (ADULT)

103285

AD

 TP63

Limb-mammary syndrome (LMS)

603543

AD

 TP63

Rapp-Hodgkin syndrome (RHS)

129400

AD

 TP63

Tricho-dento-osseous syndrome (TDO)

190320

AD

 DLX3

Witkop syndrome (tooth and nail syndrome; TNS)

189500

AD

 MSX1

Ellis-van Creveld syndrome (EVC)

225500

AR

 EVC, EVC2

Weyers acrofacial dysostosis

193530

AD

 EVC, EVC2

 Group 2

Clouston syndrome, hidrotic ectodermal dysplasia

129500

AD

 GJB6

Cleft lip/palate-ectodermal dysplasia syndrome (CLPED1)

225060

AR

 PVRL1

Ectodermal dysplasia/skin fragility syndrome (McGrath 

604536

AR

 PKP1

syndrome)

Ectodermal dysplasia, ectrodactyly, and macular dystrophy (EEM) 225280

AR

 CDH3

Odonto-onycho-dermal dysplasia (OODD)

257980

AR

 WNT10A

 AD autosomal dominant,  AR autosomal recessive,  XLD X-linked dominant,  XLR X-linked recessive
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Table 19.6  Other ectodermal dysplasias

Name

OMIM number

Inheritance

Gene

Tricho-rhino-phalangeal syndrome type I (TRPS1) 190350

AD

 TRPS1

Tricho-rhino-phalangeal syndrome type II (Langer- 150230

AD

 Micro-deletion syndrome 

Giedon; TRPS2)

 8q24.11 to 8q24.13  

 (incl. TRPS1 & EXT1)

Tricho-rhino-phalangeal syndrome type III (TRPS3) 190351

AD

 TRPS1

Trichothiodystrophy, photosensitive (TTDP)

601675

AR

 XPD (ERCC2), XPB (ERCC3)

Steatocystoma multiplex

184500

AD

 KRT17

Hypotrichosis, congenital, with juvenile macular 

601553

AR

 CDH3

dystrophy (HJMD)

T-cell immunodeficiency, congenital alopecia, and  601705

AR

 FOXN1

nail dystrophy

Cartilage-hair hypoplasia (CHH)

250250

AR

 RMRP

Nail-patella syndrome (NPS)

161200

AD

 LMX1B

Ectodermal dysplasia, pure hair/nail type

602032

AR

 KRTHB5

Acrodermatitis enteropathica, zinc-deficiency  

201100

AR

 SLC39A4

type (AEZ)

 AD autosomal dominant,  AR autosomal recessive

has historically been difficult and there remains considerable overlap with other non-ED conditions. 

For example, PC (listed in this chapter under palmoplantar keratoderma) can also be classified as an ED. Another example is plakophilin deficiency, which leads to ectodermal dysplasia-skin fragility syndrome, and which has also been recently classified as a form of EB, due to the presence of skin blistering and fragility. 

A  new  classification  system  for  ED  has  been  recently  proposed  [56].  Previous  classification schemes have been based on clinical features and/or function(s) of associated genes [57–59]. Priolo noted that the genes identified in ED act through two different pathogenetic mechanisms [56]. There are: (a) those genes whose defects involve epithelial–mesenchymal interactions; and (b) those genes whose aberrations affect structural proteins involved in cell–cell adhesion and/or communication (i.e., connexin 30 [ GJB6]). Some forms of ED are difficult to fit into either category (Table 19.6). 

 Connective Tissue Disorders

Several of the connective tissue disorders are multisystem conditions (Table 19.7). For example, Marfan syndrome involves the skeletal, ocular, and cardiovascular systems, as a result of mutations in  the  gene  ( FBN1)  encoding  the  connective  tissue  protein  fibrillin.  Pseudoxanthoma  elasticum (PXE) is an autosomal recessive condition that affects the skin, eyes, and cardiovascular systems. 

PXE was initially believed to be inherited as a dominant trait, but careful examination/molecular analyses of a number of families where PXE occurred in two generations has established that this disorder is autosomal recessive (pseudodominance) [60]. Due to the presence of areas of inelastic, leathery skin observed on the neck and flexural areas of patients with PXE, it was originally thought that the disease resulted from a defect in a gene involved in elastic fiber structure/function in the skin. However, mutations were identified in the  ABCC6 gene, which encodes an ABC transporter protein.  ABCC6 is expressed in the liver and kidneys, and only at very low levels, if at all, in the tissues affected in PXE [61]. The mechanisms by which mutations in  ABCC6 result in the mineral-ization seen in the skin, eyes, and blood vessels of patients with PXE are still under investigation. 

However, this disease may be regarded primarily as a metabolic disorder with a secondary effect of abnormal calcification of elastic fibers. 
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Table 19.7  Connective tissue disorders

Name

OMIM number Inheritance

Gene

Ehlers-Danlos I (gravis; EDSI)

130000

AD

 COL1A1, COL5A1, 

 COL5A2

Ehlers-Danlos II (mitis, EDS II)

130010

AD

 COL5A1, COL5A2

Ehlers-Danlos III (benign hypermobile, EDS III)

130020

AD

 COL3A1, TNXB

Ehlers-Danlos IV (ecchymotic, arterial, EDS IV)

130050

AD

 COL3A1

Ehlers-Danlos VIA (kyphoscoliotic, EDS VIA)

225400

AR

 PLOD

Ehlers-Danlos VIIA (arthrochalasia multiplex, EDS VIIA)

130060

AD

 COL1A1

Ehlers-Danlos VIIB (arthrochalasia multiplex, EDS VIIB)

130060

AD

 COL1A2

Ehlers-Danlos VIIC (dermatosparaxis, EDS VIIC)

225410

AR

 ADAMTS2

Ehlers-Danlos, cardiac valvular form

225320

AR

 COL1A2

Ehlers-Danlos, progeroid form

130070

AR

 B4GALT7

Ehlers-Danlos variant, heterotopia, periventricular (PVNH4) 300537

XLD

 FLNA

Ehlers-Danlos-like syndrome due to tenascin X deficiency

606408

AR

 TNXB

Fabry disease

301500

XLR/XLD

 GLA

Marfan syndrome (MFS)

154700

AD

 FBN1

Loeys-Dietz syndrome, type 1A (LDS1A)

609192

AD

 TGFBR1

Loeys-Dietz syndrome, type 2B (LDS2B)

610380

AD

 TGFBR2 

Overlap connective tissue disease (OCTD)

604308

AD

 FBN1

Pseudoxanthoma elasticum (PXE)

264800

AR

 ABCC6

Cutis laxa autosomal dominant

123700

AD

 ELN, FBLN5

Cutis laxa type I, autosomal recessive

219100

AR

 FBLN4, FBLN5

Cutis laxa type IIA, autosomal recessive

219200

AR

 ATP6VOA2

Wrinkly skin syndrome (WSS)

278250

AR

 ATP6VOA2

Menkes syndrome (MNK)

309400

XLR

 ATP7A

X-linked cutis laxa

304150

XLR

 ATP7A

Williams syndrome (WS)

194050

AD

 Contiguous gene 

 deletion at 

 7q11.23

Mandibuloacral dysplasia with type A lipodystrophy 

248370

AR

 LMNA

(MADA)

Mandibuloacral dysplasia with type B lipodystrophy 

608612

AR

 ZMPSTE24

(MADB)

Osteogenesis imperfecta type I (OSI1)

166200

AD

 COL1A1, COL1A2

Osteogenesis imperfecta type IIA (OSI2A)

166210

AD

 COL1A1, COL1A2

Osteogenesis imperfecta type IIB (OSI2B)

610854

AR

 CRTAP

Hypertrophic osteoarthropathy

259100

AR

 HPGD

Arterial tortuosity syndrome (ATS)

208050

AR

 GLUT10 (SLC2A10)

Osseous heteroplasia, progressive (POH)

166350

AD

 GNAS

Shprintzen-Goldberg craniosynostosis syndrome (SGS)

182212

AD/isolated 

 FBN1

cases

Mucolipidosis II

252500

AR

 GNPTAB

Mucolipidosis III

252600

AR

 GNPTAB, GNPTG

Weill-Marchesani syndrome, autosomal dominant (WMS)

608328

AD

 FBN1

Weill-Marchesani syndrome, autosomal recessive

277600

AR

 ADAMTS10

Johanson-Blizzard syndrome (JBS)

243800

AR

 UBR1

Juvenile hyaline fibromatosis (JHF)

228600

AR

 CMG2 (ANTXR2)

Systemic lupus erythematosus (SLE) (susceptibility to)

152700

Complex trait  Multiple genes 

 involved

Torg-Winchester syndrome

259600

AR

 MMP2

Melnick-Needles syndrome (MNS)

309350

XLD

 FLNA

Gangliosidosis, generalized GM1, type 1

230500

AR

 GLB1

Gangliosidosis, generalized GM1, type 2

230600

AR

 GLB1

(continued)
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Table 19.7  (continued)

Name

OMIM number Inheritance

Gene

Buschke-Ollendorff syndrome (BOS)

166700

AD

 LEMD3 (MAN1)

Lipoid Proteinosis

247100

AR

 ECM1

Progeria syndrome, Hutchinson-Gilford (HGPS)

176670

AD/AR

 LMNA

Focal dermal hypoplasia (FDH)

305600

XLD

 PORCN

Congenital disorder of glycosylation type Ia (CDGIa)

212065

AR

 PMM2

 AD autosomal dominant,  AR autosomal recessive,  XLD X-linked dominant,  XLR X-linked recessive Systemic lupus erythematosus (SLE) is a complex trait disorder affecting a number of organs, including the skin. There are now a number of susceptibility loci associated with the development of SLE (see OMIM); although, definitive causative genes or genetic variants currently await elucidation and confirmation. 

 Pigmentation Disorders

A number of different genetic defects result in a range of pigmentary skin disorders, some of which are associated with an increased risk of skin cancer (Table 19.8). Inherited pigmentary skin disorders can be subdivided into groups according to the role of the defective gene within the pigmentary system. Disorders such as piebaldism and Waardenburg and Tietz syndromes are due to defects in melanoblast migration from the neural crest to the skin [62]. The characteristic patches of depig-mentation of the skin (face, trunk, and extremities) and hair (observed as a white forelock) seen in the autosomal dominant disorder piebaldism, are due to a reduction of melanocytes, rather than loss of melanin pigmentation, at these body sites [63, 64]. 

On the other hand, the hypopigmentation of the skin, hair, and eyes observed in oculocutaneous albinism (OCA) is due to a reduction or complete lack of melanin biosynthesis by skin melanocytes. 

There are several types of OCA, and at least four genes are involved in this disorder. Although there is  a  spectrum  of  clinical  phenotypes,  with  OCA1A  being  the  most  severe,  there  can  be  overlap between the subtypes of OCA [65]. Molecular diagnosis is therefore a useful way of confirming the clinical diagnosis of OCA. 

Mutations in genes involved in the formation of melanosomes within melanocytes result in the autosomal  recessive  disorders,  Hermansky-Pudlak  syndrome  and  Chediak-Higashi  syndrome. 

Mutations in genes involved in the final stage of the pigmentary pathway (i.e., the transfer of mature melanosomes via the melanocytic dendrites to adjacent keratinocytes) are associated with the rare recessive disorder, Griscelli syndrome, which is characterized by pigmentary dilution of the skin and hair [63, 64]. 

 Vascular Disorders

Several genodermatoses have vascular manifestations (Table 19.9). These include hereditary hemorrhagic telangiectasia 1 and 2 (HHT1, HHT2), which are due to mutations in endoglin ( ENG) and ALK1 ( ACVRL1) genes, respectively [66]. Between 1 in 5,000 and 8,000 individuals are affected, and one of the earliest and most common signs of HHT is recurrent nosebleeds in young children 

[67, 68]. Telangiectasias (small blood vessels) of the skin and mucous membranes can develop early and increase with age. Later in life, individuals may develop pulmonary and hepatic arteriovenous malformations, telangiectasias in the gastrointestinal tract (small intestine), and neurologic problems 
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Table 19.8  Pigmentation disorders

Name

OMIM number Inheritance

Gene

Carney complex type I (CNC1)

160980

AD

 PRKAR1A

Carney complex variant

608837

AD

 MYH8

Hemochromatosis (HFE)

235200

AR

 HFE

Hemochromatosis type 2 (HFE2A and 

602390

AR

 HJV, HAMP

HFE2B)

Hemochromatosis type 3 (HFE3)

604250

AR

 TFR2

Hemochromatosis type 4 (HFE4)

606069

AD

 SLC40A1

Chédiak-Higashi syndrome (CHS)

214500

AR

 LYST

Griscelli type 1 (GS1)

214450

AR

 MYO5A

Griscelli type 2 (GS2)

607624

AR

 RAB27A

Griscelli type 3 (GS3)

609227

AR

 MLPH, MYO5A

Hermansky-Pudlak type 1 (HPS1)

203300

AR

 HPS1

Hermansky-Pudlak type 2 (HPS2)

608233

AR

 AP3B1

Hermansky-Pudlak type 3 (HPS3)

203300

AR

 HPS3

Hermansky-Pudlak type 4 (HPS4)

203300

AR

 HPS4

Hermansky-Pudlak type 5 (HPS5)

203300

AR

 HPS5

Hermansky-Pudlak type 6 (HPS6)

203300

AR

 HPS6

Hermansky-Pudlak type 7 (HPS7)

203300

AR

 DTNBP1

Hermansky-Pudlak type 8 (HPS8)

203300

AR

 BLOC1S3

McCune-Albright syndrome (MAS)

174800

Somatic mosaicism  GNAS1

Neurofibromatosis type I (NF1)

162200

AD

 NF1

Neurofibromatosis type II (NF2)

101000

AD

 NF2

Neurofibromatosis, familial spinal (FSNF)

162210

AD

 NF1

Neurofibromatosis-Noonan syndrome 

601321

AD

 NF1

(NFNS)

Oculocutaneous albinism type 1A (OCA1A)

203100

AR

 TYR

Oculocutaneous albinism type 1B (OCA1B)

606952

AR

 TYR

Oculocutaneous albinism type 2 (OCA2)

203200

AR

 OCA2

Oculocutaneous albinism type 3 (OCA3)

203290

AR

 TYRP1

Oculocutaneous albinism type 4 (OCA4)

606574

AR

 MATP (SLC45A2)

Tietz albinism–deafness syndrome

103500

AD

 MITF

Peutz-Jeghers (PJS)

175200

AD

 STK11

Piebaldism (PBT)

172800

AD

 KIT, SNA12 (SLUG)

Waardenburg syndrome type I (WS1)

193500

AD

 PAX3

Waardenburg syndrome type IIA (WS2A)

193510

AD

 MITF

Waardenburg syndrome type IID (WS2D)

608890

AR/sporadic

 SNA12 (SLUG)

Waardenburg syndrome type IIE (WS2E)

611584

AD

 SOX10

Waardenburg syndrome type III (WS3)

148820

AD/AR/contiguous   PAX3

gene syndrome

Waardenburg syndrome type IV (WS4)

277580

AR/AD

 SOX10, EDN3, EDNRB

Prader-Willi syndrome (PWS)

176270

Isolated cases

 SNRPN, NECDIN, paternal 

 deletions, maternal 

 uniparental disomy, chr 

 15q11-q13

Cystinosis, nephropathic (CTNS)

219800

AR

 CTNS

Phenylketonuria (PKU)

261600

AR

 PAH

Dermatopathia pigmentosa reticularis (DPR)

125595

AD

 KRT14

Angelman syndrome (AS)

105830

Isolated cases

 UBE3A, MEPC2, maternal 

 deletions, paternal 

 uniparental disomy, 

 chr 15q11.2-q13, 

 imprinting defects
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Table 19.8  (continued)

Name

OMIM number Inheritance

Gene

Naegeli syndrome (NFJS)

161000

AD

 KRT14

Dowling-Degos (DDD)

179850

AD

 KRT5

Adrenal hypoplasia, congenital (AHC)

300200

XL/AR

 NROB1

LEOPARD syndrome 1

151100

AD

 PTPN11

Watson syndrome

193520

AD

 NF1

Yemenite-deaf-blind-hypopigmentation 

601706

AR

 SOX10

syndrome

Vitiligo, susceptibility to autoimmune disease  607836

AD

 FOXD3



(AIS1)

Albinism, black lock, cell migration disorder 

600501

AR

 EDNRB

of the neurocytes of the gut and deafness 

(ABCD)

Acanthosis nigricans with Crouzon syndrome

612247

AD

 FGFR3

Lipodystrophy, familial partial, type 3 

604367

AD

 PPARG

(FPLD3)

Achalasia-addisonianism-alacrima syndrome 

231550

AR

 AAAS

(AAA)

Fanconi anemia, types A-G (FANCA-FANCG) 227650

AR

 FANCA-FANCG

 AD autosomal dominant,  AR autosomal recessive,  XL X-linked Table 19.9  Disorders of vascularization

Name

OMIM number Inheritance

Gene

Cerebral cavernous malformations 1 (CCM1)

116860

AD

 KRIT1

Cerebral cavernous malformations 2 (CCM2)

603284

AD

 CCM2

Cerebral cavernous malformations 3 (CCM3)

603285

AD

 PDCD10

Lymphedema-distichiasis syndrome

153400

AD

 FOXC2

Lymphedema hereditary, Ia (primary congenital 

153100

AD

 FLT4

lymphedema; PCL)

Lymphedema, hereditary II

153200

AD

 FOXC2

Ataxia-telangiectasia (AT)

208900

AR

 ATM

Ataxia-telangiectasia-like disorder (ATLD)

604391

AR

 MRE11A

Hereditary hemorrhagic telangiectasia (HHT1)

187300

AD

 ENG

Hereditary hemorrhagic telangiectasia (HHT2)

600376

AD

 ACVRL1

Hereditary hemorrhagic telangiectasia, juvenile 

175050

AD

 SMAD4

polyposis syndrome (JPHT)

Hemangioma, capillary infantile (HCI)

602089

AD/Most sporadic  TEM8 (ANTXR1), 

 VEGFR2 (KDR)

Glomuvenous malformations (glomangiomas)

138000

AD

 GLMN

Venous malformations, multiple cutaneous and 

600195

AD

 TIE2 (TEK)

mucosal (VMCM)

Microphthalmia with linear skin defects (MLS)

309801

XLD

 HCCS

Stuve-Wiedemann syndrome (STWS)

601559

AR

 LIFR

Smith-Lemli-Opitz syndrome (SLOS)

270400

AR

 DHCR7

Rubinstein-Taybi syndrome (RSTS)

180849

AD

 CREBBP, EP300

Mulibrey-Nanism

253250

AR

 TRIM37

Noonan syndrome 1 (NS1)

163950

AD

 PTPN11

Noonan syndrome 3 (NS3)

609942

AD

 KRAS2

Noonan syndrome 4 (NS4)

610733

AD

 SOS1

Congenital disorder of glycosylation type Ie (CDG1E) 608799

AR

 DPM1

Congenital disorder of glycosylation type If (CDG1F)

609180

AR

 MPDU1

Apert syndrome (acrocephalosyndactyly type I; ACS1) 101200

AD/most sporadic  FGFR2

SC phocomelia syndrome

269000

AR

 ESCO2

 AD autosomal dominant,  AR autosomal recessive,  XLD X-linked dominant
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[66,  69]. Since  this  disorder  has  a  number  of  severe  symptoms  (such  as  bleeding  and  anemia) patients  should  be  regularly  monitored.  There  are  a  number  of  HHT  self-help  websites  that  are based in different countries, as recently reviewed [66]. 

 Disorders Associated with Malignancy

As listed in Table 19.10,  many genodermatoses are associated with an increased risk of malignancy. 

The genetic defects of many of these diseases are now known. Gorlin syndrome (basal cell nevus syndrome), a rare autosomal dominant disorder, presents clinically with multiple basal cell carcinomas  (BCC),  hyperkeratosis  of  palms  and  soles,  and  a  number  of  developmental  defects  [70].  In 1996, mutations were identified in the human ortholog of the Drosophila gene  patched ( PTCH1), a tumor suppressor gene on 9q22.32 [71, 72]. Like other tumor suppressor genes,  PTCH1 requires two mutagenic events for tumor formation, as per Knudson’s two-hit model of cancer pathogenesis (i.e., a germline mutation is inherited on one allele and a somatic mutation occurs on the second allele) 

[73, 74].  PTCH1 is involved in the Sonic hedgehog (SHH) signaling pathway and functions as the SHH  receptor.  Different  types  of  mutations  have  now  been  identified.  These  include  nonsense, frameshift, in-frame deletion, splice site, and missense mutations, in addition to large deletions of the chromosome 9q22 region resulting in haploinsufficiency of  PTCH1 [75]. In 2008, a mutation in patched 2 ( PTCH2) was reported in a Chinese family with Gorlin syndrome [76]. 

Another  disorder  associated  with  malignancy  is  xeroderma  pigmentosum  (XP);  an  autosomal recessive disorder, characterized by skin photosensitivity and a predisposition to early-onset skin cancers  (BCC,  squamous  cell  carcinoma,  and  cutaneous  malignant  melanoma  [CMM]).  XP  is  a heterogeneous disorder, divided into a number of different subtypes, and due to mutations in at least seven genes involved in nucleotide excision repair or post-replication repair of DNA [77]. 

A number of susceptibility loci have now been mapped for different forms of familial CMM. In the 1990s, two forms (CMM2 and CMM3) were shown to be associated with mutations in  CDKN2A and CDK4, respectively [78–80]. Both genes are rare high-penetrance CMM alleles, with  CDKN2A being the highest risk locus identified to date [81, 82]. Several common low-penetrance CMM genes have also been found, including the  MC1R gene which regulates skin hair/color (see Table 19.13). Specifically, nine MC1R variants associated with an increased risk of CMM have been described [83, 84]. 

 Porphyrias

The porphyrias are a group of seven inherited metabolic disorders that are due to different enzyme deficiencies in the heme synthesis pathway [85]. Of the seven forms, five are inherited as autosomal dominant disorders and two as rare autosomal recessive traits (Table 19.11). Five forms have cutaneous involvement, resulting in skin hyperpigmentation, hypertrichosis, fragility, and photosensitivity leading to blistering, ulceration, and scarring [85, 86]. 

 Disorders Associated with Immunodeficiency

There are several inherited immunodeficiency disorders that can also be classified as genodermatoses  as  a  result  of  clinical  involvement  of  skin  (Table  19.12). The  X-linked  disorder Wiskott–Aldrich  syndrome  presents  with  a  wide  range  of  symptoms  and  signs,  including 
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Table 19.10  Disorders with malignant potential

Name

OMIM number

Inheritance

Gene

Gorlin syndrome (basal cell nevus 

109400

AD

 PTCH1, PTCH2, SUFU

syndrome; BCNS)

Xeroderma pigmentosum, group A (XPA)

278700

AR

 XPA

Xeroderma pigmentosum, group B (XPB)

610651

AR

 ERCC3 (XPB)

Xeroderma pigmentosum, group C (XPC)

278720

AR

 XPC

Xeroderma pigmentosum, group D (XPD)

278730

AR

 ERCC2 (XPD)

Xeroderma pigmentosum, group E (XPE)

278740

AR

 DDB2

Xeroderma pigmentosum, group F (XPF)

278760

AR

 ERCC4

Xeroderma pigmentosum, group G (XPG)

278780

AR

 ERCC5

Xeroderma pigmentosum, variant (XPV)

278750

AR

 POLH

Xeroderma pigmentosum (De Sanctis-

278800

AR

 ERCC6

Cacchione syndrome)

Cowden syndrome (CS)

158350

AD

 PTEN

Bannayan-Zonana syndrome (BZS)

153480

AD

 PTEN

Gardner syndrome (adenomatous polyposis 

175100

AD

 APC

of the colon; APC)

Dyskeratosis congenita, X-linked

305000

XLR

 DKC1

Dyskeratosis congenita, autosomal dominant

127550

AD

 TERC

Tuberous sclerosis (TS)

191100, 613254

AD

 TSC1, TSC2

Muir Torre syndrome (MTS)

158320

AD

 MSH2, MLH1

Costello syndrome (faciocutaneoskeletal 

218040

AD

 HRAS

syndrome; FCS)

Werner syndrome (WRN)

277700

AR

 RECQL2

Cardiofaciocutaneous syndrome (CFC)

115150

AD/isolated cases

 KRAS, BRAF, MEK1, MEK2

Bloom syndrome (BLM)

210900

AR

 RECQL3

Androgen insensitivity syndrome (AIS)

300068

XLR

 AR

Multiple endocrine neoplasia type 1 (MEN1)

131100

AD

 MEN1

Multiple endocrine neoplasia type IIA 

171400

AD

 RET

(MEN2A)

Multiple endocrine neoplasia type IIB 

162300

AD

 RET

(MEN2B)

Multiple endocrine neoplasia type IV 

610755

AD

 CDKN1B

(MEN4)

Pheochromocytoma

171300

AD

 VHL, RET, SDHD, SDHB, 

 KIF1B, GDNF, TMEM127

Von Hippel-Lindau syndrome (VHL)

193300

AD

 VHL

Melanoma, cutaneous malignant, 

155601

AD

 CDKN2A

susceptibility to, 2 (CMM2)

Melanoma, cutaneous malignant, 

609048

AD/isolated 

 CDK4

susceptibility to, 3 (CMM3)

cases

Melanoma-astrocytoma syndrome

155755

AD

 CDKN2A

Melanoma-pancreatic cancer syndrome

606719

AD

 CDKN2A

Birt-Hogg-Dube syndrome (BHD)

135150

AD

 FLCN

Beckwith-Wiedemann syndrome (BWS)

130650

AD/isolated 

 NSD1, mutations or 

cases

 deletions of imprinted 

 genes at 11p15, includes 

 CDKN1C, (p57, KIP2), 

 H19, L1T1

(continued)
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Table 19.10  (continued)

Name

OMIM number

Inheritance

Gene

Turcot syndrome (mismatch repair cancer 

276300

AD/AR

 MLH1, MSH2, MSH6, PMS2

syndrome)

Trichoepithelioma (multiple familial 1, 

601606

AD

 CYLD

MFT1)

Epidermodysplasia verruciformis (EV)

226400

AR

 EVER1, EVER2

Neurilemmomatosis, congenital cutaneous 

162091

AD

 SMARCB1, NF2, INI1

(Schwannomatosis)

Brooke-Spiegler syndrome (BSS)

605041

AD

 CYLD

Cylindromatosis, familial

132700

AD

 CYLD

Leiomyoma (hereditary multiple cutaneous; 

150800

AD

 FH

MCL)

Leiomyomatosis and renal cell cancer 

605839

AD

 FH

(LRCC)

 AD autosomal dominant,  AR autosomal recessive,  XLR X-linked recessive Table 19.11  Porphyrias with skin involvement

Name

OMIM number

Inheritance

Gene

Porphyria (congenital erythropoietic; CEP)

263700

AR

 UROS

Porphyria cutanea tarda (PCT)

176100

AD

 UROD

Hereditary coproporphyria (HCP)

121300

AD

 CPOX

Porphyria variegata (VP)

176200

AD

 PPOX

Protoporphyria, erythropoietic (EPP)

177000

AD/AR

 FECH

 AD autosomal dominant,  AR autosomal recessive

Table 19.12  Disorders associated with immunodeficiency

Name

OMIM number

Inheritance

Gene

Wiskott-Aldrich syndrome (WAS)

301000

XLR

 WAS

Omenn syndrome

603554

AR

 RAG1, RAG2, DCLRE1C

Nijmegan breakage syndrome (NBS)

251260

AR

 NBS1

LIG4 syndrome

606593

AR

 LIG4

Immunodysregulation, polyendocrinopathy, and 

304790

XLR

 FOXP3

enteropathy (IPEX)

Chronic granulomatous disease, X linked (CGD)

306400

XLR

 CYBB

Chronic granulomatous disease, AR cytochrome b 

233690

AR

 CYBA

negative (CGD)

Chronic granulomatous disease, AR cytochrome b 

233700

AR

 NCF1

positive type I (CGD)

Chronic granulomatous disease, AR cytochrome b 

233710

AR

 NCF2

positive type II (CGD)

Hyperimmunoglobulin E recurrent infection syndrome

147060

AD

 STAT3

Bare lymphocyte syndrome type 1 (BLS)

604571

AR

 TAP1, TAP2, TAPBP

 AD autosomal dominant,  AR autosomal recessive,  XLR X-linked recessive eczematous  changes.  Omenn  syndrome  (OS),  previously  classified  as  a  rare  form  of  severe combined immunodeficiency (SCID), demonstrates severe erythroderma and sometimes loss of eyebrows/eyelashes and scalp alopecia [87]. Recent studies suggest OS is a “leaky” or incomplete  form  of  SCID  and  represents  an  inflammatory  condition  associated  with  a  range  of genetic abnormalities [88]. 
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Table 19.13  Hair disorders

Name

OMIM number

Inheritance

Gene

Red hair color (RHC)

266300

AR

 MC1R

Proopiomelanocortin deficiency (red hair color)

609734

AR

 POMC

Trichothiodystrophy, nonphotosensitive 1 (TTDN1)

234050

AR

 TTDN1 (C7ORF11)

Hypotrichosis, localized autosomal recessive (HTL) 607903

AR

 DSG4

Hypotrichosis-lymphedema-telangiectasia syndrome  607823

AD/AR

 SOX18

(HLTS)

Hypotrichosis, Marie Unna type 1 (MUHH1)

146550

AD

 HR

Hypotrichosis simplex of the scalp (HTSS)

146520

AD

 CDSN

Alopecia universalis congenita (ALUNC)

203655

AR

 HR

Atrichia with papular lesions (APL)

209500

AR

 HR

Giant axonal neuropathy 1 (GAN1; includes curly/

256850

AR

 GAN

kinky hair)

Monilethrix

158000

AD

 KRT81, KRT83, KRT86

 AD autosomal dominant,  AR autosomal recessive

 Genetic Hair Disorders

The hair follicle is a major appendage of the epidermis. It is one of the most complex epithelial structures in nature, with only the feather having an additional level of complexity [89]. Hair follicles  consist  of  several  discrete  concentric  layers  of  epithelial  cells  with  varying  functions.  This mini-organ is highly metabolically active and undergoes complex cycles of growth, regression, rest, and regrowth – the hair cycle. There is extensive body site variation in hair length, diameter, and hair cycle duration. The hair follicle is controlled by a complex network of signaling and developmental pathways. Therefore, there are many genes and gene networks by which genetic variation can lead to hair abnormalities. These include changes in pigmentation, loss of hair, and structural hair defects, in addition to other abnormalities, as listed in Table 19.13. Identification of the genes involved in hair disorders, like those involved in other skin diseases, has shed light on the biological mechanisms at play in this highly specialized system [90]. 

 Miscellaneous Genodermatoses

Other genodermatoses that cannot easily be classified in the above groups are listed in Table 19.14. 

Current State-of-the-Art: Genome Analysis in Complex Traits

Recent key technological advances in molecular biology and genomics have led to the development of  protocols  capable  of  systemically  scanning  the  entire  human  genome  for  susceptibility  loci involved in complex traits. In genodermatology, the major complex traits that have been subjected to this kind of analysis are atopic dermatitis [91] and psoriasis [92, 93], with studies planned for other common skin diseases. 

The completion of the Human Genome Project in 2003 was the first and major enabling event in complex trait analysis. Thereafter, resequencing of the genomes of different individuals led to the discovery of many millions of SNPs, which were found to occur at a very high density across the genome. Methods were then developed to allow the simultaneous analysis of large numbers of these 
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Table 19.14  Miscellaneous genodermatoses

OMIM 

Name

number

Inheritance

Gene

Rapadilono syndrome

266280

AR

 RECQL4

Popliteal pterygium syndrome (PPS)

119500

AD

 IRF6

Propionic acidemia

606054

AR

 PCCA, PCCB

Pseudohypoparathyroidism, type 1A (PHP Ia)

103580

AD

 GNAS

Glucocorticoid deficiency 1 (GCCD1)

202200

AR

 MC2R (ACTHR)

Vitamin D-dependent rickets, type II (VDDR II)

277440

AR

 VDR

Vitamin E, familial isolated deficiency of (VED)

277460

AR

 TTPA

Vasculopathy, retinal, with cerebral leukodystrophy

192315

AD

 TREX1

Simpson-Golabi-Behmel syndrome, type 1 

312870

XLR

 GPC3

(SGBS1)

Simpson-Golabi-Behmel syndrome, type 2 

300209

XLR

 CXORF5

(SGBS2)

Sitosterolemia

210250

AR

 ABCG8, ABCG5

Blau syndrome (synovitis, granulomatous, with 

186580

AD

 NOD2 (CARD15)

uveitis and cranial neuropathy)

Pineal hyperplasia, insulin-resistant diabetes 

262190

AR

 INSR

mellitus and somatic abnormalities

Warts, hypogammaglobulinemia, infections, and 

193670

AD

 CXCR4

myelokathexis (WHIM)

Glucocorticoid deficiency 2 (GCCD2)

607398

AR

 MRAP

Carboxypeptidase N deficiency

212070

AR

 CPN1

Weaver (WSS)

277590

AD

 NSD1

Autoimmune polyendocrinopathy-candidiasis-

240300

AR

 AIRE

ectodermal dystrophy (APECED)

Adrenoleukodystrophy (ALD)

300100

XLR

 ABCD1

Hyperphosphatemic familial tumoral calcinosis 

211900

AR

 GALNT3, FGF23, KLOTHO

(HFTC)

Pyogenic sterile arthritis, pyoderma gangrenosum 

604416

AD

 PSTPIP1

and acne (PAPAS)

Niemann-Pick disease, type A

257200

AR

 SMPD1

Neuropathy, hereditary sensory and autonomic, 

201300

AR

 WNK1 (HSN2)

type IIA (HSAN2A)

Neuropathy, hereditary sensory and autonomic, 

223900

AR

 IKBKAP

type III (HSAN3)

Acromesomelic dysplasia, Maroteaux type 

602875

AR

 NPR2

(AMDM)

White sponge nevus of Cannon (WSN)

193900

AD

 KRT4, KRT13

Wolf-Hirschhorn syndrome (WHS)

194190

Isolated cases

 Partial deletion of short arm 

 of chromosome 4 (4p-)

Aicardi-Goutieres syndrome 1 (AGS1)

225750

AR

 TREX1

Angioedema, hereditary (HAE I & II)

106100

AD

 C1NH

Angioedema, hereditary (HAE III)

610618

AD

 F12

Congenital insensitivity to pain and anhidrosis 

256800

AR

 NTRK1

(CIPA)

Aspartylglucosaminuria (AGU)

208400

AR

 AGA

Autoimmune lymphoproliferative syndrome types 

601859

AD

 FAS, FASL

IA and 1B (ALPS)

Autoimmune lymphoproliferative syndrome type 

603909

AD

 CASP10

IIA (ALPS2A)

Cartilage-hair hypoplasia (CHH)

250250

AR

 RMRP

Mucopolysaccharidosis type IIIA (MPS3A)

252900

AR

 SGSH

(continued)
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Table 19.14  (continued)

OMIM 

Name

number

Inheritance

Gene

Mucopolysaccharidosis type IIIB (MPS3B)

252920

AR

 NAGLU

Mucopolysaccharidosis type IIIC (MPS3C)

252930

AR

 HGSNAT

Multiple sulfatase deficiency (MSD)

272200

AR

 SUMF1

Myotonic dystrophy 1 (DM1)

160900

AD

 DMPK

Myotonic dystrophy 2 (DM2)

602668

AD

 ZNF9

Mannosidosis, alpha B lysosomal

248500

AR

 MAN2B1

Microcephaly, microphthalmia, ectrodactyly of 

601349

AD/translocation

 SNX3

lower limbs and prognathism (MMEP)

Mucolipidosis II (ML II)

252500

AR

 GNPTAB

Mucolipidosis III complementation group C (ML 

252605

AR

 GNPTG

IIIC)

Lipodystrophy, congenital generalized type 1 

608594

AR

 AGPAT2

(CGL1)

Lipodystrophy, congenital generalized type 2 

269700

AR

 BSCL2

(CGL2)

Lipodystrophy, familial partial, type 2 (FPLD2)

151660

AD

 LMNA

Lipodystrophy, familial partial, type 3 (FPLD3)

604367

AD

 PPARG

Lowe oculocerebrorenal syndrome (OCRL)

309000

XLR

 OCRL1

Kanzaki disease (alpha-N-acetylgalactosaminidase 

609242

AR

 NAGA

deficiency, type II)

Donohue syndrome (leprechaunism)

246200

AR

 INSR

Lesch-Nyhan syndrome (LNS)

300322

XLR

 HPRT

Infantile sialic acid storage disorder (ISSD)

269920

AR

 SLC17A5

Immunoosseous dysplasia, Schimke type (SIOD)

242900

AR

 SMARCAL1

Holocarboxylase synthetase deficiency (HLCS)

253270

AR

 HLCS

Homocystinuria

236200

AR

 CBS

Hypercholesterolemia, autosomal dominant (FHC)

143890

AD

 LDLR

Hypercholesterolemia, autosomal dominant type B

144010

AD

 APOB

Hypercholesterolemia, autosomal recessive (ARH)

603813

AR

 ARH

Hyperoxaluria, primary, type I (HP1)

259900

AR

 AGXT

Hyperlipoproteinemia, type I

238600

AR

 LPL

Hyperlipoproteinemia, type IB (apolipoprotein C-II  207750

AR

 APOC2

deficiency)

Hypertriglyceridemia, familial

145750

AD

 APOA5, LIPI, Polymorphism 

 in RP1

Hyper-IgD syndrome (HIDS)

260920

AR

 MVK

Glycogen storage disease 1 (GSD1)

232200

AR

 G6PC

Glycogen storage disease 1b (GSD1b)

232220

AR

 G6PT1

Glycogen storage disease 1c (GSD1c)

232240

AR

 G6PT1

Alport syndrome, X-linked (ATS)

301050

XL

 COL4A5

Alport syndrome, recessive

203780

AR

 COL4A3, COL4A4

Alstrom syndrome (ALMS)

203800

AR

 ALMS1

Neuropathy with pretibial epidermolysis bullosa 

609057

AR

 CD151

and deafness

Familial cold autoinflammatory syndrome 1 

120100

AD

 CIAS1 (NLRP3)

(FCAS1)

Familial Mediterranean fever (FMF)

249100

AR

 MEFV

Faber lipogranulomatosis

228000

AR

 ASAH1

Fucosidosis

230000

AR

 FUCA1

Fumarase deficiency

606812

AR

 FH

Craniofrontonasal syndrome

304110

XLD

 EFNB1

(continued)
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Table 19.14  (continued)

OMIM 

Name

number

Inheritance

Gene

Cutis gyrata syndrome of Beare and Stevenson

123790

AD

 FGFR2

Cinca syndrome (chronic neurologic cutaneous and  607115

AD

 CIAS1

articular syndrome)

Cockayne syndrome type A (CSA)

216400

AR

 ERCC8

Cockayne syndrome type B (CSB)

133540

AR

 ERCC6

Coffin-Lowry syndrome (CLS)

303600

XLD

 RSK2

Cold-induced sweating syndrome 1 (CISS1)

272430

AR

 CRLF1

Familial cold urticaria (FCU)

120100

AD

 CIAS1

Cornelia de Lange syndrome 1 (CDLS1)

122470

AD/isolated cases  NIPBL

Cerebrotendinous xanthomatosis (CTX)

213700

AR

 CYP27A1

Cerebral arteriopathy with subcortical infarcts and 

125310

AD

 NOTCH3

leukoencephalopathy (CADSIL)

Argininosuccinic aciduria

207900

AR

 ASL

Porokeratosis, disseminated superficial actinic 1 

175900

AD

 SART3

(DSAP1)

Rothmund-Thomson syndrome (RTS)

268400

AR

 RECQL4

UV-sensitive syndrome (UVS)

600630

AR

 ERCC6

Hartnup disorder (HND)

234500

AR

 SLC6A19

Sarcoidosis, early onset (EOS)

609464

AD

 NOD2 (CARD15)

Seborrhea-like dermatitis with psoriasiform 

610227

AD

 ZNF750

elements

Periodic fever, familial (FPF)

142680

AD

 TNFRSF1A

Amyloidosis, familial visceral

105200

AD

 APOA1, FGA, LYZ

Amyloidosis V, Finnish type

105120

AD

 GSN

Biotinidase deficiency

253260

AR

 BTD

 AD autosomal dominant,  AR autosomal recessive,  XLR X-linked recessive,  XLD X-linked recessive,  XL X-linked SNPs, predominantly based on array technology – essentially silicon chips consisting of millions of defined DNA probes to which individual DNA samples can be hybridized and analyzed. Currently, it is possible to analyze about two million SNPs in an individual, for a cost of approximately $200–

300.  Another  development  was  the  HapMap  –  a  map  of  the  haplotype  structure  of  the  human genome – in other words, identification of blocks of chromosomes that tend to be co-inherited due to the presence of recombination hotspots in the genome. 

Genome-wide association studies (GWAS) are the current method of choice to tackle the genetics of complex traits. In GWAS, a case-control study design is used, which ideally consists of 2,000 

cases of the disease of interest and 3,000 or more ethnically-matched population controls. The controls are not necessarily screened for the disease phenotype and represent the general population rather than a normal control group. Ethnicity matching is important as it has emerged that the causative defects underlying a complex disease can be highly race-specific, and therefore, mixing ethnicity in a discovery cohort can lead to serious losses of statistical power required to detect a disease association. These 5,000 or so DNA samples are genotyped for typically two million SNPs using an SNP chip or similar method, thereby generating ten billion data points. For each SNP, a statistical test is performed to compare its frequency in the disease cases versus the  controls, and a  P value is generated (i.e., two million chi-square type tests are done). The log of the  P values is mapped along the chromosome locations of the SNPs to give a “Manhattan” plot, as shown in Fig.  19.4. Where a disease susceptibility locus exists, clusters of strongly associated SNPs are seen. For most statistical analyses in biological research, a  P value of 0.05 or less is regarded by convention as significant; 

[image: Image 120]
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Fig.  19.4  Genome-wide  association  studies  ( GWAS)  in  complex  trait  genetics.  It  is  now  possible  to  genotype individuals for up to two million single nucleotide polymorphisms ( SNPs) in a single experiment, using gene chip technology. A typical GWAS study would involve 2,000 cases of a complex trait, such as atopic dermatitis, plus 3,000 

ethnically-matched controls. All these 5,000 people are genotyped for the two million SNPs. For each SNP, a chi-square-related statistical test is performed to generate a  P value (i.e., two million tests are performed). This asks the question “is this SNP significantly enriched in the patient group compared to the general population?” for each of the two million SNPs scattered across the genome. If a SNP is linked to a disease susceptibility locus, then that SNP will show significant enrichment in the patient population. The closer the SNP, the better the  P value will become. This data is plotted as the Log of the  P value against the chromosome position of the SNP, known as a Manhattan plot, as illustrated  ( top).  Peaks  of  association  identified  are  then  subjected  to  higher  density  SNP  genotyping  in  order  to sublocalize the signal to a smaller region, usually about the size of a single gene or smaller. Sequencing of this region is required to identify the causative variant or variants tagged by the most significantly associated SNPs. These causative variants may require considerable functional analysis to formally identify how they lead to disease susceptibility. As of 2009, most complex traits which have been investigated by GWAS are still at the sequencing/functionality stage of analysis

however, in GWAS, susceptibility loci more typically show  P values of 10−10 or less. Loci detected must be replicated as widely as possible in different study populations, and then the loci are finely mapped using a higher density of SNPs around the initial locus, in order to  sublocalize the signal. 

Once this analysis is complete, the locus is usually limited to a single gene or a comparable small interval. Sequence analysis of this small region is performed in disease cases versus controls, ultimately leading to the discovery of the causative genetic variant or variants at this locus that promote 
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disease susceptibility. Complete understanding of how these DNA sequence changes lead to disease predisposition may require considerable functional analysis, involving cell biology, biochemistry, and transgenic models. This is particularly true when the locus falls outside of the coding region of a known gene, which, so far in the developing field of complex trait genetics, is a common occurrence. In other words, the causative variants are often difficult to identify and understand, and quite often involve subtle perturbation of gene regulation, rather than an overt or very obvious genetic defect within the protein-encoding regions of a gene. 

A very informative example of a complex trait is the recently discovered role of the  FLG gene in  atopic  dermatitis.  As  discussed  previously,  we  have  determined  that  common  loss-of-function mutations (all nonsense or frameshift mutations) in this gene are the cause of ichthyosis vulgaris 

[19]. We were also prompted to investigate the role of the  FLG gene and its mutations in the pathogenesis of atopic dermatitis due to: (a) the high population frequency of its mutations (carried by up to 10% of some populations); (b) the fact that many ichthyosis vulgaris patients also have atopic dermatitis; and (c) the early mapping of atopic dermatitis susceptibility to the vicinity of the  FLG 

gene [23]. By case-control analysis in a very small study of 52 atopic dermatitis cases versus 189 

population controls, we were able to obtain a  P value of 10−17.  FLG has emerged as the strongest predisposing gene for atopic dermatitis, having been universally and strongly replicated in every population where the causative variants are found [94]. Profilaggrin is highly abundant in the granular layer of the epidermis, where it contributes to the biogenesis of the stratum corneum, the subsequent  hydration  of  the  squames,  and  perhaps  other  functions  [94]. In  2009,  we  showed  that filaggrin-deficient mice have an inherent skin barrier deficiency, as insufficient expression of the FLG  gene  in  the  skin  leads  to  percutaneous  antigen  priming,  which  in  turn  drives  an  allergic immune response [95]. Although we identified this gene by essentially a candidate gene approach, a recent GWAS study confirmed that this is indeed a major eczema gene [91]; although, there is another  locus  of  unknown  function  on  chromosome  11,  and  other  loci  are  likely  to  be  found  in future rounds of GWAS. The other complex trait in dermatology that has been successfully subjected to GWAS is psoriasis [92, 93], with several highly significant loci emerging, including possible causative variants in some cases [96]. 

Future Perspectives

The coming years promise to bring forth further tremendous increases in our understanding of the genodermatoses.  Next  generation  sequencing  (NGS)  is  now  being  applied  to  the  study  of  skin diseases. This new technology allows rapid analysis of hundreds of genes in a single experiment; for example, it was recently used to identify a gene for cutis laxa, where more than 80 genes were sequenced simultaneously [97]. This type of technology has the potential to revolutionize genetic testing. For example, one can envision the use of NGS to sequence all the exons of all the EB 

genes in a single run, rather than performing PCR and sequencing for each of the hundreds of individual exons. 

So-called future generation sequencing (FGS) is also under development, and is expected to be in common use within the next few years. The aim is to sequence essentially the entire genome in one run, for a very low cost, perhaps as little as $100. This would further expand genetic testing, including  the  study  of  complex  traits.  For  example,  it  may  be  less  expensive  to  sequence  the genomes of a case-control collection than to genotype high-density SNPs, with the added advantage of being able to identify the causative variants at the same time. Similarly, it would be feasible to sequence the whole genome in a patient with a skin disorder and evaluate only the relevant genes, rather than use currently available technologies to look at one gene, or even NGS to assess a subset of genes. 
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Of course, these technological advances raise new ethical issues that must be carefully considered.  For  example,  a  patient  might  present  with  a  genodermatosis  and  have  their  whole  genome sequenced to determine the causative gene and confirm the diagnosis. Elsewhere in their individual genome sequence data, there might be a variant predisposing to a late-onset disease of another organ system  (i.e.,  colon  cancer  or  type  II  diabetes  mellitus).  Should  they  also  be  counseled  for  this genetic defect? These issues will require close collaboration and dialogue between clinical specialists, geneticists, and ethicists in order to responsibly apply these rapidly evolving technologies in the clinical setting. 

In conclusion, our understanding of the pathogenesis of genodermatoses has evolved enormously since the advent of molecular genetics in the late 1980s and early 1990s. This knowledge base will undoubtedly increase exponentially in the upcoming years, and with this understanding will hope-fully  come  improvements  in  diagnosis,  genetic  counseling,  patient  management,  treatment,  and perhaps a cure for some of these devastating illnesses. 
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Chapter 20

Molecular Aspects of Skin Aging

Michael J. Murphy 

The past two decades have seen significant strides, not only in our understanding of the  pathobiology of human skin aging, but also in the search for targeted modalities to treat or  possibly prevent some of the changes that come with this process. Human skin aging can be  categorized as either (a) chronologic/intrinsic aging or (b) extrinsic aging, of which photoaging is a major component [1–5]. 

Chronologic skin aging is a slow, progressive, cumulative, and degradative process, similar to aging at noncutaneous sites, and is influenced by several factors, including genetic predisposition, diet, lifestyle (i.e., smoking), and hormone levels [1–5]. It is characterized by a number of molecular and cellular events in the skin, such as replicative senescence, telomere shortening, decreased proliferative  capacity,  cell  cycle  and  apoptosis  alterations,  oxidative  damage,  mitochondrial dysfunction, mutations in mitochondrial DNA (mtDNA), reduced DNA repair mechanisms, matrix metalloproteinase dysregulation, decreased responses to mitogenic stimuli, and changes in stem cell function [1–8]. Aged skin is less resistant to shearing forces, shows increased fragility and a limited capacity to regenerate, and is at risk of chronic wound formation (see Chap. 17) [9]. The study  of  “progeroid”  syndromes,  such  as  Werner  syndrome,  Hutchinson-Gilford  progeria  syndrome,  and  xeroderma  pigmentosum,  has  been  helpful  in  our  understanding  of  the  skin  aging process [10–12]. These inherited premature aging disorders are characterized by defects in DNA transcription, replication, recombination, and repair [10–12]. A recent gene expression profiling study  demonstrated that transcription alterations in Werner syndrome were similar to those seen in chronologic  aging  [11].  Up  to  91%  of  genes  displayed  comparable  expression  changes  in  both groups,  suggesting  that  Werner  syndrome  is  characterized  by  an  acceleration  of  normal  aging mechanisms [11]. 

Extrinsic aging is primarily the result of environmentally induced changes, superimposed on the physiologic manifestations of chronologic aging. While exposure to ultraviolet (UV) radiation is regarded as the most important exogenous factor (“photoaging”), additional environmental insults include  other  forms  of  ionizing/nonionizing  radiation,  trauma,  air  pollutants,  chemicals,  and infectious agents [1]. UV radiation leads to skin damage through a variety of mechanisms, including the upregulation of immune responses [13]. It is known that high levels of and/or long-term UV 

exposure  induce  persistent  single  strand  nuclear  DNA  breaks,  pyrimidine  dimer  formation, UV-signature mutations in  TP53,  CDKN2A/p16,  RAS and  PTCH genes, mtDNA aberrations, and other types of DNA lesions in human skin (see Chap. 9) [14–20]. Of note, in the absence of pyrimidine M.J. Murphy () 
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dimer repair, mutations in the DNA sequence can occur [20]. Changes in the form of C→T and CC→TT transitions are described as UV-signature mutations [20]. In addition, epigenetic alterations in the skin (i.e., promoter hypo-/hyper-methylation, histone and chromatin modifications) may also be a response to UV exposure [20]. These changes are paralleled by altered expression patterns of genes representing a variety of functional classes, including cell cycle control, apoptosis, transcription  factors,  receptors,  transporters,  signaling  intermediates,  growth  factors,  intermediary metabolism, hormones, translation factors, tumor suppressor genes, and oncogenes [14–16, 18, 20, 21]. 

Of note, these alterations are detectable in chronically sun-exposed, but morphologically normal skin adjacent to a variety of skin cancers, and appear related to sunburn history in most cases 

[14, 16, 18, 20, 21]. It is postulated that many of the identified genes with UV-altered expression play no role in UV-induced carcinogenesis, but may turn out to be useful as markers of underlying genomic instability and photoaging [17, 18]. 

While the majority of human photoaging changes have long been considered to be secondary to UV-B radiation exposure, recent evidence suggests that both UV-A and infrared A (IRA) radiation play significant roles in this process [22–24]. A recent study identified early and stable markers of UV-A-induced effects which may be predictive of UV-A related damage  in vivo [23]. Meloni et al. 

[23] reported that the cellular response to UV-A is mediated by a number of different pathways that function  in  early  and  delayed  adaptive  or  repair  mechanisms  (fibrillin-1,  involucrin,  IL-10,  and decorin), early defense mechanisms (collagen VII, GPX, and GSR), and tissue damage processes (elastin, MMP-1, and MMP-9). A study by Calles et al. [24] determined that the IRA-induced gene expression signature differed in some respects from that known to be due to UV (both UV-A and UV-B) exposure. Of note, changes in extracellular matrix metabolism, calcium homeostasis, MAPK 

signaling,  IP   signaling,  IL-6  signaling,  stress  signaling,  and  apoptosis  pathways  were  found  to 3

represent  IRA-response  mechanisms  [24].  Similar  to  UV-induced  events,  MMP-1  is  upregulated upon IRA exposure [24]. However, UV and IRA radiation produce opposite responses for a number of  other  genes  (IL6ST,  FN1,  BAX,  BAD,  STAT3,  TNFRSF6B)  [24]. Although,  IRA  exposure induces similar biological effects to UV radiation (i.e., decreased  de novo synthesis of collagen and increased expression of the collagen-degrading enzyme MMP-1), it does so through different underlying molecular mechanisms, and in particular, disruption of the mitochondrial electron transport chain [25]. It remains to be determined if these specific molecular alterations can be translated into different morphologic changes  in vivo. However, evidence does suggests that current sun-protection strategies should be reconsidered, and steps to protect against IRA-induced photoaging, and perhaps photocarcinogenesis, are necessary [24, 25]. 

Both chronologic aging and photoaging result in cumulative changes in skin structure, function, and appearance [1–5]. The clinical signs of chronologically aged skin include pallor, smoothness, xerosis,  laxity,  loss  of  elasticity,  and  fine  wrinkles.  In  contrast,  photoaged  skin  appears  coarsely wrinkled with erythema, telangiectasias, roughness, pigmentary changes (including lentigines and guttate  hypomelanosis),  with  an  increased  incidence  of  benign,  premalignant  and  malignant keratinocytic  lesions,  such  as  seborrheic  keratosis,  actinic  keratosis,  basal  cell  carcinoma,  and squamous cell carcinoma. Microscopically, young skin demonstrates a well-organized and compact dermal extracellular matrix, whereas in aged skin, this becomes disorganized and loose, with an overall decrease  in  dermal  thickness  [26].  Both  chronologic  and  photoaged  skin  are  characterized  by reduced expression of collagen genes, with a marked decrease in collagen synthesis, and an increase in the ratio of collagen III to collagen I (largely due to loss of the latter) [26]. However, photoaging is distinguished by its variable epidermal thickness and a selective increase in the production of specific dermal matrix proteins, such as elastin [26]. Chronic sun-exposed skin can demonstrate either epidermal hypertrophy or atrophy, and shows variable superficial dermal accumulation of dystrophic, truncated, and thickened elastic fibers (termed “solar elastosis”) (Fig. 20.1). Dysregulation of genes encoding the structural proteins of elastic fibers (i.e., ↑ elastin and ↓ fibrillin), secondary to 
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Fig. 20.1  Solar elastosis. 

(a) Normal (sun-protected) 

and (b) photodamaged (sun-

exposed) skin stained with 

Verhoeff-Van Gieson. Solar 

elastosis is characterized by 

increased staining of short, 

thickened, and disorganized 

elastic fibers in the photo-

damaged dermis

UV exposure, may be the basis of the solar elastotic features seen [27]. Although the phenotypically evident changes in chronically sun-damaged skin are largely localized to the dermis, a recent  in vivo gene expression profiling study on full-thickness human skin samples suggested a major role for the epidermis in the pathobiology of these events [27]. In contrast with the microscopic characteristics of photoaging, chronologically aged skin shows epidermal thinning, flattening of rete ridges, and general atrophy of the dermal extracellular matrix with reduction of both collagen and elastic fibers. 

In  addition,  there  is  slowing  of  epidermal  turnover  with  decreased  keratinocyte  mitotic  activity. 

Unlike photoaging, elastin gene expression is reduced in the chronologic aging process [1]. While the clinical and histopathological features of chronologically aged and photoaged skin appear distinct,  recent  evidence  points  to  these  processes  having  some  common  characteristics,  including partially overlapping molecular pathogenic pathways [1–5]. 

Numerous  studies  continue  to  be  undertaken  in  an  effort  to  elucidate  the  pathobiological mechanisms  of  both  aging  processes.  Many  investigations  have  employed  human  keratinocyte primary/organ  cultures,  dermal  fibroblast  cultures,  and/or  animal  models  [1,  28,  29].  However, conventional cell cultures do not accurately reproduce physiological conditions, and skin explants may  show  marked  inter-individual  variability  [23].  In  a  number  of  instances,  studies  have  been accomplished on skin biopsy specimens, taken from different cutaneous sites of individuals from different age groups [13, 26, 30–32]. However, prospective studies on long-term, and indeed single or short-term, experimental exposure to UV radiation in humans are difficult to design, due to both ethical  concerns  and  the  logistics  of  acquiring  data  over  the  lifespan  of  study  subjects.  Recent reports  confirm  the  biological  relevance  of   in  vitro  human  skin  equivalent  cultures  for  use  in 
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studies on the aging  process and potential treatment/prevention strategies [23, 29, 33, 34]. With this model, the effects of environmental insults (i.e., UV, IRA, and chemicals) and potential therapeutic intervention on human skin can be investigated at both cellular and molecular levels. Human skin equivalent cultures are designed to reproduce key structural and functional features of natural skin and closely mimic  in vivo events. In this regard, they can possess a multilayered structure, comprised of a stratified and differentiated layer of epidermis containing keratinocytes and melanocytes, alone or in combination with a subjacent basement membrane zone and fibroblast-rich dermal matrix [33]. A stratum corneum forms at the air–liquid interface allowing for the application of topical compounds [33]. Technologies used in these studies have included light and electron microscopy, flow cytometry, immunohistochemistry, immunoblotting, and enzyme-linked immunosorbent assays [28, 29, 35, 36]. In particular, the employment of nucleic acid-based methodologies, such as cDNA/oligonucleotide microarrays, reverse transcription-polymerase chain reaction (RT-PCR), and serial analysis of gene expression (SAGE), are now broadening our understanding of the molecular pathways associated with skin aging [13, 26, 29–42]. This has been facilitated by rapid advances in genomic technologies and bioinformatics. Results from these investigations are uncovering biomarkers of the skin aging process and revealing novel targets for antiaging drug development. In addition, some of these findings could be employed in preventive strategies for photoinduced cutaneous malignancies. 

Comparative investigations of global gene expression in skin biopsies from young (2–28 years old)   vs.   older  (60–80  years  old)  subjects  have  been  accomplished,  using  tissue  from:  (a)  sun-protected sites (i.e., buttock, breast, foreskin, and upper inner arm), in order to study chronologic aging; and  (b)  sun-exposed  sites  (i.e.,  forearm),  in  order  to  study  the  combination  of  photoaging  and chronologic aging effects [13, 26, 30–32]. Holtkötter et al. [26] demonstrated several hundred differentially  expressed  genes  as  a  function  of  chronologic  skin  aging,  by  analyzing  sun-protected breast  skin  from  young   vs.   older  individuals.  Aged  skin  showed  upregulation  of  APP,  PAP2-B, DSC1,  and  KIF5B;  downregulation  of  SUN2,  IGFBP4,  FOS,  IKBA,  and  HSPC254;  and,  as expected, reduced expression of collagen gene transcripts [26]. Many of these genes had not been previously  reported  to  be  associated  with  skin  aging  processes.  Lener  et  al.  [31]  identified  43 

downregulated transcripts and 62 upregulated transcripts in older (68–72 years old) foreskin samples compared with young (2–3 years old) foreskin samples. Their results suggested that the chronologic aging process in human skin is associated with the dysregulation of various cellular processes, such as  DNA  binding,  transcriptional  activation/repression,  cell  cycle  control,  cytoskeletal  changes, inflammatory response, signal transduction, and metabolism [31]. Other studies have compared the transcriptome of chronologically aged and photoaged skin [13, 30, 32]. While both processes show similar gene expression profiles, aberrations are generally more exaggerated with photoaging [13]. 

Both  aging  processes  show  reduced  expression  of  genes  associated  with  stratum  corneum  lipid biosynthesis/metabolism  and  epidermal  differentiation  (keratins  and  cornified  envelope  components)  [13, 30].  Downregulated  genes  include  those  related  to  epidermal  cholesterol  synthesis (HMGCS1, HMGCR, MVK, PMVK, MVD, IDI1, FDPS, FDFT1, SQLE, CYP51A1, SC4MOL, 

NSDHL, and DHCR7), major cellular cholesterol influx pathway (LDLR and SCARB1), fatty acid synthesis  (PKM2,  CS,  ACLY,  ACACA,  and  FASN),  fatty  acid  uptake  (SLC27A2  and  ACSL1), sphingolipid biosynthesis and processing (SPTLC2, LASS, DEGS, UGCG, and COL4A3BP), and lamellar  body  secretion  (ABHD5)  [30]. Of  note,  the  major  cellular  cholesterol  efflux  pathway (ABCA1) is found to be upregulated in aged skin [30]. The reduced capacity of aged skin to both maintain epidermal barrier function and recover from barrier damage could be due to dysregulation in these fundamental pathways [13, 30]. Both chronologic aging and photoaging demonstrate similar gene  ontology  themes,  including  immune  and  inflammatory  response,  extracellular  matrix,  and peptidase activity, but with photoaging showing more exaggerated changes in these common effects 

[13]. In addition, Lee et al. [32] have reported that S100A8 (a calcium-binding protein associated with  keratinocyte  differentiation,  inflammation,  and  wound  healing)  is  induced  by  acute  UV 
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Fig.  20.2   In  vivo  pattern  of  S100A8  expression  as  a  function  of  ultraviolet  ( UV)  irradiation.  The  figures  show S100A8-immunoreactivity in control human skin ( CHS) and buttock skin from young subjects at 24, 48, and 72 h post-UV irradiation. UV irradiation increases the level of S100A8 expression both in the epidermis and dermis of human  skin  (Courtesy  of  Dr.  Jin  Ho  Chung,  Department  of  Dermatology,  Seoul  National  University  College  of Medicine and Laboratory of Cutaneous Aging Research, Seoul National University Hospital, Seoul, Korea) exposure, as well as being upregulated in chronologically aged and photoaged skin compared with young  skin  (Fig. 20.2).  S100A8  may  have  important  novel  roles  in  skin  aging  and  its  functions could be potentially modulated by targeted therapeutic intervention during the aging process. Of note, transcriptome changes that are specific to one form of aging are also found [13]. For instance, increased elastin gene expression is unique to photoaged skin, consistent with the microscopically evident solar elastotic changes commonly seen at chronically sun-exposed sites [13]. 

In another study, Aoki et al. [37] used oligonucleotide microarray technology to investigate the transcriptome of solar lentigo, a cutaneous manifestation of chronic sun-exposure, which demonstrates basilar  epidermal  melanin  hyperpigmentation  on  light  microscopy.  Solar  lentigo  showed  increased expression of genes associated with inflammation, fatty acid metabolism, and melanocyte regulation, and reduced expression of cornified envelope-related genes [37]. Results were correlated with in situ hybridization  and  immunohistochemical  studies,  which  demonstrated  decreased  proliferation  and differentiation of lesional keratinocytes on a background of chronic inflammation [37]. 

A number of different modalities, alone or in combination, are used in the prevention and treatment  of  skin  aging,  particularly  photoinduced  changes  [3–5, 29,  33–36,  38–43]. These  include sunscreens, fillers, botulinum toxin, microdermabrasion, and photodynamic therapy/laser resurfacing, in  addition  to  topical  fluorouracil,  antioxidants,  retinoids,  synthetic  peptides,  and   N-acetyl  glucosamine (NAG). Many of these therapeutic strategies have been shown to improve the signs of skin aging, including reducing the appearance of fine lines, wrinkles, and hyperpigmented spots, and increasing skin hydration and exfoliation. 

Recent studies have evaluated the effects of a number of these therapeutic modalities on the transcriptomic profiles of human skin equivalent cultures, human skin explants, and human skin 
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samples  [29,  33–36,  38–42].  These  investigations  were  designed  to  identify  changes  in  skin biomarker expression that are therapy-induced and likely linked to their antiaging benefits. Mullins et al. [29] demonstrated that human skin equivalent cultures treated with the peptide palmitoyl-lysine-threonine  (pal-KT)  showed  increased  expression  of  basement  membrane  (collagen  IV, laminins I and IV), dermal matrix (collagens I, III, and VI, elastin, fibronectin, CD44, and vimen-tin), and epidermal differentiation (CK1 and CK10) molecules. Bissett et al. [34] found that topical NAG therapy of human skin equivalent cultures led to dose-dependent decreases in melanin production, in addition to altered expression (upregulation and downregulation) of genes associated with sugar metabolism, antioxidant enzymes, cell growth/division, epidermal differentiation, and skin pigmentation (i.e., melanin synthesis, melanosome transport). Many of these changes occurred at early time points during treatment [34]. In another study, the treatment of  in vitro skin cultures with agents  which  promote  skin  barrier  function  (i.e.,  hexamidine  and  niacinamide)  induced  an  upregulation of stratum corneum lipid pathways [33]. Finally, an  ex vivo study, employing human skin explants, found that topical retinol application resulted in increased expression of CRABP2 

and HBEGF (genes relevant for retinoid-like activity), that was associated with increased keratinocyte proliferation and epidermal thickness [38]. These studies have provided important information concerning  in vitro genomic changes associated with drug-induced cellular effects, such as reduced melanin content and epidermal thickening.  In vivo genomic, proteomic, and/or biochemical analyses will be required to determine if these changes in gene expression play a direct role in the phenotypic effects of these drugs in the clinical setting and, therefore, support their use as topical antiaging products. 

The  in vivo molecular effects of a number of other antiaging strategies have been investigated. 

Karimipour et al. [35, 36] used quantitative real-time PCR and other technologies to determine the molecular effects of different microdermabrasion procedures on both photoaged and sun-protected skin. Aluminum oxide microdermabrasion was found to activate a dermal remodeling cascade, with upregulation of cytokines (IL-1b and TNF-a), transcription factors (AP-1/c-jun and NF-kB), and matrix  metalloproteinases  (MMP-1,  MMP-3  and  MMP-9)  [35]. However,  there  was  minimal epidermal injury, and new collagen synthesis was identified in only a minority of subjects (associated with ↑ procollagen I mRNA) or did not occur at all [35]. In a second study, Karimipour et al. 

[36] noted that use of more aggressive, but still nonablative, coarse-grit microdermabrasion led to epidermal injury (↑ CK16) and dermal remodeling, associated with collagen biosynthetic pathway induction  (↑  procollagens  I  and  III,  ↑  HSP47,  ↑  prolyl  4-hydroxylase),  in  addition  to  predicted cytokine, transcription factor, and matrix metalloproteinase upregulation (Fig. 20.3). Sachs et al. 

[39] determined that topical fluorouracil treatment for photodamaged skin (and actinic keratoses) also  increased  the  gene  expression  of  the  effectors  of  epidermal  injury  (CK16),  inflammation (IL-1b),  extracellular  matrix  degradation  (MMP-1  and  MMP-3),  and  procollagens  I  and  III. 

Photodynamic therapy/laser therapy for photoaging has also been reported to be associated with an upregulation of procollagen I and III transcripts  in vivo, in addition to other cellular and molecular alterations [40–42]. Therefore, these therapeutic modalities induce common changes in photodamaged skin that are consistent with a wound-healing response. Importantly, treatments which induce some  degree  of  epidermal  injury  lead  to  molecular  alterations  that  are  associated  with  clinical improvement in the signs of skin aging. 

In conclusion, it is envisioned that future studies, employing genomics-based technologies and other methodologies, and utilizing both  in vitro and  in vivo models, will continue to drive the development of treatments for skin aging. Many of the current therapeutic modalities have been used empirically.  Ongoing  investigations  will  likely  uncover  novel  therapeutic  targets,  facilitating  the development of more directed therapy, with the potential of personalized medicine for individual patients. Controlled clinical studies will be required to determine whether the molecular alterations that are obtained with many current and future treatments translate into improvements in the clinical appearance of the signs of skin aging. 
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Fig. 20.3  Molecular analysis of aggressive microdermabrasion in photoaged skin. Coarse-grit microdermabrasion induces (a) CK16 mRNA and (b) CK16 protein expression in human skin  in vivo. Abbreviations: h, hours; d, days (From Karimipour et al. [36]. Reprinted with permission from the American Medical Association, Copyright 

© 2009)
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Chapter 21

Pharmacogenetics and Pharmacogenomics I: Linking 

Diagnostic Classification to Therapeutic Decisions

Michael J. Murphy, Carlo Pincelli, Diane M. Hoss, and Riccardo G. Borroni 

Innovations  in  medical  therapy  have  been  associated  with  increasing  life  expectancy,  improved quality of life, and with a decreasing need for hospitalizations and surgery. However, these benefits are not achieved without significant drawbacks. Medications are not completely safe and effective for everyone. Spear et al. [1] analyzed the efficacy of major drugs used to treat several important diseases. The heterogeneity of therapeutic responses was evident, ranging from a low of 25% (for cancer chemotherapeutics) to a high of 80% (for COX-2 inhibitors), with response rates for most drugs falling in the range of 50–75% [1]. Adverse drug reactions (ADRs) represent another important problem, leading to ~6% of hospitalizations (>2 million per year) and annual health care costs estimated at $1.5–$4 billion in the United States [2–4]. ADRs are now the fourth leading cause of mortality in the United States, resulting in >100,000 deaths per year [2–4]. Drug efficacy and toxicity are affected by a number of factors, including patient age, sex, hepatic and renal function, drug–

drug  interactions,  diet,  lifestyle,  and  comorbidities.  Many  drugs  also  have  narrow  therapeutic indices (i.e., the therapeutic dose is close to the toxic dose). In addition, DNA sequence variations are known to play a major role in the inter-individual variability of drug response and ADRs [1]. 

Pharmacogenomic  testing  could  facilitate  a  more  targeted  approach  to  treatment,  by  predicting which patients are more likely to respond to a drug, as well as those at increased risk for developing an ADR [1]. The tailoring of drug therapy to the individual patient (“personalized medicine”) is an exciting possibility for clinicians. 

The completion of the Human Genome Project has facilitated the study of naturally occurring sequence variations, or DNA polymorphisms. About 90% of these are single nucleotide polymorphisms (SNPs), or changes in genomic sequences (alleles) at single base pairs (bp), that exist in normal individuals at a frequency of 1% or greater. With a total of 3.12 billion nucleotides and an SNP frequency at 1 in 1,250 between two unrelated individuals, it is estimated that any two patients should differ by about three million bp – or 0.1% of the total genome. During the last 10 years, more than ten million SNPs have been identified [5]. The International HapMap project has genotyped approximately four million common SNPs in a genome-wide map of SNP-tagged haplotypes [6]. 

Although the majority of SNPs are present in intergenic or perigenic regions, about 30,000–100,000 
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occur  in  the  coding  or  regulatory  regions  of  genes,  and  can  change  protein  expression  and/or function, possibly affecting drug responses. Other less common polymorphisms that can influence the therapeutic effect of drugs include: (a) haplotypes, which are a set of coinherited closely linked genetic  markers  (alleles  or  a  set  of  SNPs)  on  an  individual  chromosome;  (b)  variable  number tandem repeats (VNTRs) or minisatellites (repeats of sequences >5 bp in length); (c) short tandem repeat polymorphisms (STRPs) or microsatellites (repeats of sequences 1–5 bp in length); and (d) copy number variations (CNVs), representing differences in the number of copies of a particular sequence present in an individual’s genome, as a result of insertions, duplications, or deletions [7,  

8]. In the study of cancer chemotherapeutic agents, it is important to also consider somatic mutations within tumor cells, including loss of heterozygosity and aneuploidy [7]. In addition to roles played by polymorphisms in disease susceptibility genes and DNA repair enzymes, sequence variations in genes encoding drug-metabolizing enzymes, drug transporters, drug receptors, drug target molecules,  and  downstream  signaling  pathway  molecules  can  affect  drug  pharmacokinetic  and pharmacodynamic  parameters,  thereby  influencing  the  efficacy  and  toxicity  of  a  number  of medications [8–10]. 

The disciplines of pharmacogenetics (single-gene focus) and pharmacogenomics (whole-genome focus)  seek  to  understand  differences  in  drug  response  as  a  function  of  gene  variability. 

Pharmacogenetics, a term coined more than 50 years ago, describes the study of genetic factors that influence the response to drugs, including efficacy and toxicity [7, 10]. Typically, pharmacogenetic studies  have  focused  on  one  single  gene  (or  a  few  genes)  at  a  time.  With  the  completion  of  the Human  Genome  Project,  and  advances  in  high-throughput  DNA  sequencing,  SNP  mapping,  and bioinformatics, we have seen a transition from pharmacogenetic to pharmacogenomic investigations 

[7]. Pharmacogenomic strategies employ genomic and proteomic technologies to study the influence  of  genetic  variations  on  drug  response  parameters  at  a  whole-genome  level.  The  goal  is  to achieve a correlation between gene expression patterns and drug efficacy and toxicity. The terms pharmacogenetics and pharmacogenomics are often used interchangeably. However, according to the International Conference on Harmonization (ICH) – Guidance for Industry: E15 Definitions for Genomic Biomarkers, Pharmacogenomics, Pharmacogenetics, Genomic Data, and Sample Coding Categories [11]: pharmacogenomics is defined as “the study of variations of DNA and RNA characteristics as related to drug response,” while pharmacogenetics is a subset of pharmacogenomics and is defined as “the study of variations in DNA sequence as related to drug response. ” 

Many current treatment modalities, including those used in dermatology, have been developed empirically and show relatively nonspecific and narrow therapeutic indices. The goal of pharmacogenomics is the personalization of therapy based on an individual’s genotype, including the selection  of  appropriate  medication(s)  for  the  patient’s  genetic  make-up,  the  optimization  of  drug efficacy, and the minimization of the risk for ADRs. In addition, pharmacogenomic investigations can facilitate drug discovery and development by identifying novel therapeutic targets. A broader goal of this discipline is the reduction of healthcare costs. A recent review by Huang and Ratain [7] 

proposed five stages of pharmacogenomics research, which included: (a) determining the role of genetics  in  drug  response;  (b)  screening  and  identifying  genetic  markers;  (c)  validating  genetic markers; (d) clinical utility assessment; and (e) pharmacoeconomic impact. In general, two strategies have been used to evaluate how genetic changes are associated with variations in drug response and  toxicity:  candidate  gene  and  genome-wide  [7].  Candidate  gene  approaches  are  generally hypothesis-driven, and focus on one or more candidate genes or pathways, chosen based on evidence that the gene product is involved in variations in pharmacokinetics or pharmacodynamics. In contrast, a genome-wide strategy is hypothesis-generating and employed when little information is available concerning gene-drug effects [7]. 

As  is  evident  from  the  other  chapters  in  this  book,  dermatology  is  rapidly  integrating  “new” 

information from recent molecular discoveries with the “classical” clinical and histopathological features of a large number of skin conditions. However, direct patient benefit has yet to be realized 
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in many instances. A pharmacogenomic approach to the investigation of skin diseases allows for the translation of findings from bench-to-bedside and aids in the therapeutic decision-making process for each individual patient [12]. In addition, pharmacogenomic awareness among dermatologists will facilitate the development of safer and more effective drugs for patients with skin disorders. 

This  chapter  summarizes  current  pharmacogenomic  data  relevant  to  a  number  of  major  skin diseases, including psoriasis, melanoma, and non-melanoma skin cancers. Germline genetic effects on disease phenotype and drug sensitivity, and the identification of biomarkers of drug response from gene expression profiling studies, are discussed. In addition, potential areas for dermatologic translational research are explored. It is important to consider that much of the pharmacogenomic data  pertaining  to  medications  used  in  dermatology  have  not  been  derived  from  their  study  in patients with skin diseases. For example, both corticosteroids and 5-fluorouracil (5-FU) have long been used as therapeutic agents for a number of skin diseases, but their specific molecular effects in this setting are largely unknown [7, 9, 13–15]. In many instances, pharmacogenomic data have been obtained from the study of these and other drugs in patients with systemic disease states or from  in vitro models [7, 9, 10, 13–15]. 

Psoriasis

Psoriasis is a chronic inflammatory skin disease that affects up to 2.5% of Caucasian populations 

[16–18]. The clinical presentation is heterogeneous, and includes psoriasis vulgaris (chronic plaque psoriasis),  guttate  psoriasis,  pustular  psoriasis  (both  generalized  and  palmoplantar  variants),  and erythrodermic psoriasis. In addition to skin disease, nail changes and arthropathy are commonly present [16–18]. Psoriasis is a multifactorial disease with a complex pathogenesis, involving polygenic predisposition and environmental triggering factors, such as infection, trauma, and drugs [16–18]. 

A genetic basis for this disease is supported by the fact that a concordance rate of 63–73% is seen in monozygotic twins, as compared to 17–20% for dizygotic twins. The HLA-Cw*0602 allele of HLA-Cw6 is the main genetic determinant of psoriasis. This gene, present on chromosome 6p21, has  been  designated  “psoriasis  susceptibility  1”  (PSORS1),  and  accounts  for  ~35%  of  psoriasis genetic risk [16–18]. However, due to high linkage disequilibrium in this region, other candidate genes at PSORS1 may also be involved. From the results of genome-wide linkage scans, several additional disease susceptibility loci, PSORS2-PSORS9, have also been proposed [16–18], but the strength of their association with psoriasis susceptibility is variable. A recent study by Elder et al. 

[17]  reported  an  association  between  psoriasis  and  seven  genetic  loci:  HLA-C,  IL-12B,  IL-23R, IL-23A, IL-4/IL-13, TNFAIP3, and TNIP1. Most candidate genes at susceptibility loci still await confirmation in large, independent association studies on homogeneous populations. Their biological functions also have to be validated in order to be considered relevant to the pathogenesis of this disease. 

The presence of the HLA-Cw*0602 allele typically correlates with early onset (<40 years old) and more severe psoriasis, in addition to a positive family history [10]. PSORS1 appears to be associated with psoriasis vulgaris and even more strongly with the guttate variant, but not with palmoplantar  pustulosis,  suggesting  similarities  between  psoriasis  vulgaris  and  guttate  psoriasis,  and important differences between these variants and the pustular subtype [19]. The different carriage rates of TNF -238*A and TNF -308*A between psoriasis vulgaris and palmoplantar pustulosis also support  the  genetic  distinction  between  these  disease  variants  [20].  Table  21.1  provides  a  list  of reported  polymorphisms  that  are  associated  with  distinct  clinical  features  in  patients  with psoriasis. 

A wide variety of therapeutic modalities are available for the treatment of psoriasis (Tables 21.2–21.4). 

These include: (a) topical agents, such as corticosteroids, vitamin D analogs (i.e., calcipotriol, tacalcitol), 

Table 21.1  Reported polymorphisms that are associated with distinct clinical features in patients with psoriasis Allele

Phenotype

Reference

HLA-Cw*0602

Early onset of disease

[111]

More frequent guttate and eruptive psoriasis

More frequent exacerbations with throat infections

Higher incidence of the Koebner’s phenomenon

More extensive disease

Less frequent dystrophic nail changes

More frequent remissions during pregnancy

TNFA -238*A(G→A)

Early onset of disease

[20, 112]

Associated with psoriasis vulgaris variant

TNFA -308*A(G→A)

? Protective effect

[20]

Associated with less severe skin disease

? Marker of more severe joint involvement

ACC haplotype (-1082/-819/-592)  

Lower PASI score and limited extent  

[113]

of IL-10 promoter region

of disease

ATA haplotype (-1082/-819/-592)  

Persistent eruptions

[112]

of IL-10 promoter region

IL-10.G13 microsatellite allele

? Associated with familial early onset  

[114]

psoriasis

IL-10.G9 microsatellite allele

Protective effect for familial psoriasis

[113]

-1082 heterozygous (G/A) genotype  

Late onset in Caucasians

[115]

of IL-10 promoter region

IL-1B-511*1 (-511*C) homozygous genotype

Late onset in Caucasians

[111]

-2763A allele of IL-10 promoter region and

Late onset in a Thai population

[116]

AAGC haplotype (-3575⁄-2763⁄-1082⁄-592)  

of IL-10 promoter region

VEGF +405CC genotype and C allele

Severe psoriasis (PASI ³ 12)

[117]

Early onset of disease

VEGF −460TT (C>T) genotype

Early onset of disease

[118]

IL-23R, IL-23A, IL-12B, IL-13, IL-15

Some variants associated with disease  

[119–124]

development

Other variants confer protection

 PASI Psoriasis Area and Severity Index

Table 21.2  Response to 

Responding 

treatment modalities in psori-

Drug

patients (%)

asis. Percentage of patients 

Goeckerman and RePUVA

100

achieving PASI 75 reduction 

at approximately 12 weeks 

Calcipotriene plus PUVA

87

with current therapeutic 

Cyclosporine

78.2–80.3

approaches (Adapted from 

Infliximab

80

Leon et al. [22])

Adalimumab 40 mg every other week

53

Adalimumab 40 mg/week

80

PUVA

63

Methotrexate

60

NB-UVB

55

Acitretin

52

Etanercept 50 mg twice weekly

49

Etanercept 25 mg twice weekly

34

Efalizumab

31.4

Alefacept

21

 PASI  75  75%  or  greater  reduction  in  Psoriasis  Area  and 

Severity  Index  score  from  baseline,  PUVA  psoralen  plus 

ultraviolet  A,  RePUVA  retinoid  plus  PUVA,  NB-UVB 

narrow band-ultraviolet B
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Table  21.3  Associations  between  genetic  polymorphisms  and  drug  response  in  patients  with  psoriasis  (Adapted from data by Ryan et al. [10], except where indicated)

Drug

Polymorphism

Association

Reference

Methotrexate

SNP rs35592 (intron 9, ABCC1)  

Drug efficacy

[10]

and SNP rs6532049  

(intron 1, ABCG2)

Five SNPs in ABCC1

Drug toxicity

[10]

SNP in SLC19A1

Drug toxicity

[10]

TYMS alleles (2R  vs. 3R), 

Unclear; possible variable drug  

[10]

and G>C SNPs

sensitivity

Cyclosporinea

SNPs in CYP3A4, CYP3A5, 

Conflicting reports regarding drug 

[10]

and ABCB1; Presence  

pharmacokinetics, toxicity, 

of HLA-DR1 allele

and side effects

Acitretin

VEGF -460TT (C>T) genotype

Drug response

[10, 118]

APOE e4 allele (+3937C/+4075C)

No association with drug response

[10]

TNF-a inhibitorsa

Promoter region of TNF  

Conflicting reports; no polymorphism  

[10]

at -238, -308, and -857

definitively associated with drug  

response

Promoter region of TNF -1031T>C

Response to adalimumab (subjectively 

[10]

determined)

HLA-Cw*0602

Conflicting or nonsignificant data  

[10]

with regard to drug response

*0404 and *0101 haplotype  

Drug response

[125]

of HLA-DRB1 (shared epitope)

IL-10 1087 GG haplotype

Drug response

[126]

IL-1RN (two repeats of A-allele in  

Drug response

[126]

intron 2) and TGFB1 (rare C-allele  

in codon 25) haplotype

IL-10 promoter microsatellites  

Drug response

[127]

R3, G13, R2-G13, and R3-G9

FcGR IIIa -158 VV

Drug response

[128]

TNFR-1 +36 G-allele

Drug response

[129]

LTa 1–1-1–1 haplotype

Drug response

[130]

IBD 5 (5q31) TT

Drug response

[131]

Topical vitamin D  A, F, and T alleles of -1012A>G, 

Conflicting results with regard  

[10]

analogs

Fok1, and Taq1VDR, respectively

to drug response

Possible polymorphisms of VDR

Clinical response correlated with  

[10]

increased VDR transcripts in skin  

lesions; nonresponders showed no  

increase in VDR levels

Coal tar

GSTM1-null allele

Possible risk of higher  

[10]

mutagen exposure

IL-12/23p40 

IL-23R, IL-23A, and IL-12B

Effects on drug response are currently 

[10]

therapies

unknown

a Most data pertaining to the associations between genetic polymorphisms and drug response come from other  disease states and conditions (i.e., rheumatoid arthritis, Crohn’s disease, and organ transplant recipients) retinoids (tazarotene), coal tar, and dithranol; (b) phototherapies [i.e., PUVA (psoralen plus ultraviolet A) and NB-UVB (narrow band-ultraviolet B)]; and (c) different classes of systemic agents, including methotrexate, cyclosporine and rhIL-11 (inhibitors of NF-kB and calcineurin/p38 pathways), pimecrolimus (selective inflammatory cytokine release inhibitor), acitretin (vitamin A derivative/retinoid), IL-10, alefacept (CD2 signaling inhibitor), and TNF-a inhibitors (i.e., infliximab, etanercept, adalimumab)  [10]. While  many  of  the  older  therapeutic  modalities  were  developed  empirically, biologics are specifically designed to target key molecules and mechanisms that are involved in the 
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Reference

[132]

[133]

[23]

[24]

[134]

[25]

[135]
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pathogenesis of psoriasis. In addition, the recent identification of the IL-23/Th17 axis as a major player in the pathobiology of psoriasis has provided a basis for novel therapeutic  strategies in this disease. Anti-IL-12/23p40 monoclonal antibodies (i.e., ustekinumab and ABT-874), which target the p40 common subunit of both IL-23 and IL-12, are now proving to be beneficial in the treatment of patients with psoriasis [21]. Despite advances in our understanding of disease pathogenesis and the availability of newer biologic agents, a significant proportion of patients with psoriasis still do not respond to treatment (Table 21.2). Many drugs are also associated with significant costs and/

or toxicities, including side effects related to immunosuppression [10, 22]. Pharmacogenetic and pharmacogenomic  markers  of  treatment  response  could  be  employed  to   individualize  care  for patients with psoriasis. In this regard, the evaluation of SNPs in drug-metabolizing enzymes, drug transporters, cytokines, and disease susceptibility genes can help determine patient response and risk of toxicity associated with psoriasis treatments (Table 21.3) [10]. Pharmacogenomic approaches, employing whole-genome applications such as cDNA microarray technology, supplemented by quantitative real-time polymerase chain reaction (PCR) in some instances, have been used to investigate global transcript expression associated with responses to currently available treatments, and to distinguish those patients who are likely to respond to a particular therapeutic modality from those who may not (Table 21.4 and Fig. 21.1). In addition, an individual patient’s response to a specific treatment Fig.  21.1  Centroid  expression  of  23  psoriasis-related  genes  in  a  genomic  classifier  for  nonresponders  (red)  and responders  (blue)  to  Alefacept.  Lines  to  the   left  indicate  relative  increased  levels  of  expression;  lines  to  the   right indicate relative decreased levels of expression. For example, CREM and MAFF are completely opposite in their expression  in  these  two  groups  (down  in  nonresponders,  up  in  responders)  (Reprinted  from  Suárez-Fariñas  et  al. 

[134], Open Access article)
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can change over time, and pharmacogenomic strategies may identify biomarkers of intra-individual drug  response  variability  [10].  Unfortunately,  pharmacogenetic/pharmacogenomic  data  for  a number of drugs used in psoriasis patients are currently unavailable (i.e., cyclosporine, methotrexate, acitretin, TNF-a inhibitors, and anti-IL-12/23p40 therapies). Much of the data pertaining  to  the  associations  between  genetic  polymorphisms  and  drug  efficacy  and  toxicity  come from other disease states and conditions (i.e., rheumatoid arthritis, Crohn’s  disease, and organ transplant recipients) [10]. In some instances, conflicting results have been reported (i.e., significance of baseline CD69 levels in alefacept responsive and nonresponsive patients with psoriasis)  [23,  24].  However,  some  very  interesting  data  have  also  been  published.  For  instance, drug-induced differences in transcript expression may be restricted to the first hours of therapy and  normalize  thereafter.  Therefore,  there  may  be  a  short  window  of  opportunity  in  which  to analyze particular genes in order to discriminate between responders and nonresponders to certain  drugs  (i.e.,  Foxp3  in  patients  treated  with  alefacept)  [23].  In  such  cases,  baseline  gene expression  could  be  used  to  identify   a  priori  those  patients  who  are  likely  to  benefit  from  a particular treatment. In other instances, transcript levels could be used to distinguish between responders and nonresponders throughout the course of therapy (i.e., TOAG-1 and RHAMM in patients treated with alefacept) [24]. In addition, changes in gene expression that precede clinical therapeutic response can also be uncovered [24, 25]. These findings may help identify genes that are intimately involved in disease progression, as opposed to those whose expression may simply  mirror  clinical  improvement  [25].  The  ability  to  “genomically”  identify  potential responders would allow for the relatively confident selection and institution of specific therapies.  As  a  corollary,  probable  nonresponders  could  be  spared  ineffective,  expensive,  and/or potentially toxic medications. Personalized medicine for patients with psoriasis represents the ability to select for appropriate and cost-effective therapy, and adjust dosage in order to maxi-mize  benefit  and  minimize  toxicity  [10].  With  the  increased  use  of  molecular  technologies, additional genetic factors associated with disease pathogenesis, phenotype, and/or progression will  be  determined,  and  novel  therapeutic  targets  will  be  uncovered.  Potential  targets  include CCR6, IL-22, MAPK, PPAR-g, selectin, and the JAK-STAT signaling pathway [16, 26]. Some of these concepts are discussed in Chap. 14. 

Melanoma

The  worldwide  incidence  of  melanoma  is  increasing  faster  than  that  of  any  other  cancer; although,  recent  evidence  suggests  that  this  rise  may  have  peaked  [27].  In  the  United  States, invasive  melanoma  is  the  sixth  most  common  cancer  in  men  and  the  seventh  in  women;  the lifetime probability of developing this tumor is 1 in 37 for males and 1 in 56 for females [28]. 

An  estimated  68,130  new  cases  of  cutaneous  melanoma  were  diagnosed  in  2010,  with  8,700 

estimated  deaths  from  this  disease  [28].  Approximately  84%  of  cutaneous  melanomas  are locally confined; 8% of patients are diagnosed after the tumor has spread regionally; and 4% are diagnosed with distant metastasis [28]. For the remaining 4% of patients, the staging information is unknown [28]. The 5-year survival rates for localized, regional, and distant disease are 98%, 62%, and 15%, respectively [28]. 

The alkylating agent dacarbazine (DTIC) is the only FDA-approved chemotherapeutic agent for  treatment  of  metastatic  melanoma;  although,  responses  are  infrequently  seen  (5–10%  of patients) and are generally short-lived [29]. Other chemotherapeutic agents, such as carmustine (BCNU), temozolomide, taxanes, and platinum-analogs, have equally poor efficacy in this setting 

[29]. In addition, there are two FDA-approved biological response modifiers for metastatic melanoma, interleukin-2 (IL-2) and interferon-a2b (IFN-a2b) [29]. Studies report that high-dose IL-2 
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results in durable responses in only 10–20% of stage IV melanoma patients, and is associated with severe, albeit short-lived, toxicities. IFN-a2b is an approved adjuvant immunotherapy for stage III melanoma, and while demonstrating a 10–20% improvement in relapse-free survival, no clear effect on melanoma-related mortality is seen [29–30]. A large set of genes are found to be differentially  regulated  in  IFN-sensitive  and  IFN-resistant  melanoma  cell  lines,  identifying  both sensitivity- and resistance-associated genomic signatures [31–35]. 

A  recent  study  explored  the  impact  of  cytokine  gene  polymorphisms  on  clinical  outcome  for stage  IV  melanoma  patients  treated  with  biochemotherapy  (cisplatin,  vinblastine,  and  DTIC; combined with IL-2 and IFN-a) [36]. The IFN-g +874 SNP was found to be significantly associated with treatment response, progression-free survival, and overall survival [36]. When three gene polymorphisms (IFN-g +874, IL-10-1082G>A, and ERCC1 codon 118) were combined, four distinct groups of patients with significantly different outcomes were identified [36]. Another study reported that a 32 bp deletion polymorphism in the chemokine receptor 5 gene (CCR5Delta32) was significantly associated with decreased survival in stage IV melanoma patients receiving immunotherapy (IFN, IL-2, or vaccination) [37]. Because current therapy for advanced melanoma utilizes cytotoxic agents and biological response modifiers that mediate tumor regression by different mechanisms, combined testing for multiple polymorphisms could certainly generate more accurate pharmacogenomic information than single SNP analysis. 

Significant progress has been made in our understanding of the cellular, molecular, and genetic basis  for  melanoma.  The  traditional  classification  of  melanoma  into  four  subtypes  (i.e.,  acral lentiginous,  superficial  spreading,  nodular,  and  lentigo  maligna),  which  is  based  on  clinical– 

histopathological features [38], is now being challenged by the results of molecular studies [39–43]. 

This integration of clinical, morphologic, and genomic data may help to characterize each individual melanoma and guide the selection of novel target-oriented drugs in clinical trials (Fig. 5.1 and Table 21.5). 

The  mitogen-activated  protein  kinase  (MAPK)  signaling  pathway  (RAS/RAF/MEK/ERK) has been found to be constitutively activated in up to 80–90% of melanomas [44, 45]. The two most common mechanisms for this activation are gain-of-function mutations in either NRAS 

(15–30%  of  melanomas)  or  BRAF  (50–70%  of  melanomas)  (Fig.  5.1).  Therefore,  drugs  that target  this  pathway  are  of  considerable  interest  (Table  21.5).  Since  the  discovery  of  BRAF 

mutations in this tumor, several targeted multikinase inhibitors which decrease BRAF activity  have  been  developed  [30, 46–51]. For example, the broad-spectrum multikinase inhibitor sorafenib  (BAY  43-9006)  targets  BRAF,  VEGF  receptor  (VEGFR)-2,  VEGFR-3,  platelet-derived growth factor receptor (PDGFR)-b, FMS-like tyrosine kinase 3, and KIT. Unfortunately, early clinical studies using sorafenib in melanoma patients, as a single agent or in combination with chemotherapy, demonstrated little benefit beyond disease stabilization [46–51]. Clinical trials are now ongoing with second-generation selective and nonselective RAF inhibitors, such as  PLX4032,  SB-590885/GSK2118436,  XL-281,  and  RAF-265  ([45–60]; www.clinicaltrials. 

gov). In recent Phase I and Phase II trials, XL-281 (ARAF, BRAF, and CRAF inhibitor) and PLX4032 (BRAFV600E inhibitor) were shown to have single-agent antitumor activity in patients with melanoma, with the achievement of objective responses (Table 21.5). These studies indicate the potential therapeutic value of single-agent therapy against a mutated oncogene in melanoma. However, not all patients respond to this treatment; and dose-limiting toxicities, primary and  secondary  drug  resistance,  and  the  development  of  therapy-related  cutaneous  squamous cell  carcinomas/keratoacanthomas  (in  up  to  30%  of  patients)  represent  issues  that  must  be addressed. While PLX4032 selectively inhibits downstream MEK/ERK signaling and cellular activation in BRAFV600E mutant cells, it paradoxically activates this signaling pathway in cells with wild-type BRAF. It therefore has the potential to induce carcinogenesis in cells lacking the BRAFV600E mutation. These findings emphasize the requirement for current and future clinical  studies  of  BRAF  inhibitors  to  select  for  patients  who  have  BRAF-mutant  melanomas. 
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Table 21.5  Published clinical studies in melanoma patients for targeted drugs either alone or in combination with immunotherapy/chemotherapy

Drug

Mechanism of action

Target molecule(s)

Study phase

Reference

BAY 43-9006 

Nonselective  

RAF kinases, VEGFR-2, 

II

[139]

(sorafenib)

multikinase  

VEGFR-3, PDGFR, 

I/II (with carboplatin/

[140]

inhibitor

p38MAPK, FLT3, 

paclitaxel)

KIT, FMS, RET

III (with carboplatin/

[141]

paclitaxel)

I (with dacarbazine)

[142]

II (with dacarbazine)

[143, 144]

II (with temozolomide)

[145]

I (with IFN-a2a)

[146]

II (with IFN-a2b)

[147, 148]

Oblimersen

Antisense 

Bcl-2

III (with dacarbazine)

[149]

oligonucleotide

CCI-779  

mTOR inhibitor

mTOR, PTEN/PI3K-AKT  II

[150]

(temsirolimus)

pathway

PS-341 (bortezomib)

Proteasome inhibitor

NF-kB

II

[151]

SU5416 (semaxanib)

Kinase inhibitor

VEGFR, FLK-1/KDR

II

[152, 153]

II (with thalidomide)

[154]

Imatinib mesylate

Tyrosine kinase  

KIT, PDGFR, BCR-ABL

II

[65–67]

inhibitor

PI-88

Enzyme inhibitor

Heparanase

II

[155]

AZD6244

Kinase inhibitor

MEK

I

[156]

PD-0325901

Kinase inhibitor

MEK

I/II

[157]

MDX-010  

Monoclonal antibody

CTLA-4

II

[75]

(ipilimumab)

II (with dacarbazine)

[75]

I/II (with IL-2)

[76]

II (with vaccine)

[77]

II (with vaccine)

[78]

III (+/− vaccine)

[79]

CP-675,206 

Monoclonal antibody

CTLA-4

I

[80, 81]

(tremelimumab, 

I/II

[82, 83]

formerly 

ticilimumab)

Bevacizumab

Monoclonal antibody

VEGF-A

II (with IFN-a2b)

[158]

17-AAG

HSP90 inhibitor

HSP90

I

[159]

CALGB 500104

Farnesylation  

RAS

I

[160]

transferase  

inhibition

XL-281

Kinase inhibitor

RAF kinases (ARAF, 

I

[161]

BRAF, CRAF)

PLX4032

Kinase inhibitor

BRAFV600E

I/II

[162]

A Phase II trial of PLX4032 in BRAFV600E melanoma patients is currently open in the United States  and  Australia,  and  a  worldwide  Phase  III  randomized  trial  comparing  PLX4032  with DTIC   chemotherapy  in  BRAFV600E  melanoma  patients  is  also  enrolling.  In  addition,  MEK, which is directly activated by BRAF, is another potential drug target in patients with melanoma (Table 21.5) [46–51]. 

Imatinib  mesylate,  a  tyrosine  kinase  inhibitor  of  BCR-ABL,  KIT,  and  PDGFR,  is  an  FDA-approved treatment for both chronic myelogenous leukemias (which harbor the BCR-ABL fusion 
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protein)  and  gastrointestinal  stromal  tumors  (GISTs;  which  harbor  oncogenic  KIT  and/or PDGFRA mutations) [52]. There is a strong association between specific activating mutations of KIT with clinical responses to imatinib in GISTs and mastocytosis [53–55]. In a study of 102 

primary melanomas, KIT mutations were identified in 17% of chronic sun-damaged cutaneous, 11% of acral, and 21% of mucosal melanomas, but not in any melanomas on skin without chronic sun damage; supporting a role for KIT as an oncogene in a subset of tumors [51, 56]. In addition, KIT gene amplification has been found to be present in 6% of chronic sun-damaged, 7% of acral, and 8% of mucosal melanomas [51, 56]. Similar rates of KIT alterations in acral and mucosal melanomas,  but  lower  rates  (~2%)  in  chronic  sun-damaged  cutaneous  tumors  are  reported  by other studies [51]. Point mutations in KIT result in constitutive activation of the c-KIT protein in melanoma cells, and the activation of downstream proliferative and pro survival signaling pathways [51]. At the protein level, immunohistochemical studies have shown c-KIT expression in 81%  of  mucosal  and  acral  melanomas  [57].  Interestingly,  cases  with  activating  mutations  are commonly  positive  for  c-KIT  protein  expression;  although,  this  is  not  uniformly  the  case. 

Furthermore, many tumors that do not have detectable gene mutation or amplification show high expression levels of c-KIT protein [57–59]. Inhibition of KIT signaling has been shown  in vitro to inhibit proliferation of cultured melanoma cells [60, 61]. In addition, several anecdotal case reports have noted remarkable responses to small molecule KIT inhibitors (imatinib, sorefenib, and dasatinib) in patients with widely metastatic melanoma [51, 62–64]. However, recent Phase II trials of imatinib reported that, among 63 patients with melanoma, only one clinical response was seen (in a patient with an acral tumor) [51, 65–67]. Importantly, these patients’ melanomas were  not  tested  for  the  presence  of  a  KIT  (or  PDGFRA)  mutation,  with  only  c-KIT  (and PDGFRA)  immunohistochemistry  being  performed.  C-KIT  receptor  protein  expression,  in  the absence of downstream signaling activity, has not been shown to be highly predictive of clinical response to imatinib [51, 57, 68, 69]. More specifically, KIT mutations, and not gene amplifications,  appear  to  be  associated  with  drug  response  in  melanoma  patients  [51].  These  findings clearly illustrate the importance of proper patient selection prior to imatinib treatment, including KIT  and  PDGFRA  gene  mutational  analysis.  In  this  regard,  a  number  of  multicenter  Phase  II clinical trials, using imatinib, in addition to sunitinib, nilotinib, and dasatanib, for the treatment of metastatic melanomas with KIT genomic aberrations (i.e., from acral, mucosal, and chronically sun-damaged sites) have been initiated. 

The molecular chaperone, heat-shock protein 90 (HSP90), regulates the folding and function of newly  synthesized  proteins,  including  the  kinases  –  BRAF,  CRAF,  CDK4,  and  CDK6  [70]. 

Inhibition of HSP90 by 17-allylamino, 17-demethoxygeldanamycin (17-AAG) results in the degradation  of  its  client  proteins  through  the  ubiquitin-dependent  proteasomal  pathway,  thereby facilitating the targeting of several pathways simultaneously. Melanoma patients have been found to respond to 17-AAG without significant toxicity (Table 21.5) [71, 72]. Interestingly, NRAS and BRAF mutations seem to influence the response to 17-AAG [72]. 

Many treatment-responsive patients ultimately relapse as a result of acquired resistance to selective kinase-targeted therapies. This may be due to a number of factors, including alternative activation of MAPK signaling (CRAF bypass signaling), other BRAF mutations or amplifications, mutations in RAS genes (HRAS, KRAS, or NRAS), mutations in MEK1, activation of alternative pathways that may drive proliferation and resistance to apoptosis (PI3K-AKT), or  upregulation  of  escape  pathways  (CMET,  KIT,  FGFR,  and  EGFR)  [29,  46–51,  73].  As  a result of the intrinsic redundancy in the multiple genetic pathways that are activated in melanoma, it is likely that the use of synergistic combinations of mutation-targeted agents will be required to achieve optimal outcomes and overcome potential drug resistance in patients with metastatic disease [29, 46–51, 73]. In addition to MAPK-related mechanisms, other possible therapeutic targets in melanoma include GNAQ, CDK4, ERBB4, and ETV1, as well as PI3K-AKT,  apoptosis,  DNA  repair,  angiogenesis,  ubiquitin-proteosome  and  epigenetic  pathways  
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[29, 46–51]. Clinical trials evaluating novel drugs directed against some of these targets are currently underway [29, 46–51]. 

Melanoma tumors can demonstrate spontaneous immune-mediated regression [29, 74–83]. In addition, tumor-specific cytotoxic T-cells and antibodies may be found in the peripheral blood of melanoma patients [29, 74–83]. Therefore, immunotherapy could be an effective treatment strategy for individuals with this disease [29, 74–83]. One approach is the enhancement of antimela-noma  immune  responses  through  the  optimization  of  T-cell  activation.  The  latter  involves interactions between the T-cell receptor (TCR), the costimulatory receptor CD28, and the ligands CD80 and CD86 [29, 74–83]. T-cell inhibition is mediated by the inhibitory receptor, cytotoxic T lymphocyte-associated antigen-4 (CTLA-4), a molecule that shares 30% structural homology with CD28, and is expressed by activated T-cells and T-regulatory cells (Tregs) [29]. CTLA-4 

binds  CD80/CD86  with  greater  affinity  than  CD28  does,  thereby  inhibiting  CD28-mediated T-cell activation and IL-2 production [29]. CTLA-4 is critical in maintaining immune tolerance to self-antigens, but may also limit host responses to tumor antigens and the efficacy of vaccine therapy. CTLA-4 blockade, either alone or in combination with melanoma-specific vaccines, has been explored as a potential strategy to treat advanced-stage melanoma (Table 21.5) [74–

83]. A recent Phase III clinical trial found that patients with advanced, previously treated melanoma who received ipilimumab (MDX-010, a monoclonal antibody targeting CTLA-4), with or without a gp100 peptide vaccine, showed improved overall survival compared with those who received  gp100  alone  [79].  Importantly,  this  clinical  trial  was  the  first  randomized  study  to show an improvement in overall survival in advanced melanoma, where few treatment options exist [79]. However, not all patients have responded well to CTLA-4 blockade, and some have developed severe autoimmune reactions. Of note, the presence of serum antibodies against the cancer-associated antigen, NY-ESO-1, has been found to be associated with efficacy of anti-CTLA-4 therapy. In addition, metastatic tumors at different sites in an individual patient can demonstrate distinct immunological signatures and local microenvironmental changes, possibly explaining the variable responses to immunotherapy seen in some patients. Variations in the CTLA-4  gene  could  also  influence  the  response  to  its  inhibition  in  patients  with  metastatic melanoma. In a recent study, three SNPs in this gene were found to be associated with responses to CTLA-4 blockade: proximal promoter SNPs, rs4553808 and rs11571327, and the nonsynonymous SNP rs231775 [74]. A haplotype analysis, that included seven SNPs, suggested that the  common  haplotype  TACCGGG  is  associated  with  no  response,  whereas  the  haplotype TGCCAGG does predict treatment response. Unfortunately, no specific haplotype or SNP predicts which patients will develop the severe autoimmune reactions triggered by CTLA-4 blockade therapy [74]. Other potential immunological approaches in melanoma patients include the use of Toll-like receptor antagonists (i.e., imiquimod) and a HLA-B7/b2-microglobulin gene transfer product [29]. 

In the future, molecular technologies could be used to determine pathway activation and indicate  which  combinations  of  drugs  would  be  most  effective  in  an  individual  melanoma patient. In this regard, the employment of laser capture-microdissection to isolate both melanoma  cells  and  “normal-appearing”  surrounding  tissue,  followed  by  nucleic  acid  extraction and amplification, would facilitate gene expression profiling and genotyping for both germline aberrations and somatic mutations (i.e., those acquired by melanoma cells) in routine surgical specimens. Disease outcome may depend on a combination of both the tumor genome and the inherited  germline  genome.  Determination  of  germline  DNA  alterations  could  be  used  to assess the host pharmacogenomic profile. This strategy could have important consequences for clinical trial design, with the incorporation of pharmacogenomics into inclusion (and exclusion) criteria. Previous studies of targeted drugs may have failed in part because of inadequate melanoma  characterization,  resulting  in  the  inclusion  of  few  to  no  potentially  treatment-responsive patients. 
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Non-Melanoma Skin Cancers

 Actinic Keratosis

Actinic keratoses (AKs), cutaneous precancerous lesions commonly found on the skin of middle-aged and elderly individuals at chronically sun-exposed sites, represent the second most common reason for visits to a dermatologist [84–87]. AKs show overlapping phenotypic  (histopathological) and genotypic (tumor suppressor gene and proto-oncogene) alterations with squamous cell carcinoma (SCC), and the risk of transformation to SCC, albeit small, correlates with the number of AKs present on an individual per year [84–87]. In a patient with multiple AKs, the risk of progression to SCC increases substantially over the patient’s lifetime; although, up to a quarter of AKs may spontaneously regress [87]. A variety of treatment modalities for AKs are available, including topical  5-FU,  imiquimod,  photodynamic  therapy,  cryosurgery,  curettage,  and  excision  [84–88]. 

Emerging  treatments  include  ingenol  mebutate  (PEP005)  and  COX-1/2  inhibitors  [87,  88].  The annual cost of AK management in the United States is estimated to be ~$1.2 billion [87]. 

5-FU is an antimetabolite chemotherapeutic agent which inhibits the synthesis of thymine, a building block of DNA [84]. It has been used topically for the treatment of AKs for more than 40 

years. However, its specific molecular effects in this setting are largely unknown, and much of the pharmacogenomic data for this drug have been obtained from studies of its systemic use in patients with non-cutaneous malignancies [7, 9]. Germline polymorphisms in a number of genes (CYP2A6, DPYD, TYMS, and MTHFR) have been found to influence the response to 5-FU 

[7,  9].  A  recent  study  by  Sachs  et  al. [84]  used  real-time  reverse  transcription  (RT)-PCR  and enzyme-linked  immunosorbent  assay  to  determine  the  molecular  changes  induced  by  topical 5-FU application in AKs and photodamaged skin. Treatment resulted in increased expression of genes associated with epidermal injury (KRT16), inflammation (IL-1b), extracellular matrix degradation (MMP-1 and MMP-3), and procollagens I and III, which were accompanied by improvements in the clinical signs of AKs and photoaging [84]. This study suggested that remodeling of the dermal matrix, which followed epidermal injury and an inflammatory phase of wound healing, is the mechanism for the improved clinical appearance of AKs and photodamaged skin seen with this drug [84]. 

Imiquimod, an immune response modifier with agonist effects against the Toll-like receptor-7, is approved for the treatment of AKs, in addition to superficial basal cell carcinoma (BCC), and warts (verrucae) [85, 86]. Recently, Torres et al. [86] investigated the mechanism of action of imiquimod, using oligonucleotide microarrays and real-time RT-PCR to determine differential gene expression in AKs before and after topical 5% imiquimod application. Treatment resulted in the upregulation of a wide variety of transcripts involved in both innate and adaptive immune responses, including chemokine, type 1 IFN-inducible and pattern-recognition receptor genes (Fig. 21.2) [86]. The effect of  topical  imiquimod  therapy  on  gene  expression  in  warts  and  BCC  has  also  been  investigated 

[89–91]. 

 Basal Cell Carcinoma (BCC)

BCC  is  the  most  common  malignant  neoplasm  of  the  skin,  accounting  for  up  to  80%  of  nonmelanoma skin cancers [92, 93]. Ultraviolet radiation exposure is the major risk determinant, but other  factors  include  skin  phototype,  immunosuppression,  and  genetic  susceptibility  (i.e.,  BCC  is increased in patients with xeroderma pigmentosum, albinism, and basal cell nevus syndrome [BCNS; also known as Gorlin syndrome]) [92, 93]. 

[image: Image 125]
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Fig. 21.2  Imiquimod treatment of actinic keratosis ( AK) increases expression of pattern-recognition receptors of the innate immune system, including  TLR1,  TLR3,  TLR6,  TLR7,  TLR8,  TLR9,  MyD88, and  IRF7. Figure illustrates basal TLR, IRF7, and MyD88 gene expression in skin biopsies as determined by real-time RT-PCR.  White bars represent pre-treatment AK,  black bars represent during imiquimod treatment (maximum response value from week 1, week 2, and week 4 treatment times), and  hatched bars represent 4-weeks post-treatment.  Asterisks indicate those genes  that  had  p-values  <0.05,  comparing  expression  in  pre-treatment  AK  samples  to  the  maximum  response expression in samples from subjects ( n = 13) during imiquimod treatment (Reprinted from Torres et al. [86], Open Access article)

Germline and most sporadic BCCs harbor mutations in components of the hedgehog (HH) signaling pathway (Fig. 7.1) [92, 93]. HH, a key regulator of cell growth and differentiation during development, controls epithelial and mesenchymal interactions in many tissues during embryogenesis. PTCH1 is inactivated (loss-of-function mutations) in ~90% of tumors [92, 93]. Without functional PTCH1, a downstream regulator SMO cannot be repressed, and the HH pathway is continuously activated. Up to 10% of BCCs carry gain-of-function mutations in the SMO gene [92, 93]. Constitutive HH pathway  signaling  is  known  to  promote  BCC  carcinogenesis  [92,  93]. Other  genomic  aberrations  in BCC have been identified in genes which regulate skin color (i.e., MC1R), members of the PI3K-AKT 



and Wnt pathways, DNA damage repair genes, FoxM1, and TP53 [93]. 

A wide variety of therapeutic modalites are available for the management of BCCs [12, 90–91]. 

Fortunately, BCCs are typically characterized by slow, local growth, and surgical excision is curative in most cases. Other invasive procedures include electro-desiccation and curettage, cryosurgery, and  Mohs  micrographic  surgery.  A  number  of  topically  applied  agents,  such  as  imiquimod  and 5-FU,  are  commonly  used  to  treat  the  superficial  subtype  of  this  tumor.  A  few  patients  show progression to locally advanced and unresectable [94, 95] or, even more rarely, metastatic disease 

[96]. Radiotherapy  and  chemotherapy,  alone  or  in  combination,  are  generally  administered  to patients in these instances. A greater understanding of the molecular pathogenesis of BCC is necessary in order to identify novel therapeutic and preventive strategies in patients with this tumor. 

Urosevic et al. [90] recently identified 1,305 genes that were differentially regulated in BCC as a function of topical imiquimod application. Treatment resulted in the upregulation of opioid growth factor receptor, cytokines, and IFN-a and IFN-g inducible genes, and downregulation of bcl-2 and transcripts involved in the HH signaling pathway [90]. Wuest et al. [91] used real-time PCR and immunohistochemistry  to  demonstrate  selective  transcriptional  and/or  protein  upregulation  of Notch pathway members (Notch1, Jagged1, and Delta1) in tumor cells of superficial BCC following treatment with imiquimod. 

5-FU is widely used in the treatment of superficial BCC. In addition to its effect as a pyrimidine analog, recent evidence suggests that 5-FU also downregulates target  molecules of the HH signaling pathway [93]. Pharmacogenomic studies with this drug have not been undertaken in BCC patients; 
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although, data are available from the use of 5-FU in patients with systemic malignancies [7, 9]. The outcome  of  5-FU-based  chemotherapy  is  influenced  by  a  number  of  germline  polymorphisms involving catabolic (CYP2A6 and DPYD) and target (TYMS and MTHFR) genes. 

The potential for chemopreventive and therapeutic approaches in BCC using other currently available and investigational drugs has been recently reviewed [92]. These include topical retinoids, nonsteroidal anti-inflammatory drugs (NSAIDs), DNA repair enhancers, and a-Difluorom-ethylornithine  (DMFO).  As  for  other  tumors,  many  of  the  treatment  strategies  for  BCC  have been developed empirically. However, increasing knowledge of the molecular pathways involved in the pathogenesis of BCC has facilitated the development of a number of potentially effective mechanism-based  therapies,  such  as  HH  pathway  antagonists  (anti-SMO),  vitamin  D3  (VDR 

transcriptional  signaling,  anti-SMO),  itraconazole  (anti-SMO),  non-SMO/HH  pathway  inhibitors (anti-GLI), and FoxM1 inhibitors [92]. A number of Phase I and Phase II clinical trials with some of these medications have been completed or are ongoing in patients with advanced BCC 

or BCNS [92]. While many of these drugs have been found to be effective in the prevention and/

or treatment of BCC, pharmacogenetic/pharmacogenomic data are relatively sparse. For example, COX-2 gene polymorphisms are believed to be associated with BCC risk [92]; however, the effect  of  these  polymorphisms  on  the  response  of  BCC  tumors  to  COX-2  inhibitors  (i.e., NSAIDs) is unknown. An interesting development in BCC-targeted therapy is the emergence of HH pathway-directed drugs. Small molecule inhibitors of HH signaling were first noted to suppress  proliferation  and  induce  apoptosis  of  tumor  cells  in  BCC  mouse  models  [97].  Topical cyclopamine (a naturally occurring SMO inhibitor) was reported to induce rapid regression of four BCCs in a single patient [98]. In a recent Phase I clinical trial, systemic GDC-0449 (a synthetic SMO antagonist) was found to have significant antitumor activity in patients with locally advanced or metastatic BCC [99]. The BCC tumors in this study were found to have elevated mRNA levels of GLI1 (HH target), as well as PTCH1 and SMO gene mutations [99]. GDC-0449 

has now entered Phase II testing in patients with advanced BCC and BCNS. However, resistance to GDC-0449 single-agent therapy can occur, secondary to acquired mutations in the SMO gene 

[100,  101].  The  simultaneous  use  of  multiple  pathway  antagonists  (i.e.,  HH  and  non-HH)  in individuals  with  BCC  may  be  required  for  optimal  benefit.  In  addition,  regressed  BCCs  may contain a small population of residual viable cells, some of which could lead to the regrowth of tumors secondary to HH pathway reactivation on drug withdrawal [102]. Therefore, HH signaling should be evaluated in BCCs before and during drug treatment, microscopic review of all clinically regressed tumors should be undertaken, and all patients must be carefully followed on cessation of drug therapy. 

Current Issues and Future Perspectives

While pharmacogenomics is important for drug development, its application in drug approval and release is currently under discussion. Indeed, regulatory authorities in Europe (EMEA), the United States (FDA), and Japan (MHLW) have long recognized the significance of pharmacogenomics in drug design, and have already issued guidelines to address the genetic heterogeneity of target patient populations when developing a new chemical entity [103, 104]. To become an effective clinical tool, pharmacogenomics will require the genotyping of large clinical populations in order to better identify those patients, before the initiation of drug treatment, who are likely to either be nonresponders or  suffer  ADRs.  Homogeneity  of  subpopulations  studied  is  crucial  in  order  to  obtain  consistent results, as genetic polymorphisms can be population-specific. Sponsoring pharmaceutical companies are now including a genetic extension in many clinical trial protocols, enabling them to collect and store patient samples for genetic analysis. 
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A potential problem is that some pharmacogenomic tests for drug response determination may also  contain  important  secondary  information,  such  as  an  individual’s  predisposition  to  another disease [105, 106]. The way in which any “discovered” information could be disseminated and used is an obvious issue. Unlike public genetic databases, those of pharmaceutical companies may not be subject to the same governance that ensures transparency and adequate oversight. The ethical, legal, and social implications (“ELSI”) of control, ownership, and profit-sharing of banked DNA require responsible debate [107, 108]. 

An important policy issue is whether existing practices that allow “off-label use” of medications will  carry  over  to  pharmacogenomics-based  drugs,  and  whether  health  insurance  companies  and drug benefit plans will cover such approaches [109]. One concern is that pharmacogenomics would refocus management to an “easier to treat” subset of patients, and exclude other patients with unfavorable genetic backgrounds, even though a proportion of the latter might still benefit from a particular  drug.  Moreover,  healthcare  policy-makers  rely  on  evidence-based  medicine  and  adopt economizing  practices,  such  as  restricted  formularies,  while  at  the  same  time  expecting  the  best cost-to-benefit ratio. Although drugs specifically developed for each “genetic” subset of patients may be more expensive, the associated reduction of ineffective and/or harmful prescriptions could help reduce overall healthcare costs. The ultimate goals of pharmacogenomics are to increase therapeutic effectiveness and to prevent ADRs. Individual pharmacogenomic profiles that could identify potential treatment responders would improve recruitment efficiency and allow clinical trials to be smaller, faster, and less expensive [110]. This approach could also rescue drugs that are abandoned at  later  developmental  stages  or  withdrawn  from  the  market  because  of  severe  ADRs  in  a  small number of patients. 

Pharmacogenomic testing in the field of dermatology is still in its infancy. As we move forward, the goal of this discipline is the individualization of therapy on the basis of a patient’s genotype (“personalized medicine”). This will include the selection of appropriate medication(s), optimization of drug efficacy, and minimization of the risk for ADRs. In addition, pharmacogenomic investigations will facilitate drug development by identifying novel therapeutic targets in patients with skin diseases. 
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Chapter 22

Pharmacogenetics and Pharmacogenomics II: Genetic 

Determinants of Drug Responses and Adverse Drug 

Reactions

Stephane Dalle, Sandra Knowles, and Neil H. Shear 

The ability to predict efficacy and safety is crucial for drug discovery and development. To date, there are only a few genetic biomarkers whose clinical validity in predicting drug response has been clearly established; for example, HER-2/neu-positivity in breast cancer as a predictor of response to trastuzumab (Herceptin) [1]. Patient variability in response to medications can range from failure to demonstrate an expected therapeutic effect to development of an adverse reaction, resulting in significant  patient  morbidity  and  mortality,  as  well  as  increasing  healthcare  costs.  In  order  to optimize treatment response and decrease adverse drug reactions, pharmacogenetics and pharmacogenomics are being increasingly utilized. Pharmacogenetics is the study of genetic variation and its effects on the response to drugs, vaccines, or other pharmaceutical agents [2]. Pharmacogenomics more broadly involves genome-wide analysis of the genetic determinants of drug efficacy and toxicity. 

Primary  candidate  genes  of  interest  include  those  encoding  for  drug  receptors,  metabolizing enzymes, and transporters. However, selection of optimal drug therapy may also involve disease susceptibility genes indirectly affecting drug responses [3]. 

Despite increasing investment in drug discovery and development, only one in ten new pharmaceuticals  which  progresses  to  clinical  testing  will  subsequently  reach  the  commercial  market. 

Approximately half of all drug failures are attributed to problems with efficacy and toxicity, not anticipated  from  preclinical  studies  [4].  Pharmacogenetics  is  now  routinely  used  and  requested during the drug development process, at both pre-approval and post-approval stages [5]. The goal of both pharmacogenetics and pharmacogenomics is to personalize therapy based on an individual’s  genotype  and  to  better  tailor  each  treatment  for  a  given  patient  (both  from  an  efficacy  and safety viewpoint). 

Dermatologists are at the clinical frontline to recognize, treat, and provide their expertise when cutaneous adverse reactions occur. In addition, various potentially toxic medications are used in the treatment of serious dermatologic disorders. This chapter provides an overview of pharmacogenetics and pharmacogenomics for the practicing physician vis-à-vis genetic determinants of drug response and adverse drug reactions. 
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Drug Used in the Treatment of Dermatologic Diseases

 Dapsone

Hematologic toxicities, especially drug-related hemolytic anemia and methemoglobinemia, are occasionally associated with dapsone use, primarily in patients with glucose-6-phosphate dehydrogenase (G6PD) deficiency. G6PD deficiency is the most commonly inherited human enzyme defect. Long-term  administration  of  dapsone  at  standard  doses  in  patients  with  intact  G6PD  can  result  in  the development of methemoglobinemia in 15% of cases, which is generally not clinically significant. 

The hematotoxicity of dapsone is not caused by the drug itself, but by its hydroxylamine metabolites. 

These are formed through N-hydroxylation in the liver via the actions of various cytochrome P450 

enzymes, including CYP3A4, CYP2E1, and CYP2C9. Dapsone hydroxylamine depletes glutathione within G6PD-deficient cells. The nitroso derivative then causes peroxidation reactions, leading to rapid  hemolysis.  Studies  have  investigated  the  utility  of  co-administering  cimetidine  (a  CYP3A4 

inhibitor) with dapsone. This could potentially reduce the risk of methemoglobinemia by decreasing production of the intermediate N-hydroxylated metabolites. Coleman et al. demonstrated that cimetidine decreased methemoglobin levels by 27% in patients concurrently on dapsone for the treatment of dermatitis herpetiformis [6–9]. It has been suggested that cimetidine be used in combination with dapsone, particularly when doses of the latter exceed 200 mg daily [8]. 

 Azathioprine

Azathioprine is actively used in dermatology for immunobullous diseases, severe atopic dermatitis, chronic actinic dermatitis, and various other skin conditions. However, azathioprine has a capacity to  cause  profound  myelosuppression.  Azathioprine  is  a  prodrug  that  is  metabolized  to  its  active metabolite,  6-thioguanine,  through  a  series  of  enzymatic  steps.  Thiopurine  methyl  transferase (TPMT) is one of the two principal metabolic pathways that convert azathioprine metabolites to inactive compounds. Low or absent TPMT activity correlates with an increased risk of severe profound neutropenia, as a result of excessive accumulation of intracellular 6-thioguanine [10]. TPMT 

gene polymorphisms can affect its enzymatic activity and the ability to detoxify azathioprine. The TPMT  gene  is  thought  to  follow  an  autosomal  co-dominant  inheritance  pattern  and  its  activity appears to be trimodal: less that 1% (1 in 300 individuals) are homozygous for very low TPMT 

activity  (TPMTL/TPMTL);  roughly  10%  are  heterozygous  with  intermediate  activity  (TPMTH/

TPMTL); and approximately 90% are homozygous, demonstrating the high methylator phenotype (TPMTH/TPMTH) [11]. TPMT activity can be determined in peripheral red blood cell lysates and testing for these polymorphisms can be useful in preventing azathioprine toxicities. Due to the significantly increased risk of developing myelosuppression, clinicians have advocated the assessment of TPMT status prior to prescribing azathioprine. The British Association of Dermatologists recommends  that  “pre-treatment  TPMT  measurements  should  be  performed  in  all  patients  prescribed azathioprine  for  treatment  of  dermatological  conditions”  [12]. TPMT  testing  is  routine  in  many jurisdictions, but may not be available or may be too expensive in others. Prudent practice dictates the use of genetic testing and the cautious introduction of azathioprine. 

 Methotrexate

Methotrexate  is  a  first-line  systemic  therapy  for  psoriasis,  although  in  approximately  20%  of patients the response is moderate to poor. In addition, up to 30% of patients are unable to continue 
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Table 22.1  Pharmacogenetics impact on drug efficacy

Drug

Mechanism of action

Implicated gene

Polymorphism

Impact

Adalimumab

Anti-TNF-alpha mAb

TNF-alpha promoter gene

238GG, 308GG, 857CC

Increased response

Etanercept

Anti-TNF-alpha 

TNF-alpha promoter gene

308 GG

Increased response

fusion protein

308 AG

Decreased response

Interleukin-10 gene

1087 GG

Increased response

1087 AG

Decreased response

Infliximab

Anti-TNF-alpha mAb

TNF-alpha promoter gene

308 GG

Increased response

308 AG

Decreased response

308 AA

Decreased response

Methotrexate

Antimetabolite

TS

TS 5¢-UTR 3R allele

Decreased response

Antifolate

 mAb monoclonal antibody

 TNF tumor necrosis factor

 TS thymidylate synthase

therapy as a result of hepatotoxicity and gastrointestinal toxicity [13]. Studies in patients with psoriasis  and  rheumatoid  arthritis  suggest  that  functional  single  nucleotide  polymorphisms (SNPs) in genes relevant to methotrexate metabolism may influence both efficacy and toxicity of this drug (Table 22.1). Recent studies have demonstrated that identification of specific polymorphisms of enzymes involved in folate, pyrimidine, and purine metabolism could be useful in predicting clinical response and toxicity to methotrexate in patients with psoriasis [14–16]. The thymidylate  synthase  (TS)  5¢-untranslated  region  (UTR)  3R/3R  homozygous  genotype  is strongly associated with adverse events in psoriasis patients who take methotrexate without folic acid.  In  addition,  the  3¢-UTR  6  bp  deletion  is  significantly  associated  with  adverse  events, regardless of folic acid supplementation. Furthermore, variations in pharmacodynamic factors can also influence methotrexate treatment outcomes. It has been shown that response and toxicity to methotrexate are significantly correlated with SNPs in the ABCC1 (ATP-binding cassette, subfamily  C,  member  1)  and  ABCG2  (ATP-binding  cassette,  subfamily  G,  member  2)  efflux transporter  genes  [15].  It  must  be  noted  that  most  of  these  studies  have  been  undertaken  in patients with rheumatologic diseases. TS polymorphisms need to be tested in large groups of dermatology  patients  in  order  to  verify  their  ability  to  predict  adverse  drug  reactions  in  this cohort [17]. 

 TNF-Alpha Blockers

Tumor necrosis factor (TNF)-alpha-neutralizing strategies represent a major breakthrough in the treatment  of  patients  with  psoriasis.  Systemic  therapy  with  TNF-alpha  blockers,  methotrexate,  or  both agents, is now considered standard care for patients with moderate to severe psoriatic arthropathy, that is extensive or aggressive in nature or which significantly impacts quality of life [18, 19]. However, there is significant heterogeneity in patient response to the TNF-alpha blockers. Since therapy with these agents is expensive and bears potential risks, predictors of treatment response would be clinically useful in order to select the best therapeutic approach for each patient. The impact of genetic variation on response to TNF-alpha blockers is currently under evaluation (Table 22.1). TNF-alpha gene polymorphisms  have  been  shown  to  predict  therapeutic  response  to  TNF-alpha  blockers  in  rheumatoid arthritis,  spondyloarthritis,  and  psoriatic  arthritis  patients.  Most  pharmacogenomic  studies  have focused on TNF-alpha [20, 21] and TNF-alpha receptor [22] genes and promoter polymorphisms. The prevalence of these TNF polymorphisms varies widely according to the patient’s ethnic origin [23].  
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Several  SNPs  of  interest  have  been  identified  in  the  human  TNF-alpha  gene  [24]. The  most  well-documented  of  these  SNPs  are  at  position  −308  of  the  TNF-alpha  gene  promoter  and  involve  the substitution of guanine (G) for adenine (A), with the creation of two alleles (TNF*1 (G) and TNF*2 

(A)) and three genotypes (GG, GA, and AA) [25]. For patients with rheumatoid arthritis, some studies have found that the 308 TNF-alpha promoter GG genotype correlates with better response rates, while others have found no association [26, 27]. A recent meta-analysis found an increased frequency of the A allele in patients who did not respond to anti-TNF therapy [27]. A significant association between the TNF-alpha promoter 308 AG polymorphism and responsiveness to anti-TNF therapy was noted, suggesting that individuals who carry the A allele have a poorer response to anti-TNF therapy than those with the G allele [27]. Other studies have also shown this response variability for infliximab [28] 

and adalimumab [29]. In addition, a combination of diplotypes 308 GG in the TNF-alpha promoter and 1087 GG in the interleukin-10 gene is associated with better responses to etanercept (anti-TNF 

fusion recombinant protein) [30]. Furthermore, patients with the GG genotype for the exon 6 TNF 

receptor-II  polymorphism  show  a  poorer  response  to  anti-TNF-alpha  therapy  [31].  Additionally, differences  in  pharmacogenetics  between  monoclonal  antibodies  (i.e.,  infliximab)  and  the  soluble receptor (i.e., etanercept) may exist. 

Response  variation  could  also  be  linked  to  the  level  of  functional  circulating  TNF-alpha.  Its concentration  is  partially  genetically  determined  (308  TNF-alpha  gene  polymorphism),  and  is predictive of the clinical response [32]. Other recent investigations of the TNF receptor superfamily 1b (TNFSF1b) gene failed to correlate the 676 T > G polymorphism with either response to therapy (adalimumab, infliximab) or disease severity [26, 33]. Additionally, Fc-gamma receptor type IIIA polymorphisms have been shown to influence therapeutic response in patients with either rheumatoid or psoriatic arthritis treated with TNF-blocking agents [34, 35]. 

These studies illustrate the highly relevant role of pharmacogenomics and pharmacogenetics in determining a patient’s response to TNF-blockers. Much of this data has been obtained in patients with rheumatoid arthritis, psoriatic arthritis, and Crohn’s disease. For these patients, pharmacogenetics  has  the  potential  to  optimize  therapy  and  improve  clinical  outcome.  However,  large-scale investigations are required before a pharmacogenetic approach is applicable to routine clinical practice  [36,  37]. Furthermore,  studies  are  needed  in  patients  with  dermatologic  conditions,  such  as psoriasis, before data can be extrapolated to this group of individuals. 

Cutaneous Adverse Drug Events

Genetic factors have long been postulated to be important in drug hypersensitivity, but only recently have some specific mechanisms/pathways been elucidated. Given the pivotal role of the major histocompatibility complex (MHC) in the immune response, many of the early studies on drug hypersensitivity  reactions  focused  on  human  leukocyte  antigen  (HLA)  phenotyping  (Table  22.2).  The genetic associations may be: (1) drug specific (i.e., HLA-B*5701 is associated with abacavir hypersensitivity  reaction);  (2)  ethnic  and  drug  specific  [i.e.,  carbamazepine-induced  Stevens–Johnson syndrome-toxic  epidermal  necrolysis  spectrum  (SJS/TEN)  is  associated  with  HLA-B*1502  in Asians, but not in Caucasians]; or (3) phenotype, ethnic, and drug specific (HLA-B*1502 is associated with carbamazepine-induced SJS/TEN, but not exanthematous rashes or drug-induced hypersensitivity reactions). 

Although the pathogenesis of SJS/TEN has not been fully elucidated, the extreme rarity of these drug reactions has pointed to individual susceptibility. Fas ligand [38] and Toll-like receptor 3 [39] 

gene  polymorphisms  have  been  recently  studied  in  Japanese  populations.  Some  of  these polymorphisms have been found in association with SJS/TEN in this ethnic group. Confirmatory studies are needed, as well as screening of other non-japanese cohorts. 
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Table 22.2  Susceptibility genes associated with cutaneous drug eruptions Drug

Clinical presentation

Genetics

Population

Abacavir

Hypersensitivity syndrome

HLA-B*5701 allele

White, Spanish, Thai

Allopurinol

Hypersensitivity syndrome, SJS

HLA-B*5801 allele

Han Chinese, Europeans, 

Japanese

Carbamazepine

SJS/TEN

HLA-B*1502 allele

Han Chinese, European

Cetuximab

Skin rash

Fc-gamma-RIIA

Not determined

Fc-gamma-RIIIA

Erlotinib

Skin rash

ABCG2 promoter

Not determined

EGFR intron 1

Nevirapine

Skin rash

HLA-DRB101 allele

Australian, European Whites, 

HLA-B*3505 allele

Thai

 SJS/TEN Stevens-Johnson syndrome-toxic epidermal necrolysis

 Abacavir

Cutaneous hypersensitivity to abacavir has been linked with HLA phenotype. Abacavir is a nucleoside reverse-transcriptase inhibitor with activity against the human immunodeficiency virus (HIV). 

It is available for once daily use in combination with other antiretroviral agents. The most important adverse effect of abacavir is a hypersensitivity reaction, affecting 2–9% of patients during the first weeks  of  treatment  [40,  41].  Symptoms  and  signs  of  this  hypersensitivity  reaction  to  abacavir include combinations of fever, constitutional symptoms, gastrointestinal and respiratory tract symptoms, and skin rash that become more severe with continued dosing. This reaction to abacavir is strongly associated with the presence of the HLA-B*5701 allele. At least two levels of specificity single out HLA-B*5701 as a genetic determinant of this drug hypersensitivity. The first point of specificity  occurs  during  drug  targeting  of  endogenous  proteins  or  peptides  to  create  a  unique ligand. This step considerably narrows the pool of potential ligands available for host MHC-I molecules. The second layer of specificity occurs through selective binding and presentation of one or more of these ligands by particular MHC-I molecules, as a result of the polymorphic nature of the antigen-binding cleft [42]. 

HLA-B*5701 screening, prior to initiation of abacavir, with the subsequent exclusion from treatment of any positive patients, may help to reduce the risk of hypersensitivity reactions to this drug 

[43]. The US Department of Health and Human Services “Guidelines for the Use of Antiretroviral Agents in HIV-1-Infected Adults and Adolescents” now recommends screening for HLA-B*5701 

before  initiating  treatment  with  an  abacavir-containing  regimen.  HLA-B*5701-positive  patients should not be prescribed abacavir [44]. 

In addition, patch testing has been used both as a research tool in pharmacogenetic studies and as an adjunctive test to identify patients with abacavir hypersensitivity reactions – demonstrating 100% sensitivity for HLA-B*5701 in these settings. Patients generally have positive patch tests for at least 6 years after experiencing an abacavir hypersensitivity reaction [45]. 

 Nevirapine

Nevirapine is a potent non-nucleoside reverse-transcriptase inhibitor that is frequently used as one of  the  basic  components  for  highly  active  antiretroviral  therapy.  However,  nevirapine  induces cutaneous adverse drug reactions in 15–20% of cases [46]. The skin reactions range from a mild, localized  maculopapular  rash  to  a  diffuse  maculopapular  eruption  and/or  generalized  bullous 
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lesions. Severe fatal reactions, including SJS/TEN, have been observed in 0.3% of patients [47]. 

Some patients may also develop fever and internal organ involvement. Nevirapine-associated hypersensitivity commonly occurs within 14–21 days of treatment initiation, and is more rapid and severe with nevirapine rechallenge. In an Australian population, the presence of a HLA-DRB101 allele was associated with an increased risk of hypersensitivity syndrome [48]. These results were subsequently  confirmed  in  a  French  population  [49].  However,  susceptibility  HLA-alleles  may  vary according  to  the  population  analyzed.  For  example,  a  recent  study  undertaken  in  Thai  patients identified HLA-B*3505 as a marker of nevirapine-induced rash [50]. 

 Allopurinol

Allopurinol, which is used in the treatment of gout and hyperuricemia, is a frequent cause of severe drug hypersensitivity reactions. Allopurinol-induced severe cutaneous eruptions are associated with a strong genetic predisposition. Genetic polymorphisms in the MHC region, particularly the HLA-B*5801 allele, are highly associated with individuals at risk for allopurinol-induced hypersensitivity reactions, SJS/TEN or TEN [51]. These findings were first demonstrated in a Han Chinese population, and subsequently confirmed in European and Japanese cohorts [52, 53]. 

 Carbamazepine

Carbamazepine is a widely prescribed anticonvulsant often associated with drug-induced hypersensitivity  syndrome  (DIHS),  also  called  DRESS  (drug  rash  with  eosinophilia  and  systemic  symptoms). DIHS/DRESS is defined as a cutaneous drug eruption associated with visceral involvement and an eosinophilia greater than 1.5 × 109/L or atypical lymphocytosis, occurring 2–3 weeks after initiation of the drug. The detection of drug-specific lymphocytes in patients with a history of carbamazepine – induced hypersensitivity reaction suggests that this response has an immune-mediated component [54]. 

Several  recent  studies  have  shown  that  the  HLA-B*1502  allele  is  strongly  associated  with carbamazepine-induced SJS and TEN in subjects of Chinese/Asian ethnicity, but not with carbamazepine-induced exanthematous eruptions or DHIS/DRESS [55, 56]. One of the first reports showed that HLA-B*1502  was  present  in  100%  of  carbamazepine-induced  SJS  patients,  but  in  only  3%  of  patients tolerating carbamazepine and in 9% of the general population [55]. These data suggest that Asians, especially Han Chinese, who have the HLA-B*1502 allele are at an increased risk of developing SJS/

TEN when exposed to carbamazepine. Assuming a 0.25% incidence of induced SJS/TEN in newly prescribed carbamazepine patients in Taiwan and a 3% false-positive rate for HLA-B*1502, the number of patients required to be screened is calculated to be 407, in order to prevent one case of SJS/TEN 

[57]. HLA-B*1502 has a strikingly variable occurrence among different ethnic groups. It is present in 10–15%  of  individuals  from  southern  China,  Thailand,  Malaysia,  Indonesia,  the  Philippines,  and Taiwan, and has a prevalence rate of at least 2–4% in other southern Asian groups. It is uncommon in Japanese  and  Korean  populations  (<1%)  and  in  European  Caucasians  (0–0.1%).  Interestingly,  one study of 12 French and German patients with carbamazepine-induced SJS/TEN found that all 4 HLA-B*1502-positive individuals were of Asian ancestry [58]. The Federal Drug Administration (FDA) and other regulatory bodies have advised physicians to test Asian patients for the HLA-B*1502 allele prior to prescribing carbamazepine, and to consider the potential risk of skin reactions when instituting other antiepileptic drugs, such as phenytoin or fosphenytoin [59]. 
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In  addition,  since  carbamazepine  is  metabolized  by  the  cytochrome  P450  enzyme  CYP3A4, genetic variants of this enzyme may play a role in hypersensitivity reactions to this drug [60]. 

 EGF Receptor Inhibitors

Acneiform (pseudoacne) eruptions, paronychia, and alopecia are among the many adverse dermatologic effects reported with the use of epidermal growth factor receptor inhibitors (EGFR-Is), which  are  employed  in  the  treatment  of  advanced  stage  cancer.  Acneiform  eruptions  occur  in more than 50% of patients treated with these agents. The acneiform lesions usually present as pruritic, erythematous follicular papules that may evolve into pustules. Comedones are generally absent. The typical distribution is similar to acne vulgaris, involving the scalp, face, neck, shoulder,  and  upper  trunk.  The  eruption  usually  occurs  about  a  week  after  starting  treatment. 

Importantly, the presence and intensity of acneiform eruptions due to EGFR-Is have a positive correlation  with  patient  survival.  Some  authors  have  suggested  that  treatment  response  with cetuximab  may  be  improved  by  increasing  the  dose  until  an  acneiform  eruption  appears  [61]. 

Fc-gamma receptor polymorphisms were first determined to be correlated with this response in patients with metastatic colorectal cancer [62]. More recently, both ABCG2 promoter and EGFR 

intron 1 polymorphisms have been linked with gastrointestinal and skin toxicities to erlotinib. In multivariate analyses, polymorphisms of EGFR intron 1 correlated with plasma levels of erlotinib and were the strongest predictors for the development of an acneiform rash [63]. These findings may be useful when considering dose or schedule changes in patients experiencing toxicities to these drugs. 

 Minocycline

Minocycline  has  been  associated  with  the  development  of  DIHS/DRESS,  usually  occurring  2–4 

weeks after therapy is initiated [64]. In these patients, DHIS may have a prolonged course, lasting up to several months. This unusual protracted course, even after withdrawal of the drug, in individuals with  heavily  pigmented  skin  raises  the  possibility  of  a  pharmacological  susceptibility  based  on ethnicity.  Glutathione  S-transferases  (GST)  and  UDP-glucuronosyltransferases  (UGT)  are potentially involved in the metabolism of minocycline. GST polymorphisms include homozygous mutations (i.e., GSTT1 and GSTM1) that are particularly frequent in African and West Indian populations, and responsible for a decrease in enzymatic detoxification activity. Although the impact of these genetic variants on DHIS incidence and characteristics has not been fully elucidated, these genes remain interesting candidates [65]. 

Current and Future Perspectives

The goals of pharmacogenomics are the reduction of adverse drug events and the enhancement of therapeutic effectiveness. Pharmacogenomics as it applies to the field of dermatology is still in its formative years; although G6PD testing is routine practice where dapsone is considered the drug of choice [8]. Recent studies have provided insight into the strong association of the HLA-B*5701 

allele with abacavir-induced hypersensitivity reactions, as well as the importance of TPMT measurements  prior  to  prescribing  azathioprine.  With  the  increasing  use  of  expensive  biological response modifiers, pharmacogenomics may help to better identify patient responders and/or reduce 
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adverse drug reactions. Tests for measuring individual genotypes are available in many centers, but often only as research tools. Such assays must become cost-efficient and more accessible to a larger market. In addition, ethical, legal, and regulatory issues need to be addressed. A vision for the future utility of genetic testing involves the employment of genomic data to rank therapeutic choices, in an effort to exclude the use of drugs associated with a high risk of toxicity in a specific individual. 
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Chapter 23

Regulatory, Legal, Coding, Billing, Reimbursement, 

and Ethical Considerations for Molecular Diagnostic 

Testing in Dermatology and Dermatopathology

Deborah Ann Payne 

Molecular diagnostics is one of the most rapidly growing areas in laboratory medicine. Current applications in dermatology and dermatopathology cover a wide range of conditions, from infectious and inflammatory diseases, to cancer, and inherited skin disorders (genodermatoses). Early molecular tests were developed for diagnosis of systemic hematologic conditions, largely due to the relative ease in accessing specimens (i.e., venapuncture), possibility of abundant tissue for analysis (i.e., whole lymph nodes), and the capabilities of molecular methodologies available at that time (i.e., Southern blot analysis). Technical advances have now permitted the extraction and analysis of template (i.e., DNA and RNA) from both smaller and routinely processed (i.e.,   formalin-fixed   paraffin-embedded  [FFPE])  specimens  (i.e.,  skin  biopsies),  enabling  the application of molecular diagnostic testing to other fields, including dermatology. For example, diagnostic and follow-up evaluation of cutaneous diseases with sparse cellular infiltrates (such as many cutaneous lymphoproliferative disorders) is now possible. With the advent of methods for both target and signal amplification of nucleic acids, infectious disease testing has now become the dominant area in molecular diagnostics. Many infections can present with dermatologic manifestations,  including  the  skin-localization  of  microorganisms  and  other  nonspecific  sequelae, such as those related to chronic hepatitis C virus (HCV) infection (i.e., pruritus, lichen planus) or human herpesvirus-6 (HHV-6) infection (i.e., exanthem subitum in childhood, and skin eruptions following  solid-organ/bone  marrow  transplantation)  [1,  2].  In  addition,  advances  facilitate  the design  of  studies  which  evaluate  the  linkage  between  skin  disease  phenotypes  and  genomic abnormalities.  The  latter  is  particularly  important  with  respect  to  genodermatoses.  As  translational  research  strives  to  identify  increasing  numbers  of  genes  associated  with  dermatologic disorders, it is likely that the number of molecular assays applicable to skin diseases will continue to expand. Due to the broad spectrum and  complexity of molecular analyses, there are a number of regulatory, legal, coding, billing, reimbursement, and ethical concerns which can create barriers to the adoption of this form of testing in clinical medicine. The purpose of this chapter is to discuss  these  issues  and  identify  laboratory  processes  and  resources  that  can  facilitate  broader implementation of molecular-based tests for skin diseases. 
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Regulatory and Legal Considerations

 Certifications

In  order  to  assure  quality  molecular  testing,  certifications  for  the  Medical  Director,  technical personnel, and the laboratory itself are required. 

Diagnostic  laboratories  with  United  States  of  America  (USA)-based  operations  must  comply with the requirements of the Clinical Laboratory Improvement Act (CLIA) and/or the College of American Pathologists (CAP) [3–5]. The CAP provides a checklist for molecular pathology testing that can assist in the organization and implementation of all aspects of the molecular laboratory. 

Links to these organizations are listed in Table 23.1. It should be noted that some states in the USA have additional requirements for laboratory certification (i.e., New York State Clinical Laboratory Evaluation  Program  [CLEP]).  A  number  of  documents  are  available  from  the  International Organization for Standardization (ISO) for those laboratories wishing to follow the standards of the international community [6]. 

Molecular  diagnostics  is  considered  “high  complexity  testing”  by  CLIA.  Accordingly,  CLIA requires that the Medical Director have the professional qualification, certification, and/or experience outlined in Table 23.2. Some states (i.e., New York) may also require that the Medical Director be licensed (i.e., possess a certificate of qualification [CQ]) in order to perform testing on patient samples  from  that  state.  For  laboratories  performing  genetic  testing  for  inherited  diseases,  the Clinical Laboratory Improvement Advisory Committee (CLIAC) recommends additional levels of experience and/or certification for technical supervisors which include “4 years of training or experience (or both) in genetics, two of which are in the area of molecular genetic testing for heritable diseases”  or   “current  certification  in  molecular  genetic  testing  by  a  board  approved  by  the Table 23.1  Links to Web sites describing various guidances for clinical laboratory testing Organization

Web site

Type of guidance

American College of 

http://www.acmg.net/Pages/

Ultra-rare disorders with 

Medical Genetics 

ACMG_Activities/stds-2002/

prevalences less than 2,000 

(ACMG)

URD.htm

persons in the USA (i.e., 

X-linked ocular albinism, 

epidermolytic hyperkeratosis)

College of American 

http://www.cap.org/apps/

General Laboratory and Molecular 

Pathologists (CAP)

cap.portal?_nfpb=true&_

Checklist (Checklist 12)

pageLabel=accreditation

 CAP accreditation and inspection 

 information

Click on “About Accreditation 

Checklists” link

Clinical Laboratory 

http://www.cms.hhs.gov/CLIA/

Waived, Moderate and High 

Improvement Act (CLIA)

Complexity testing

Clinical Laboratory Standards 

http://www.clsi.org/

General Laboratory Practice and 

Institute (CLSI)

Molecular Pathology

Food and Drug Administration 

http://www.fda.gov/MedicalDevices/

Genetic Tests for Heritable Diseases

(FDA)

DeviceRegulationandGuidance/

GuidanceDocuments/ucm077862. 

htm

International Organization for 

http://www.iso.org/iso/search.htm?qt=

General Laboratory and Reference 

Standardization (ISO)

medical+laboratory+testing&searc

Materials

hSubmit=Search&sort=rel&type=

simple&published=true
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Table 23.2  CLIA requirements for medical directors who manage and direct performance of high complexity tests Professional degree

Laboratory board certification

Experience

Doctor of Medicine or Doctor of 

Anatomic or Clinical Pathology, or 

–

Osteopathya

both, by the American Board 

of Pathology or the American 

Osteopathic Board of Pathology, 

or possess qualifications that are 

equivalent to those required for 

such certification

Doctor of Medicine, Doctor of 

–

•  Have at least 1 year of 

Osteopathy, or Doctor of Podiatric 

laboratory training during 

Medicinea

medical residency (i.e., 

physicians certified in 

either hematology or 

hematology/medical 

oncology by the American 

Board of Internal 

Medicine)

•  Have at least 2 years 

of experience directing 

or supervising high 

complexity testing

Hold an earned doctoral degree in a 

Health and Human Services–approved 

•  Two years of laboratory 

chemical, physical, biological, or 

boards:

training or experience, or 

clinical laboratory science from an 

•  ABB – American Board of 

both; and

accredited institutiona

Bioanalysis

•  Two years of laboratory 

•  ABB (Public Health Microbiology 

experience directing 

Certification)

or supervising high 

complexity testing

•  ABCC – American Board of 

Clinical Chemistry

•  ABCC [24-month Commission on 

Accreditation in Clinical Chemistry 

(COMACC) accredited program]

•  ABFT – American Board of 

Forensic Toxicology

•  ABHI – American Board 

of Histocompatibility and 

Immunogenetics

•  ABMG – American Board of 

Medical Genetics

•  ABMLI – American Board of 

Medical Laboratory Immunology

•  ABMM – American Board of 

Medical Microbiology

•  NRCC – National Registry of 

Certified Chemists

a A current license as a laboratory director issued by the State in which the laboratory is located, if such licensing is required

 Department of Health and Human Services (HHS). It should be noted that these recommendations are not regulatory in nature [7, 8].” 

Requirements for appropriate training, proficiency, and competency are necessary for persons performing molecular assays (i.e., technologists). These requirements are described in the CAP checklist for Molecular Pathology, in CLIAC recommendations, and on the CLIA Web site [3, 5, 8]. However, additional certifications and licenses may be required for personnel working in certain states in the USA. 
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 Assay Development, Performance Characteristics, and Reporting

There are two basic reagent options for molecular diagnostic testing. A laboratory can purchase commercially  available  (1)  Food  and  Drug  Administration  (FDA)-approved/cleared  kits  or (2) analyte-specific reagents (ASRs), design the assay, and perform its own internal validation. 

Unlike  most  other  areas  in  laboratory  medicine,  relatively  few  molecular  tests,  in  particular, those  applicable  to  skin  diseases  have  been  cleared  or  approved  as   in  vitro  diagnostic  medical devices  (IVD)  by  the  FDA.  Generally  limited  to  high-volume  assays,  IVD  approval  through  the FDA utilizes the more costly Pre-Market Approval (PMA) process, whereby the performance of the IVD is typically linked to patient outcome studies. Approved tests, such as human papillomavirus (HPV) high-risk assays, link the performance of the test with a patient’s risk for developing cancer. 

In contrast, FDA clearance uses the 510K process and focuses on the analytical performance of the assay. Manufacturers of these IVDs are permitted to train technical staff on the implementation and internal verification of these assays. While the performance characteristics of an assay have previously been validated during the approval or clearance process (see Table 23.3), the laboratory is still required to undertake additional verification procedures [7]. 

Most  molecular  tests  are  developed  in-house  (i.e.,  laboratory-developed  tests  [LDTs]),  also known as “home brew” assays. These tests utilize commercially available ASRs; examples of which include polymerase chain reaction (PCR) primers, buffers, and enzymes. Such components are then integrated  in  order  to  develop  a  functional  test.  Unlike  FDA-cleared  or  FDA-approved  tests,  all aspects of the assay, including its performance characteristics must be validated by the laboratory [8,  

9]. Validation variables include: (1)  analytical validity: how precise and reliable the test performs in detecting the product of interest; and (2)  clinical validity: how well the test predicts the disease of interest. Other important factors to consider include: (1)  clinical utility: an analysis of the risks and benefits of introducing a new test into clinical practice; and (2) more broad  ethical, legal, and social implications. A laboratory that performs an assay which utilizes ASRs must include a disclaimer on the test report. An example of such a disclaimer is “This test was developed and its performance characteristics  determined  by  the  Molecular  Genetics  Laboratory.  It  has  not  been  cleared  or approved by the United States Food and Drug Administration (FDA). However, such approval is not required for clinical implementation, and the test results have been shown to be clinically useful. 

 This laboratory is CAP-accredited and CLIA-certified to perform high complexity testing [10].” 

In order to maintain compliance with regulatory entities, documentation of the assay’s validation and performance characteristics (Table 23.3), in addition to records of the training, proficiency, and competency  of  technical  staff  (i.e.,  test  operators),  must  be  maintained.  In  addition,  laboratories must  provide  documentation  on  various  preanalytic,  analytic  and  postanalytic  aspects  of  a  test. 

Several publications and online resources are available that summarize both the validation processes and reporting requirements for molecular laboratory testing (Table 23.1) [8, 9]. These publications, especially the Clinical Laboratory Standards Institute (CLSI) guidelines, address specific issues for molecular methods (MM). For example, MM1-A2, MM14-A, and MM5-A cover such aspects as mutation nomenclature, safety, sample intake information, specimen identification and  accessioning, controlling for false positives, mutation detection, detection formats, nonmicroarray test validation/

characterization, quality control (QC)/quality assurance (QA), proficiency testing, and reporting of results. Other CLSI guidelines focus on specific platforms, such as fluorescence in situ hybridization (FISH) (i.e., MM-7A) or different aspects of microarray analysis, including methods, preanalytic  issues,  QC/QA,  specimen  preparation,  and  test  validation/characterization  (i.e.,  MM12-A). 

The CLSI guidelines are cited in the CAP Molecular Pathology checklist. It should be noted that these are not static documents and are updated periodically as new technologies begin to replace older methodologies. Additionally, new guidelines are developed as the field of laboratory medicine expands into new areas. 
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Table 23.3  Performance characteristics of a molecular test or reference material (Adapted from Jennings et al. [9])

Characteristic

Example

Accuracy

Total error of the test (systemic error and random error). For qualitative assays, accuracy is equivalent to “sensitivity and specificity.” 

Trueness

Systemic error (bias) expressed as percent deviation from the true value. Applies to quantitative tests. 

Precision

Random error expressed as coefficient of variation or standard deviation. Applies to quantitative tests. 

Reproducibility

Equivalent to “precision” for qualitative or semiquantitative assays. Within-run reproducibility indicated by repeatability. 

Robustness

Test precision given changes in preanalytic conditions, such as specimen storage or different formalin fixation conditions for paraffin-embedded tissues. 

Linearity

The ability of a test to produce values directly proportional to analyte concentration. 

Applies to quantitative tests. 

Reportable range

The range of results for all tests (qualitative and quantitative) that has been validated for the assay. 

Reference range

Range of test results for a specific patient population. 

Interfering substances

A substance that at a given concentration causes systemic error. 

Analytic sensitivity

The ability of a qualitative test to provide a positive agreement as compared to a positive reference material. 

Analytic specificity

The ability of a qualitative test to provide a negative agreement as compared to a negative reference material. 

Limit of detection

The lowest concentration of an analyte that can be distinguished from background or a negative control. 

Limit of quantification

The lowest and highest values detected by a quantitative assay that has an adequately precise and accurate linear range. 

Clinical sensitivity

The proportion of patients with a specific disorder whose test result is positive. 

Clinical specificity

The proportion of patients without a specific disorder whose test result is negative. 

Special clinical circumstances do exist in molecular pathology which can hamper a laboratory’s ability to strictly follow the CLSI guidelines. For instance, no specific numerical requirement of positive  and  negative  cases,  in  order  to  validate  an  assay,  is  stated  for  all  tests.  With  respect  to dermatopathology samples, a paucity of such “informative” cases may be due to the rarity of the disorder and/or scant amounts of tissue available for testing. In these situations, the CLSI guidelines do not state which statistical values need be amended or prioritized in order to introduce a test. For instance, CLSI guideline EP12-A suggests at least 50 positive and 50 negative specimens over a time period of 10–20 days. Likewise, EP09-A2 recommends testing of at least 40 patient samples over several days in order to compare and establish bias between methods. These recommendations were likely prepared for high-volume, low-cost tests, and may not reflect the current need  for  molecular  diagnostic  testing  of  skin-related  disorders.  For  the  purposes  of  molecular dermatologic testing, obtaining such large numbers of clinical samples and performing this type of validation may be prohibitive (i.e., due to specimen availability and test cost). Consequently, some guideline  requirements  from  the  CLSI  may  not  completely  harmonize  with  other  professional guidelines (i.e., American College of Medical Genetics [ACMG] guidelines for validating tests for Ultra-Rare  Diseases  [URD],  which  are  particularly  relevant  to  rare  genodermatoses)  [11].  One important issue to consider, when proposing the introduction of a molecular assay in a situation where the “ideal” number of specimens cannot be analyzed, is whether the new test is equivalent or better (i.e., decreased turn-around time, reduced cost, less invasive specimen collection, information  not  otherwise  available,  etc.)  than  current  tests  or  procedures  for  patient  management. 

Ultimately, it is the responsibility of the Medical Director to determine when sufficient test validation has been completed [9]. 
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Good laboratory practice dictates that reporting of test results must include the proper nomenclature and the following information: “patient name and identification number, name and address of the laboratory, specimen source (when appropriate), test report date, test performed, and test results [8, 10, 12].” 

Additional information should include: “patient date of birth, indication for testing, date and (if  applicable) time of (specimen) collection and arrival in the laboratory, and name of the referring physician [8].” 

For molecular testing of skin conditions, knowledge of the specimen source is helpful in interpreting results. For example, specimens for cutaneous lymphoma workup may include skin biopsies, whole blood, and/or bone marrow specimens. In addition, serial specimen collections are often required; for example, sequential samples from a posttransplantation patient with a skin rash are used to monitor changes in HHV-6 load. Preanalytic factors, such as delays in receiving the specimen after collection, can  result  in  nucleic  acid  degradation:  and  potentially  produce  false-negative  results.  Therefore,  the inclusion of the specimen collection time is critical for appropriate interpretation. One important aspect of  result  reporting  is  the  requirement  to  use  the  Human  Genome  Organization  (HUGO)  standard nomenclature [12, 13]. The inclusion of both scientific and colloquial names of diseases may help physicians better understand any molecular findings. Stating the exact gene that is being tested (i.e., EVER1 

or EVER2 in Epidermodysplasia Verruciformis [EDV]) on the report is important, because other genes may be identified in the future that are associated with the disease. Another benefit is that duplicate testing can be avoided. Likewise, inclusion of the test methodology can allow the referring physician (i.e., dermatologist)  to  evaluate  the  results  of  tests  from  different  laboratories.  For  instance,  a  laboratory performing a DNA sequence-based test for an inherited disorder may analyze only a portion of a gene, while another laboratory may analyze the entire gene. Understanding both the method(s) and target(s) of the molecular test may permit a physician to determine the possible cause of any discordant results. 

Any report should include the results of testing (i.e., positive or negative), and also an interpretation that provides clinical and analytical information, relating the molecular findings to the patient’s condition. 

 Legal Issues

The legal aspects of molecular diagnostics vis-à-vis gene patenting are also important to consider. 

With regard to molecular assays, patent claims in the USA involve: (1) composition of matter (i.e., novel gene mutation, deletion, single nucleotide polymorphism); (2) method-of-use; and (3) to a lesser extent, method of manufacture. Laboratories which utilize LDTs need to be aware of genes or methods that are the intellectual property (i.e., through patents or licenses) of others. For example,  InVivo Scribe  Technologies,  LLC  (San  Diego,  CA)  holds  worldwide  exclusive  rights  to  the patents for the identification and monitoring of leukemias, lymphomas, and other lymphoproliferative diseases through any amplification-based technology, including PCR (i.e., B- and T-cell clonality assays). Therefore, laboratories wishing to implement molecular tests for cutaneous lymphomas, such as mycosis fungoides, must first obtain a sublicense agreement from this company. Several databases exist to search for gene patents [14]. It should be noted that not all gene patents use standard nomenclature. Therefore, colloquial names for genes or diseases should be included in database searches. Failure to obtain a sublicense from any patent holder could result in monetary fines or a requirement that the laboratory cease performance of the test. 

Coding, Billing, and Reimbursement Considerations

As  is  the  case  with  all  laboratory  testing,  reimbursement  for  molecular  assays  necessitates  the proper use of International Classification of Diseases (ICD)-9 and Current Procedural Terminology (CPT) codes, in addition to the ability to bill for the service. 
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The submission of an appropriate ICD-9 code is required in order to identify a clinical diagnosis that justifies the performance of a molecular assay. One challenge for physicians is that multiple ICD-9 codes may be applicable to a given condition. Case in point, EDV could potentially be coded under 216.x (benign lesion), 078.x (verruca), or 757.x (genodermatosis). Some diagnosis codes may not support “medical necessity” for a particular (molecular test) CPT code, and payment may be denied for the submission of an “invalid” ICD-9 code. 

CPT codes are determined by the American Medical Association and cover a wide range of medical  procedures  [15].  In  addition,  Medicare  uses  HCPCS  (Health  Care  Procedure  Coding System) codes. The coding of molecular tests can be quite complex, partly compounded by the fact that  new  molecular  assays  are  continually  being  developed,  and  support  systems  must  adapt  in order to keep up. In 1993, there were only six codes associated with molecular testing. By 2008, this number had jumped to 21. Codes are assigned by procedure (i.e., nucleic acid isolation, digestion  procedures,  gel  electrophoresis)  rather  than  by  analyte  or  analysis.  CPT  codes  used  for molecular testing of skin diseases include those for molecular microbiology and FISH, as well as those generated for newer technologies (i.e., cDNA microarrays: 88384, 88385, 88386). Modifiers (i.e., technical component [TC], professional component [PC]) and edits (rules concerning which codes can be billed with others) also exist. Molecular microbiology codes are analyte-specific and range from 87470 ( Bartonella henselae and  Bartonella quintana, direct probe technique) to 87904 

(infectious agent phenotype analysis by nucleic acid [DNA or RNA], each additional drug tested). 

Within this range are codes for numerous bacteria and viruses associated with either skin infections or nonspecific skin disorders (i.e.,  Borrelia burgdorferi, mycobacteria, HHV-6, herpes simplex virus [HSV], and HPV). Typically, specific infectious entities have a separate code for each methodology  (i.e.,  Borrelia  burgdorferi  –  87475:  direct  probe;  87476:  amplified  probe;  87477: quantification). Other codes (i.e., 87149: identification by nucleic acid probe) are also available for infectious  agent  detection.  Molecular  cytogenetic  codes  for  FISH  begin  with  88271,  with  additional codes available for testing of increasing numbers of interphase cells for derivatives/markers (88272) and microdeletions (88273). CPT codes for FISH can also be found under the surgical pathology section (i.e., 88365–88368). The various codes for surgical pathology FISH applications reflect the quantitative/semiquantitative and manual  vs.  automated nature of morphometric analysis. 

Other  technical  CPT  codes  (i.e.,  83890–83914)  are  more  procedural  in  nature  and  attempt  to address all technical steps required to generate a report for a molecular test (Table 23.4). According to the 2010 edition of the CPT manual, “genetic testing modifiers should be used in conjunction with CPT and HCPCS codes to provide diagnostic granularity of service, to enable providers to submit complete and precise genetic testing information without altering test descriptors [15].” For example, when performing clonality tests for cutaneous lymphomas, the addition of the modifier 2M or 2N designates that the test analyzed the T-cell receptor beta or the T-cell receptor gamma genes, respectively. These modifiers enable the laboratory to better articulate that multiple genes were tested; otherwise, the payer may consider the use of both of these tests, without the inclusion of modifiers, as a duplicate order. 

Superficially,  it  would  appear  that  molecular  testing  is  more  costly  than  nonmolecular-based methods. Indeed, the actual performance of a molecular assay may be more expensive than that of a conventional test. However, molecular diagnostic approaches not only demonstrate the advantage of fast, reproducible, accurate, and objective results, but also the potential of providing significant overall cost benefits in the management of individual patients and to the health care system in general (i.e., a value-based approach). Importantly, this cost effectiveness may be more broadly related to a reduction in the number of diseases, unnecessary treatments, adverse drug reactions, drug resistance, disabilities, hospital stays, time away from work, and mortality [16–19]. Some of the costs associated with molecular testing for cutaneous T-cell lymphoproliferative disorders (Chap. 10) and dermatophytoses (Chap. 15) are discussed in their respective chapters. Determination of the reimbursement rate for a molecular test utilizing multiple procedural codes is complex. Accordingly, the development of an in-house spreadsheet, linking reimbursement with each procedural code, may be 
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Table 23.4  Spreadsheet for calculating reimbursement for molecular assays with select technical components. Example is for TCR-g gene rearrangement analysis for mycosis fungoides (i.e., two PCRs with capillary electrophoresis) CPT code

CPT description

Reimbursement ($)

Number

Subtotal ($)

83890

Molecular diagnostics; molecular 

5.85

isolation or extraction

83891

Isolation/extraction of highly purified 

5.85

1

5.85

nucleic acid

83892

Enzymatic digestion

5.85

83894

Separation by gel electrophoresis

5.85

83896

Nucleic acid probe, each

5.85

83897

Nucleic acid transfer  

5.85

(i.e., Southern blot)

83898

Amplification, target, each nucleic acid 

24.47

sequence

83900

Amplification, multiplex, first two nucleic 

48.95

1

48.95

acid sequences

83901

Amplification, multiplex, each additional 

24.47

1

24.47

primer set

83902

Reverse transcription

20.72

83903

Mutation scanning, by physical properties 

24.47

(i.e., SSCP)

83904

Mutation identification by sequencing

24.47

83905

Mutation identification by allele-specific 

24.47

transcription

83907

Lysis of cells prior to nucleic acid 

19.50

1

19.50

extraction

83908

Amplification, signal, each nucleic acid 

24.47

sequence

83909

Separation and identification by high-

24.47

2

48.94

resolution technique (i.e., capillary 

electrophoresis)

83912

Interpretation and Report

5.85

1

5.85

Sum of Billed CPT codes

153.56

Table  does  not  contain  all  technical  codes  for  molecular  testing.  Dollar  amounts  are  based  on  2008  Medicare reimbursements and may not reflect current reimbursement rates

helpful in this respect. Table 23.4 is an example of such a spreadsheet that lists some commonly used molecular CPT codes. Of course, not all CPT codes related to molecular testing are listed in this  table,  and  reimbursement  rates  for  CPT  codes  can  both  vary  and  change  among  payers. 

Reimbursement rates for the different CPT code components associated with the performance of a molecular test range from ~$5 to ~$46 (Medicare). Of note, quantification codes (i.e., expression levels) typically reimburse at a higher rate than qualitative codes (i.e., positive  vs.  negative result), due to the added complexity of the test. It should be noted that royalties and license fees are not reimbursed. Royalties for performing tests may add a significant percentage to the assay costs. In some cases, 10% or more of the billed test may be required to be paid to the license holder. 

Rates and methods of reimbursement vary significantly among payers (i.e., Medicare, insurance, self-pay).  Different  fee  schedules  exist  (i.e.,  Clinical  Laboratory  Fee  Schedule  and  MPFS  under Medicare), and reimbursements are influenced by such factors as geographic location, the use of diagnosis-related groups (DRGs), test performance by an independent laboratory  vs.  in a hospital 
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setting (i.e., ambulatory payment classifications [APCs]), relative value systems, ratio of cost-to-charge, and/or medically unlikely edits (MUEs). In addition, there is poor comprehension by the payer community of the complex coding associated with molecular assays, and reimbursement policies are often inconsistent and out-of-date. Common problems associated with poor reimbursement are listed in Table 23.5. In some cases, issues may result from failures to transfer/communicate the relevant data. For instance, the absence of appropriate ICD-9 codes or modifiers and/or a signed Advanced Beneficiary Notification (ABN) are common causes of poor reimbursement. Delays in test reporting and/or billing can also result in rejection of billed services. Many of these issues can Table 23.5  Frequent causes of poor reimbursement

Cause

Comment

No ICD-9 code listed or Incorrect 

Occasionally no ICD-9 code is listed on the requisition. One way 

ICD-9 code listed

of addressing this problem is to implement a process such as 

Electronic Physician Order Entry (POE) that prevents the order 

from being placed without a diagnosis code. Education of the 

clinic staff is another. 

Payment rejected for some CPT codes

Occasionally payers will reject certain CPT codes. This can occur 

with molecular technical codes, because the payer may have 

difficulty linking the code with a specific test result (i.e., 

nucleic acid isolation does not detail for what test the DNA/

RNA extraction was required). In other cases, the payer may 

deny payment due to internal policies that consider some 

tests experimental or not medically necessary. Education and 

negotiation with the third party payers may be useful in this 

situation. 

Delays in charging for bills

Whether the delay is caused by a technical, electronic, or 

administrative problem or combination of all three, delays in 

generating invoices for tests can lead to bill rejection. Some 

payers will not honor bills that are greater than 90 days old. 

Molecular tests that are ordered reflexively (such as in the case 

of mycosis fungoides) can have delayed results, if (1) the test is 

ordered after the initial workup, (2) the specimen is sent to an 

outside lab, or (3) there are technical difficulties causing the test 

to be repeated. 

Duplicate testing (multiple uses of the 

Because molecular technical codes are used for multiple assays (i.e., 

same CPT code)

many of the same codes are used for both cutaneous T- and B-cell 

lymphoma testing), the payer may view multiple uses of CPT 

codes as duplications rather than separate technical components 

(i.e., as required to generate a T-cell clonality result and a B-cell 

clonality result). The use of different modifiers (2M and 2K) can 

be useful in this instance. 

Duplicate testing (different levels of 

For molecular microbiology codes, the CPT code may not 

specificity or resolution)

differentiate between the initial detection of the infectious agent 

and subsequent higher resolution testing. For example, reflexive 

testing from a high-risk human papillomavirus (HPV) screening 

test to a HPV genotyping test for HPV types 16, 18, and 45 could 

result in the use the same CPT code (87621). 

Lack of signed Advanced Beneficiary 

In cases where Medicare does not pay for the test, a signed ABN is 

Notification (ABN)

mandatory. Some clinics may not have requisitions with an ABN 

attached to them, or may not have policies that require the patient 

to sign an ABN if the sample is collected by a patient service 

center rather than the physician’s office. Software systems are 

available that recognize a test with a noncovered diagnosis and 

notify the physician that an ABN is required. 

462

D.A. Payne

be mitigated through the use of software or procedural changes that alert a physician to situations which can adversely impact reimbursement. In addition, due to the use of emerging technologies, payers may not reimburse as they do not know what the test is for. In these cases, communication directly  with  the  payer  or  through  professional  organizations  (i.e.,  publications,  position  papers, etc.)  may  be  helpful.  Of  note,  a  future  trend  in  reimbursement  may  be  a  value-based  approach, where payments reflect overall savings to the health care system. 

Ethical Issues

A  number  of  ethical  concerns  can  arise  from  molecular  diagnostic  testing  of  skin  disorders (Table 23.6) [20–22]. These issues can be grouped into three general categories: (1) the value of the test; (2) infrastructure for patient support and education; and (3) informed consent, confidentiality, and unanticipated consequences. 

 Value of the Test

The value and limitations of the test include clinical specificity and sensitivity, as well as the analytical performance of the assay (Table 23.3). Validation and verification processes should provide  information Table 23.6  Ethical issues associated with molecular testing

Considerations

Comments

What is the purpose of the test? 

Purposes for molecular testing include diagnosis, prognosis, 

risk assessment, and research. The purpose of the test will 

influence various steps that can be taken after receiving the 

results ranging from no action to aggressive treatment. 

What value does the test information offer? 

If treatment options for a genetic disease exist, then there may be a 

clear benefit to performing a test. In cases where no treatment 

is available, the value of the test can be assessed by the patient. 

For instance, in circumstances where the patient is a child, the 

decision for genetic testing may be left to that individual once 

they have reached adulthood. 

Is the test appropriate for the patient who is 

Some genetic conditions are primarily associated with persons of a 

being tested? 

specific biogeographical ancestry (i.e., ethnicity). 

Does the clinic have the ability to provide 

Clinical staff and physicians need to be able to articulate the 

adequate informed consent? 

various advantages and risks associated with genetic testing. 

Who interprets the test result? 

The physician should have adequate resources with access to 

laboratories and experts to facilitate interpretation of test 

results. With a positive test for human papillomavirus (HPV), 

some patients may erroneously conclude that their sexual 

partner has been sexually active outside their relationship. In 

this case, the ability of the physician to explain the natural 

history of HPV may be helpful. 

How will the test result be communicated to 

The clinic should have access to a genetic counselor to help 

the patient? 

patients understand the results, and identify support groups that 

can assist the patient if so desired. 

What confidentiality issues exist 

Confidentiality issues may include disclosure of results to 

with testing? What is the risk for 

employers or insurance companies, with the potential for job 

discrimination or stigmatization? What 

discrimination and problems of acquiring and/or maintaining 

other unintended consequences can result 

health insurance coverage. In addition, interpersonal and social 

from testing? 

issues may occur. 
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on the technical performance of the test (i.e., nonvalidated tests may yield erroneous results). Other questions that need to be addressed include whether the assay is to be used for screening,  prediction, diagnosis, prognostication, or monitoring. Likewise, is the test appropriate for the patient (i.e., age, biogeographical  ancestry/ethnicity)?  How  will  the  information  be  used  to  manage  or  care  for  the patient? In other words, “is the test medically necessary?” Some of these molecular tests are extremely expensive and consideration must be made as to how the information will be used. 

 Infrastructure for Patient Support and Education

Does  the  clinic  or  laboratory  provide  the  appropriate  infrastructure  to  acquire  informed  consent, interpret the test, and (if necessary) provide or refer for genetic counseling? Test interpretation for inherited diseases can be difficult and may be beyond the scope of most practicing physicians. 

The  ability  to  provide  adequate  educational  support  for  these  patients  is  critical.  Many  of  these issues can be addressed by providing referral to a genetic counselor. 

 Informed Consent, Confidentiality, and Unanticipated Consequences

Informed  consent  should  be  obtained  prior  to  any  form  of  genetic  testing.  This  process  should include a discussion concerning the purpose of the test, possible results, implications for the individual  and  family  members,  availability  of  genetic  counseling  services,  and  potential  impact  on insurance  coverage.  Confidentiality  protects  the  patient  from  discrimination  and  stigmatization. 

Inappropriate release of molecular test results can create interpersonal difficulties. In addition, job discrimination and potential problems with acquiring and/or maintaining health insurance coverage are perceived as other risks associated with loss of confidentiality. At present, there are a number of state  and  federal  laws,  such  as  the  2008  Genetic  Information   Non-Discrimination  Act  (GINA), which protect individuals from the use of their genetic information by health insurance providers for the determination of coverage eligibility or the setting of insurance premiums. With regard to genodermatoses, additional issues could include the discovery of different parentage than expected or consanguineous family members. 

In conclusion, regulatory, legal, billing, coding, reimbursement, and ethical issues may pose some  obstacles  to  the  broader  implementation  of  molecular  diagnostic  tests  for  dermatologic disorders. However, there are various resources available to provide support to physicians and laboratories willing to embrace these challenges. Professional guidance documents and recommendations  serve  to  ensure  the  quality  of  molecular  testing  and  improve  the  management  of patients with skin diseases. 
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