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Inside the cell, a complex network of dynamic molecular interaction takes place
without interruption. Such molecular interactions are like the strings pulled by the
puppeteer in order to perform the act of life in a precise and accurate manner. In this
act of sustenance, proteins are the major puppeteers that maintain and balance the
biological equilibrium with the help of intricate protein—protein interactions (PPIs),
as they are involved in diversified activities including genetic transfer, cell prolifer-
ation, and apoptosis of a cell. Owing to this fact, over the last two decades, the
quantification/prediction of individual PPIs and protein interaction networks has
been of prime focus for the researchers across the globe.

The identification of PPIs has led to promising opportunities in expanding the
knowledge of human physiology, as well as in the development of therapeutic
strategies in cases of life-threatening diseases. It is important to evaluate such
interactions as they predetermine the phenotype, behavior, and stimuli response of
biological systems under both physiological and pathophysiological conditions.
PPIs are directly involved in biological mechanisms; hence, utilizing PPIs as targets
for drug development has been an efficient process. However, with increasing cases
of resistance against broad-spectrum drugs, and ever-evolving conditions of patho-
genic microorganisms has created a bottleneck in the field of drug development.
Although over 645,000 disease-associated PPIs are known in the human
interactome, only 2% of these leads have been explored as therapeutic targets.
Therefore, deep understanding of novel PPIs and their mechanism of interaction is
quintessential. Advent of high throughput experimental and computational
techniques that are able to decode the criteria followed by the proteins during the
course of their interactions with other protein partners has aided immensely in
elucidating the protein interaction networks and their drug targets. The previous
volume in the series focused on understanding the basis of protein—protein interac-
tion and providing a comprehensive knowledge of complex experimental and
computational tools used to elucidate and predict missing connections in PPI
network. While this book provides a comprehensive account of protein—protein
interaction that takes place in conditions such as genetic disorders, cancer, immune
disorders, pathogenic infections, and some novel accounts of how PPI inhibitors
against such interactions have been developed over the years.
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viii Preface

This book comprises of seven chapters of which the first five chapters discuss the
plethora of research done in the field of PPI identification in cases of various diseases
while the last two chapters account for different ways of designing, types, and
examples of PPI inhibitors against some popularly known protein—protein
interactions involved in the pathophysiology of a human body in diseased state.
Chapter 1 presents an overview of various protein-related disorders, where
mutations play a vital role in the formation of diseases such as cystic fibrosis,
diabetes, GPCR-related disorders due to aberrant protein—protein interactions.
Chapter 2 elucidates the comprehensive knowledge on protein—protein interactions
involved at different stages and types of cancer malignancies and discusses the
potential of single cell profiling and protein interaction networks for the develop-
ment of novel therapeutic candidates. Chapter 3 provides an outline about the basic
principles of neurodegeneration, its symptoms and pathophysiology with the major
focus on protein interaction underlying the neurodegenerative disorders. Moving
further, Chap. 4 outlines the pathophysiology and underlying protein interactions
involved during immune system and inflammatory disorders such as inflammatory
bowel syndrome, multiple sclerosis, and diabetes. In addition to this, it gives a brief
account of the fundamentals of inflammation and immune disorders. Chapter 5
dissects the molecular interaction between pathogen and host proteins that are
essential for the pathophysiology of a pathogenic infections and furnishes the details
of various host—pathogen interaction involved at each step of infection. Chapter 6
addresses the basis of drug design and various experimental and computational
methodologies utilized till date for identifying drug targets that are efficient and
cost-effective. Chapter 7 is devoted to small molecule inhibitors of PPIs and renders
a detailed account of small molecules that are already being used/proposed as
potential PPI inhibitors.

This book provides a detailed information of protein—protein interactions respon-
sible for digression of diseases in humans and correlates it with the fundamental
concepts of PPI interaction discussed in the previous volume. Further comprehen-
sive information of various approaches taken in the field of drug designing against
such PPIs together with their examples and current status has been presented in this
book. This book aims to deliver a detailed and meticulous understanding of disease-
related PPIs and their inhibitors known till date to students and researchers working
in the fields of protein chemistry and biology.

Roorkee, Uttarakhand, India Krishna Mohan Poluri
Khushboo Gulati

Deepak Kumar Tripathi

Nupur Nagar
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1.1 Introduction to Genetic Basis of Disease

The genetic code provides a blueprint for the development and survival of an
organism. The human genome is roughly made up of three billion base pairs of
DNA. The genome encodes for approximately 22,000 gene coding RNAs and
proteins needed for the development and proper functioning of the human body.
In addition, over 14,000 noncoding genes or “pseudogenes” have been identified in
the human genome. These genes are usually nonfunctional copies of functional
genes that have lost their protein-coding ability over the course of evolution. The
noncoding regions of the genome participate in regulating the protein-coding regions
for maintaining a healthy state (Cheetham et al. 2020). Moreover, pseudogenes
promote recombination events and are native sites for mutation, which lead to
diseases like Gaucher disease, Down syndrome, and cancer. Mutations and
variations are the key factors that distinguish individuals and populations; and are
also responsible for autoimmune and pathogenic disorders. Mutations can be herita-
ble change in the DNA sequence where the change could refer to somatic cell
division or germline inheritance (Shendure and Akey 2015). In contrast, variants
refer to differences in the gene/genome from the reference gene. Variations are
common mutations (disease-associated) that are generally defined at the population
level. At the population level, the variant version of the gene sequence is referred to
as “alleles.” Allelic differences are the potent cause of polymorphism. The variations
can either be benign (nonfunctional) or disease-causing. Human diseases include a
wide variety of genetic changes. These include chromosomal imbalances, single-
gene disorders, point mutations and indels, complex disorders, and epigenetics.
Chromosomal imbalances or aberrations can occur due to numerical or structural
abnormalities. An average human somatic cell consists of DNA compactly arranged
into 23 pairs of chromosomes (22 + XX/XY), maintaining the diploid state of the
cell. However, in some cases, the number of chromosomes are not an exact multiple
of the haploid set, and such condition/state is known as aneuploidy. Aneuploidy
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2 1 Protein Networks in Human Disease

generally occurs when a gamete contains fewer or a greater number of chromosomes
than usual due to nondisjunction in cell division. Aneuploidies are lethal and lead to
severe developmental abnormalities (Orr et al. 2015). Based upon the total number
of chromosomes, two most common conditions of aneuploidy known are monosomy
(2n — 1) and trisomy (2n + 1). Aneuploidy can either be autosomal or abnormal
number of sex chromosomes (Table 1.1). At the same time, structural abnormalities
result from DNA damage, which leads to chromosomal breaks. The error might
occur at multiple levels of DNA-related mechanisms such as replication, DNA
repair, DNA packaging, and recombination. The cytogenetic study has revealed
that the underlying causes of structural abnormalities in many cases are
microdeletions, microduplications, and copy number variants (CNVs) (Chunduri
and Storchova 2019). Some of the associated syndromes due to genetic anomaly
have been listed in Table 1.1.

Single-gene disorders are based on the genotype at a single locus where heredity
is in accordance with the Mendelian laws of segregation, independent assortment,
and dominance. These disorder genotypes are classified as dominant and recessive
and are either autosomal or sex chromosome-related (Chial 2008). Genotype
modifications can occur due to point mutations or indels leading to severe functional
abnormalities. Some pathogenic single-gene disorders are hemophilia, cystic fibro-
sis, phenylketonuria, etc., (Table 1.1). In addition to modifications in the nuclear
genome, aberrations in the mitochondrial genome also led to severe human
abnormalities. The mitochondrial genome is responsible for expressing critical
electron transport chain enzymes and other biological processes that occur inside
the mitochondria. It is always inherited via cytoplasmic inheritance, hence inherited
only from the mother. Therefore, if the mother is affected, the whole pedigree is also
affected. Several conditions, such as Leber’s hereditary optic neuropathy (LHON)
and Leigh syndrome are considered as mitochondrial genome-associated diseases.
Epigenetics is also a central genetic feature responsible for diseases and phenotypic
changes seen in humans and other organisms. DNA undergoes chemical
modifications in a normal cell, and the study correlating such chemical changes is
known as epigenetics. The chemical changes include methylation, demethylation,
histone modifications, chromosome imprinting, etc. The DNA contains specific sites
for these processes to occur, for example, DNA methylation occurs at the CpG
islands with the help of methylase enzymes. Moreover, the chemical modifications
affect/regulate the DNA replication and packaging processes. A recent report by
Jackson et al. had comprehensively reviewed the relation between epigenetics and
genetic disorders (Jackson et al. 2018). Understanding the genetic basis of diseases
provides an insight into the intricate conversations at the genome level and how they
affect the phenotypic level. It has led to a better diagnosis, prognosis, and treatment
of genetic disorders in several cases. Apart from the genetic basis, it is quintessential
to understand and analyze the protein expression, structure-function relationships,
and their binding interactions as they are working horses of the living system, and
phenomenally contributes to the pathophysiological conditions of the living organ-
ism (Poluri et al. 2021d).



1.1 Introduction to Genetic Basis of Disease

Table 1.1 Examples of diseases due to various genetic anomaly (Jackson et al. 2018; Orr et al.

2015)

Common name
Aneuploidy
Patau syndrome

Edwards
syndrome

Down syndrome

Triple X

syndrome

Jacob’s
syndrome

Klinefelter
syndrome

Genetic anomaly

Trisomy 13

Trisomy 18

Trisomy 21

Trisomy X

47, XYY

47, XXY

Symptoms

Intellectual disability; motor disorder; microphthalmia;
meningomyelocele; polydactyly; cleft palate; kidney
and heart defects

Kidney malformations; structural heart defects at birth;
omphalocele; esophageal atresia; intellectual disability;
arthrogryposis; microcephaly; micrognathia; cardiac
and CNS abnormalities

Moderate intellectual disability; characteristic facial
appearance; delayed physical growth; short stature;
hearing and vision disorder; leukemia

Tall stature; seizures; delayed speech development,
language, and motor skills; skeletal anomalies;
behavioral and emotional difficulties

Autism; emotional and behavioral issues; delayed
speech; motor skills; hypotonia; and involuntary
muscle movement

Smaller male genital organs; taller stature; low
testosterone levels; absent or delayed puberty;
gynecomastia; reduced facial and body hair; infertility;
learning disabilities; speech and language delay

Microdeletion/microduplication-related disorders

Di George
syndrome

Williams
syndrome

Smith—Magenis
syndrome

Cri-du-chat
syndrome

22q11.2 deletion

Chromosome
7 partial deletion

Short p-arm of
chromosome 17

5p15.2 CTNND2

Susceptible to infections and autoimmune disorders;
heart defect; cyanosis; characteristic facial features;
learning difficulties; hypocalcemia, renal and skeletal
abnormalities

Mild intellectual disability; problems with
coordination; delayed development; hypercalcemia;
supravalvular aortic stenosis; distinctive “elfin” facial
appearance

Moderate intellectual disability; disrupted sleep
patterns; behavior issues; short flat head; broad nasal
bridge

Cat-like cry; microcephaly; palate abnormalities; severe
psychomotor skills; severe intellectual disability

Single-gene disorder due to point mutations

Autosomal dominant

Glut1 deficiency

Osteogenesis
imperfecta

Autosomal recessive

Phenylketonuria

Sickle-cell
anemia

SLC2A1

COL1ALl or
COL1A2

PAH

HBB

Mental confusion; drowsiness; rapid head and eye
movement; hemiparesis; microcephaly

Bone deformities; barrel-shaped chest; discoloration in
the eye; weak muscles; loose joints

Distinct odor; neurological problems; eczema; fair skin
and blue eyes; no or low melanin production

Swelling in hand and feet; delayed growth; vision
problems; anemia; paleness; breathlessness

(continued)
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Table 1.1 (continued)

Common name Genetic anomaly | Symptoms

X-linked dominant

Hemophilia A F8 Arthritis; frequent nosebleeds; blood in urine; excessive
bleeding during injury; bruises

Duchenne DMD Scoliosis; breathlessness; problems with memory and

muscular learning; contractures

dystrophy

X-linked recessive

Fragile X FMRI1 Trembling hands; balance problems; numbness in

syndrome hands and feet; cognitive issues; memory loss; reduced
fertility

Rett syndrome MECP2 Hypotonia; mobility problems; delay of speech; loss of

memory; difficulty in eating; seizures; irregular
breathing pattern

Single-gene disorder due to nucleotide repeat expansion

Huntington HTT Memory lapses; depression; clumsiness; mood swings;
disease difficulty speaking; fidgety movements

Myotonic DMPK Myotonia; weak muscles; cataracts; cardiac conduction
dystrophy type 1 defects; fatigue; difficulty in swallowing

1.2 Classical Protein Complexes in the Cell

Proteins are molecular machineries that perform all the biological processes and
balance the homeostasis in human body. Proteins work in association with each
other and a variety of biological molecules. They act as a relay between cells and
organelles and transmit biological signals. One of the classic examples of protein
complexes involved in biological processes is RNA polymerase and ribosome-
mediated transcription and translation. The dynamic and ordered protein complexes
are the molecular essence of cellular machinery (Meng et al. 2021). Coordinated
gene expression, translation, transport, and localization of proteins mediate the
complex/supermolecule formation. Moreover, the protein-protein complex forma-
tion is orchestrated by protein assembly code and protein-folding dynamics. The
three-dimensional structure and presence of specific amino acids and/or motifs
govern the sensitivity and specificity of interactions and modulate the cellular
response of the PPI interactome (Gavin and Superti-Furga 2003). Protein—Protein
Interactions (PPIs) are defined by eight characteristics: (1) dynamic behavior,
(2) multiple interacting partners, (3) cooperativity, (4) protein-folding states, (5) pres-
ence of multiple interfaces, (6) reversible nature of the interaction, (7) hotspot
regions (binding residues/scaffolds/motifs), and (8) modularity (Keskin et al.
2008). To date, the most understanding of PPIs comes by factoring in proteins as
rigid molecules.

In general, this is not the case, as proteins are inherently dynamic, and the
dynamicity offers an insurmountable range of interaction possibilities with their
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respective partners. Nuclear magnetic resonance spectroscopy (NMR) and cryo-
electron microscopy (Cryo-EM) have proven to be valuable techniques in under-
standing the dynamic behavior of protein—protein interactions over the recent years
(Poluri et al. 2021a). Through the years of development in proteomics, scientists
have identified numerous modular-binding domains, scaffolds, and motifs for
mapping protein—protein interactions. High-throughput techniques such as yeast
two-hybrid (Y2H), microarray, mass spectrometry (Poluri et al. 2021a), and NMR
spectroscopy have produced a vast amount of data and literature on PPIs involved in
molecular processes (Barabasi and Oltvai 2004). However, the protein molecular
interactions in a cellular context are far more complex than elucidated via biophysi-
cal and proteomic techniques (Gavin and Superti-Furga 2003). In a cell, the associa-
tion of one protein does not always happen in binary interactions, i.e., a protein can
have multiple binding partners. The mutagenicity introduces several levels of com-
plexity and regulative measures on the activity of the protein and its interacting
partners. Some classic examples of such regulation are the allosteric regulation of
protein kinases during GPCR signaling and feedback loop. Binding cooperativity
plays a significant role in the modulation of PPIs. Cooperativity is highly affected by
conformational changes and mutations. Loss or gain of function mutants is an
important deciding factor of PPIs’ biological activity.

Apart from their dynamic characteristics, numerous other factors influence their
interactions. Factors such as post-translational modifications, presence of
ATP/chaperone molecules, protein folding, pathological states, localization, and
their binding partners are some of those that affect protein dynamicity and their
interactions in a grave manner (Keskin et al. 2008). Moreover, as protein complexes
often interact with one another, these factors are difficult to assess via classical
techniques that focus on deciphering binary interactions. Understanding these com-
plex interactions is an integral part of mapping of the signaling pathways and the
protein interaction networks. For example, initiation of transcription involves bind-
ing RNA polymerase II (RNA pol II) with the promoter region present upstream of
the gene sequence. However, this process is not a one-step process as the whole
RNA pol II-promoter binding is orchestrated and monitored by a group of upstream
proteins such as transcription factors, repressor-binding factors, and enzymes, which
bind to RNA pol II thus aiding in the mRNA formation (Hager et al. 2009;
Yamamoto et al. 2004). Similarly, DNA duplication during the S phase of the cell
cycle is mediated under the tight control of molecular checkpoints patrolled by
cyclin-CDK protein complexes in association with their upstream and downstream
mediators (Longhese et al. 2003). Modularity is also an essential attribute of protein
complexes as it defines the PPI complexity and the differential function. A module is
defined as a complex of two protein molecules (Poluri et al. 2021e). For example,
Youtiao, a scaffolding protein, binds with NMDA receptor and potassium ion
channels and facilitates their binding to protein kinase A and protein phosphatase
1, respectively (Marx et al. 2002; Park et al. 2001). Until now, a wide array of
techniques have been employed to understand PPIs. This rapid collection of PPIs led
to the development of libraries and the construction of protein interaction networks
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(PINs) which provided a better perspective for evaluating cellular organization
(Meng et al. 2021; Sarkar and Saha 2019).

1.3 Characterization of Disease-Related Mutations at Protein
Interaction Interfaces

Genetic alterations detected in the human population result from single-nucleotide
variants (SNVs). Around 58% of SNVs are responsible for single amino acid
variants leading to altered protein structure and function. Analyzing the effect of
these alterations on protein—protein interactions is crucial. Both experimental and
computational methods are utilized to understand the molecular functions of the
protein variants. Experimental methods such as X-ray crystallography, NMR, Y2H,
and other proteomic analysis have been described elsewhere (Poluri et al. 2021a).
Apart from experimental techniques, computational methods that are used to esti-
mate the phenotypic effect of the variants include: SIFT (Sim et al. 2012; Ng and
Henikoff 2003), CADD (Yu and MacKerell 2017; Zhao et al. 2020), PMut (Lépez-
Ferrando et al. 2017), etc. Computational methods provide cost-effective and less
time-consuming alternatives to experimental analysis to characterize disease-related
mutations at protein surfaces (Poluri et al. 2021b). Several studies have revealed the
effect of mutations on protein—protein interactions. As explained in the above
section, the disease-causing mutation at the PPI interface can induce both physio-
logical and geometrical changes. In the following sections, how genetic mutations
lead to severely diseased states concerning some necessary mutation-related
diseases; and various diagnosis and treatment processes identified till now by
utilizing the information from the above-explained alterations in the genome and
proteome of the human cell will be presented in detail.

1.4 Role of Protein Interactions in Disease

Understanding the eminence of protein interactions is essential for investigation of
molecular mechanisms both in physiological and pathological states. The progres-
sion and clinical symptoms of all pathological states are dependent on PPIs and
protein interactome. These interactions can either result from genetic anomalies
(in cancer, neurodegenerative diseases) or competitive/noncompetitive inhibition
of cellular protein complexes by foreign protein agents (Host—pathogen
interactions). As proteins are the primal agents of biological function, the systematic
study of interactions is important for improvement of biomedical applications.
Protein interaction networks play an important role in deciphering the relationship
between the structure and function of PPIs (Yeger-Lotem and Sharan 2015). As
mentioned earlier, diseased state is often led by mutations affecting the PPI
interfaces and functionality of the protein. The protein interaction network together
with the gene-level studies can be helpful in deciphering the molecular basis of
diseased state and further development of precise treatment and prevention
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protocols. The first systematic probing of mutation led effects on PPIs in a diseased
state was reported by Zhong et al. (2009). Later in 2012, Wang et al. evaluated the
effect of disease-causing mutations using a fully resolved PPI network and found
that interaction interfaces are the key hotspot for in-frame mutations leading to the
pathological state (Wang et al. 2012). Over the years, numerous databases and
bioinformatic tools have been developed for storage and development of novel
protein interaction networks with respect to physiological and diseased states (Poluri
et al. 2021b). Databases such as TCGA (The Cancer Genome Atlas) (Tomczak et al.
2015), cBioPortal (Gao et al. 2016a), HPIDB (Host—pathogen interaction database)
(Ammari et al. 2016) are key libraries of gene expression data, and protein interac-
tion networks isolated from the clinical samples. These databases are also important
in understanding novel protein—protein interactions and the complex nature of the
human body in a diseased state. The application of PPI networks focuses on four
areas: (1) identification of disease-associated gene/protein, (2) correlation of network
properties and diseased state, (3) disease-associated subnetworks, and (4) network-
based classification of diseases (Sevimoglu and Arga 2014; Poluri et al. 2021c).

Studying PPIs and associated pathways have revealed key findings with respect
to diseased states. Firstly, disease-related genes encode highly connected proteins
and secondly, they tend to cluster together (Safari-Alighiarloo et al. 2014). The
identification of disease-associated PPIs provides us the ability to recognize potential
therapeutic targets and plays a major role in prediction of genotype-phenotype
associations. These associations are useful in gaining knowledge about novel
diseases, and also fast track the identification of therapeutic agents. A classic
example of how the PPIs have helped in development of diagnostic, therapeutic
and preventive measures against a disease can be observed in the case of the recent
coronavirus outbreak. The prerequisite literature on viral genome and genes
associated with its clinical symptoms gave an edge in the assessment of the outbreak
and led to a fast-track development of vaccines, therapeutic protocols, and testing
kits against COVID-19. PPIs and protein interaction networks have unraveled the
molecular basis of complex diseases as well. Several complex diseases are a result of
complicated protein—protein interactions. Complete understanding of complex
diseases such as cancer and autoimmune diseases involving multiple factors and
association of genotype to phenotype implications is a difficult task. However,
thorough investigation of genes involved in such complex diseases has given some
information on the molecular mechanisms involved in their progression (Safari-
Alighiarloo et al. 2014). Traditional approaches have not been quite promising in
uncovering the molecular mechanisms involved in cancer, as they focus on a single
gene or protein. However, the prediction of cancer-specific mechanisms by protein
interaction networks provides a much better idea of the disease. Sun and Zhao,
utilized the information on gene expression and protein interaction networks
involved in prostate cancer that led to development of markers for detection of
aggressive and nonaggressive states of prostate cancer (Sun and Zhao 2010).
Similarly, a study in 2009, combined the breast cancer gene expression data together
with human PINs to unravel the biomarkers of breast cancer prognosis (Taylor et al.
2009).
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1.5 Impact of Protein Interaction Networks on Analysis
of Disease Genes: A Case Study

COVID-19 has been a devastating health crisis of the twenty-first century. It is
caused by a novel coronavirus called SARS-CoV-2. For the past 3 years, COVID-19
has caused insurmountable social and economic disruption globally. The associated
mortality and morbidity have been one of the major concerns for the scientific
community since 2019. The rate of transmission and a variety of transmissible
factors caused the disease to take the shape of a pandemic. The crisis led to the
setting up of several initiatives for better understanding of the virus and disease, and
for formulation of therapeutics and preventive drugs. High-throughput genome
sequencing and PPI networks played an essential role in impactful targeting of the
disease. SARS-Cov-2 is a member of f-coronavirus family and is related to SARS-
Cov and MERS-Cov at the structural level (Wu et al. 2020a). The SARS-Cov-
2 capsid is made up of structural proteins/NSPs (nucleoprotein, membrane, spike,
and envelope protein), nonstructural proteins (RNA-dependent RNA polymerase)
and a phospholipid envelope (Khedkar and Patzak 2020). The similarity with other
coronaviruses provided an upper hand in speeding up the development of therapeu-
tics. For example, spike protein which is also expressed by SARS-Cov and MERS-
Cov was already known to interact with human angiotensin-converting enzyme
(ACE2) receptors (Li et al. 2006). This served as a premiere target for treatment of
COVID-19 in the initial phase of the pandemic. Similarly, identification of NSPs
such as RNA-dependent RNA polymerase (RdRp) and 3C-like protease (3CLpro)
and their known functions helped in drug development for inhibition of viral
replication. Remdesivir which is an adenosine analog is one of the prime examples
of this approach (Choy et al. 2020). Moreover, a clear understanding of pathophysi-
ology of SARS-CoV infections made drug discovery and vaccine development an
easier process (Fig. 1.1).

1.5.1 Potential Therapeutic Drug Targets in COVID-19

Clinical identification of symptoms and pathological causes of a disease are utilized
to establish diagnostic and therapeutic methods. Increasing complexity of diseases
and drug pathways has called for change in traditional approaches to drug
interventions and strategies. Rather than following the “one drug one target”
approach, researchers nowadays are more focused on investigating the impact of
drug-induced effects of the molecular networks that also accounts for the synergistic
effect of multiple drug treatments (Mestres et al. 2009; Janga and Tzakos 2009).
Network-based methods have proven to be highly effective in such cases (Peters
2013). SARS-Cov-2 contains a variety of protein interactions that can be targeted for
development of drugs. A concise information of therapeutics developed till date
against SARS-Cov-2 and human protein interactions are enlisted in Table 1.2, which
either target the viral entry or the viral replication process.
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Fig. 1.1 Pathophysiology of SARS-CoV-2 infection. SARS-CoV-2 viral envelope consists of
several structural proteins such as spike (S), envelope (E), and nucleoprotein (N). The initiation of
SARV-CoV-2 infection is mediated by interaction of S protein with its host molecular partners—
ACE2, Furin and TMPRSS2 (not shown in the figure). The ACE2-S protein interaction initiates the
endocytosis of viral assembly upon which the endocytic vesicle and viral membrane are dissolved
and ssRNA together with nonstructural proteins (helicases, RNA-dependent RNA polymerase
(RdRp), and 3C-like protease (3CLpro)) initiate the replication-transcription phenomenon.
ER-Golgi complex initiates the translation, folding, packaging, and transport of viral proteins.
Upon expression of viral RNA and proteins, the virus is assembled, packed into exocytic vesicle,
and secreted out of the infected cell

Viral entry is the first interaction between the viral and human proteins. One of
the common viral entry proteins is Spike glycoprotein (S-protein). The S-protein
interacts with the ACE2 receptor and initiates the membrane fusion process with the
help of host proteases such as TMPRSS2 and furin (Chang et al. 2021). Li et al.
studied the ACE2 expression pattern in lung tissues of healthy and infected patients
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Table 1.2 Examples of inhibitors and vaccines developed against SARS-CoV-2

Type | Name | Virus ‘ Mechanism References
Inhibitors
Small molecule
SSAAO09E2 CoV | Disturbing S-ACE2 Adedeji et al. (2013)
interaction
Arbidol CoV- | Modulation of S protein Vankadari (2020),
2 trimerization Herod et al. (2019)
Chloroquine CoV- | Atypical PPI inhibition Wang et al. (2020)
2
P3 CoV- | Stabilizes non-native dimer Lin et al. (2020)
2 of nucleocapsid protein
Antibody/Antibody fragments
CB6 CoV- Shi et al. (2020)
2
B38 CoV- Wau et al. (2020b)
2
311mab-31B5 and CoV- Chen et al. (2020)
311mab32D4 2
COVA2-15 CoV- Brouwer et al. (2020)
2
IgG1 abl CoV- Li et al. (2020b)
2
ACE2-Ig CoV- Lei et al. (2020)
2
Soluble peptide analogs of ACE2
hrsACE2 CoV- Monteil et al. (2020)
2
S471-503 CoV | Disturbing S-ACE2 Hu et al. (2005)
interaction
438YKYRYL443 CoV | Binding with host ACE2 Struck et al. (2012)
Peptide-based inhibitor
Octapeptide CoV- | Inhibitor of intradimer of Wei et al. (2006),
2 3CLpro Gan et al. (2006)
hexa-p-arginine CoV- | Furin-mediated cleavage of S | Cheng et al. (2020)
amide (D6R) 2 protein
Lipopeptide
EK1C4 CoV- | Disturbing 6-HB formation Cheng et al. (2020)
2 of S protein
Vaccines
Nonreplicating viral vectors
Jhonson & Jhonson CoV- Shay (2021)
vaccine 2
Covishield CoV- Jeewandara et al.
2 (2021)
Sputnik light vaccine | CoV- Komissarov et al.
2 (2022)

(continued)
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Table 1.2 (continued)

Type | Name Virus | Mechanism References
Sputnik V vaccine CoV- Jones and Roy
2 (2021)
Protein subunit
Corbevax CoV- Thuluva et al. (2022)
2
Novavax CoV- Mahase (2021)
2
RNA
Moderna vaccine CoV- Wei et al. (2021)
2
Pfizer-BioNTech CoV- Chagla (2021)

COVID-19 Vaccine 2
Inactivated virus
Covaxin CoV- Sapkal et al. (2021)

by functional enrichment analysis and revealed the significant role of ACE2
receptors in lung infections. According to the study, ACE2 expression in infected
tissues led to inflammatory response and cytokine storm by increased expression of
proteins like SRC and CASP1. ACE2 was also reported to promote viral replication
as expression of several viral hub proteins (RPS8, RPS8, RPS3) was found to be
increased according to the PPI network analysis (Li et al. 2020a). Several small
molecules and peptides have been developed as antagonists of Spike-Ace2
interactions (Table 1.2). For instance, Kalhor et al., identified diammonium
glycyrrhizinate which is an FDA-approved drug as a potent inhibitor of viral entry
via MD simulation technique (Kalhor et al. 2022). Similarly, isolated monoclonal
antibodies have been identified as neutralizing agents of SARS-Cov-2 by interaction
with S-protein or ACE2 (Wu et al. 2020b; Shi et al. 2020). The antibodies and ACE2
have been utilized for the development of soluble peptide analogs which can be used
as potential treatment drugs. Montil et al., tested the efficacy of human recombinant
ACE2 as a drug against SARS-Cov-2 in cell model. From the experiments, they
found that the recombinant ACE2 reduced the viral replication by a factor of 1000
times (Monteil et al. 2020). Monoclonal antibodies fused with extracellular domain
of ACE2 receptor have also been developed, which exhibited high affinity toward
the receptor-binding domain (RBD) of Spike protein (Lei et al. 2020). In a similar
fashion, the structural and molecular details of viral pathogenesis have been
exploited in development of novel drugs against RARP, nucleoprotein, membrane
proteins and 3-CLpro (Table 1.2).



12 1 Protein Networks in Human Disease

1.5.2 Drug Repurposing Strategy

Protein—protein interactions between host and SARS-Cov-2 are being extensively
mapped with the help of high-throughput proteomic techniques, bioinformatic tools
and databases. For instance, Gordon et al., identified 332 PPIs involved in SARS-
Cov-2 infection by affinity purification-mass spectrometry (AP-MS) (Gordon et al.
2020). Further the viral mechanisms were unraveled by comparative study of several
host-coronavirus PINs. These PINs helped in drug repurposing and designing of PPI
modulators. The repurposing strategy is highly dependent on holistic knowledge of
molecular networks (Kumar 2021). This strategy is cost-efficient and more stream-
lined as compared to traditional drug design methodologies thus making it a desired
approach (Adhami et al. 2021).

Several methods such as gene expression data and proteomics have been applied
to curate the information of molecular networks involved in a disease symptom. The
network study allows association of SARS-Cov-2 with host PPI networks and
attempted to model or reutilize known drugs for treatment of the COVID-19
infections. Zhou et al. utilized an antiviral drug reengineering approach to measure
the association of SARS-Cov-2 with known antiviral medicines (Zhou et al. 2020).
Using the network analysis, 16 drugs were identified as broad-spectrum antiviral
drugs against COVID-19 infections. Similarly, Gysi et al. have discovered
208 human proteins that can be targeted by SARS-Cov-2 (Gysi et al. 2021). Further,
a special online data analysis tool CoVex has been developed that incorporates
SARS-Cov strains-human PINs interaction for identification of novel and reusable
drugs (Sadegh et al. 2020). Similarly, VirHostNet is a database that stores informa-
tion of manually annotated PPIs from various coronaviruses (Messina et al. 2020). A
list of databases and tools such as CoVex (Chukwudozie et al. 2021), VirHostNet,
CORDITE, P-HIPSTer (Martin et al. 2020; Singh 2019) have been recently devel-
oped using viral-host PPIs. Moreover, novel bioinformatic algorithms and models
can also help in investigation of PPIs involved in COVID-19 infections. Other than
discovery of drug targets, these algorithms and models can be useful in identification
of stages of infection such that an accurate treatment protocol can be devised.
Khorsand et al., developed a novel PPI prediction model for accurate identification
of SARS-Cov-2-human PPIs using a three-layer network. The initial layer consists
of viral proteins like SARS-Cov-2 proteins; the second layer contains PPIs between
SARS-Cov-2-related viral proteins, and host proteins; and the last layer consists of
PPIs specifically for SARS-Cov-2 and human proteins. From the network analysis,
Khorshand et al., predicted 7201 interactions between 11 viral proteins and 1898
human proteins. They also predicted the key residues and motifs utilized/targeted by
SARS-Cov-2 for causing infection in humans (Khorsand et al. 2020).
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1.6 Intrinsic Disorder-Based Human Diseases

Intrinsically disordered proteins (IDPs) are native proteins which do not contain
stable secondary or tertiary structures. They are abundantly available in cells,
involved in signaling and regulation of cellular processes. IDPs and intrinsically
disordered regions (IDRs) generally undergo post-translational modifications
(Uversky 2015). IDPs/IDRs are associated with various diseases such as cancer,
diabetes, cardiovascular diseases, and neurodegenerative diseases (Choudhary et al.
2022; Coskuner-Weber et al. 2022). IDPs lack three-dimensional structure either
entirely or in parts. The disordered regions have several inherent characteristics such
as conformational flexibility, increased surface area for protein—protein interactions,
and molecular recognition features. They can easily form a scaffold and interact with
proteins moreover their irregular structure facilitates post-translational modifications
for the proper regulation and function of a protein in the cell. Moreover, the
disordered structure allows IDPs to interact with the target proteins with utmost
specificity, although their affinity of binding is low. In several signaling molecules
and receptors, the interacting interface has been characterized as IDRs. In addition to
this, IDRs also mediate protein packaging and trafficking phenomena during trans-
lational and post-translational processes (Yang et al. 2021; Hosoya and Ohkanda
2021). As unstructured model promotes multiple binding partners of IDPs, their
physiological concentrations need to be kept under check. Important signaling
proteins such as SH2, PTB, and PDZ domain-containing proteins are known to be
IDR-containing proteins (Fonin et al. 2019; Bondos et al. 2022). In addition to the
latter, proteins involved in protein folding and transport such as scaffolding proteins
also consist of IDRs to provide conformational flexibility.

The concentration and availability of IDPs affect the homeostasis of the cell
environment as several diseases such as cancer and neurodegenerative disorders are
associated with their altered availability (Ayyadevara et al. 2022; Mészaros et al.
2021). For instance, overexpression of stathmin, tau, and huntingtin proteins are
associated with pathological conditions such as cancer and neuronal degeneration
(Cusan et al. 2018; Birol and Melo 2020). Similarly, underexpression of IDPs have
also been associated with cancerous pathological states. The regulation of IDPs is a
crucial process for normal cellular functions. Numerous studies have analyzed the
regulation of IDPs in the cell. The regulation of IDPs in the cell is governed by three
principles. First, the IDPs are regulated at transcript level as well as at protein
degradation. The synthesis and availability of IDPs are regulated through multiple
mechanisms thereby enhancing the fidelity and minimizing the risk of nonfunctional,
inappropriate interactions during their short lifespan. The second principle states that
dosage-sensitive genes such as oncogenes are rich in IDPs, and such genes express
proteins containing linear peptide and are tightly regulated at mRNA and protein
level (Vavouri et al. 2009). Third, availability of IDPs is fine-tuned according to cell
requirements. Stress conditions and various cell-cycle phases promote the expres-
sion of IDPs despite the tight regulation of their transcription and translation, thus
increasing the concentration and accessibility of IDPs.
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As IDPs mostly have a short half-life, several nanny proteins are present in the
cell to enhance the half-life of IDPs. These nanny proteins inhibit the proteasomal
degradation process by associating with the IDPs to increase their lifespan. This
principle has been investigated and established in the case of tumor-suppressing
protein p53, and its paralog p73 (Aberg et al. 2018; Neira et al. 2021). Post-
translational modification also plays an important role in maintaining the levels of
IDPs in the cell. PTMs, especially phosphorylation can alter the stability of IDPs,
and fine tune their concentration (Owen and Shewmaker 2019; Acosta et al. 2022).
Further, IDPs engagement in protein interaction networks such as cell signaling
cascades is concentration-dependent and multitiered. For instance, GSK3 is a sig-
naling factor that regulates Wnt as well as insulin-signaling pathway. Similarly,
Oct4, Sox2, SH2 domains are involved in activation of MAP kinases and MAPK
pathways. To avoid crosstalk and inappropriate outcomes, the cell ensures a spatio-
temporal accumulation of IDPs and signaling complexity, thus encouraging their
discrete activity in the signaling cascades. Other than signaling proteins, transcrip-
tion factors (TFs) are also intrinsically disordered in nature, and such unique
characteristic of TFs aids in formation of a highly specific interactome (Tsafou
et al. 2018).

Owing to the relevance of IDPs in cellular signaling, they are considered to be the
potential drug targets for various diseases. A functional enrichment study conducted
for annotation of IDPs and IDRs function has revealed that IDPs are essentially
associated with cancers and other related malignancies (Deiana et al. 2019). Small
molecules and short IDP mimicking/inhibiting peptides have been developed to
either interact with the IDPs or the IDP-interacting interface of their binding
proteins. For example, compounds which interact with the IDR region of Myc
protein have been developed to inhibit Myc-Max complex formation in case of
tumor cells (Singh et al. 2022). Similarly, peptide inhibitors of PDZ domain of
disheveled protein have been designed which inhibit cellular differentiation and
growth for tumor cells in several cancers (Gutiérrez-Gonzélez et al. 2021). Fusion
proteins formed due to chromosomal translocation and fusion of two coding genes
are very common in several sarcomas and leukemia. The fusion of transcription
factors in general results in the formation of IDPs. Fusion proteins such as EWS-FL1
and AF4-AF9 are common diagnostic and druggable targets in case of Ewing
sarcoma and mixed lineage leukemia respectively (Santofimia-Castafio et al.
2020). IDPs are also targeted by disrupting the key IDP modulatory enzymes
using small-molecule inhibitors to regulate their bioavailability and stability. Puca
et al. analyzed the inhibition properties for a variety of secondary metabolites against
Sirtl-deacetylase, which reduce the availability of HIPK2 kinase and increase the
stability of p53 protein leading to apoptosis of cancer cells (Wang et al. 2018; Puca
et al. 2010). Similarly, inhibitors of tau deglycosylase and phosphorylase in
Alzheimer’s disease have been identified for treatment of the same (Uversky 2015;
Babu et al. 2011). Table 1.3 describes various diseases related to IDPs and IDRs
(Tsafou et al. 2018; Uversky 2015).
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Table 1.3 Examples of IDPs and IDRs containing proteins and their associated disease

Protein

(IDP/IDR) Diseases caused

AP Alzheimer’s disease; Dutch hereditary cerebral hemorrhage with amyloidosis;
congophilic angiopathy

Tau Tauopathies; Alzheimer’s disease; corticobasal degeneration Pick’s disease;

progressive supranuclear palsy

Prion protein

Creutzfeldt-Jacob disease; Gerstman-Straussler-Schneiker syndrome; Fatal
familial insomnia; Kuru; Bovine spongiform encephalopathy; Scrapie

FUS Amyotrophic lateral sclerosis
Ataxin-2 Spinocerebellar ataxia2
Huntingtin Huntington’s disease
p53, c-Myc Multiple types of cancer
Spl Alzheimer’s disease; multiple types of cancer
TAF4 Ovarian cancer
KLF5 Cardiovascular diseases
GIRK  Adenylyl cyclase G protein coupled Arrestin coupled
channel activation activation activation
[
I l “t
I @ € —~&
GDP grp Active Desensitization &

activation of MAPKs

Inactive  arrestin

Internalization

&@::" L Degradation

Recycling

s

Fig. 1.2 Illustrative schematic depicting various GPCR-associated signaling pathways and their
immediate downstream effector molecules. GIRK, G-protein-gated inwardly rectifying potassium
channels; AC, adenylyl cyclase; GDP, guanosine-5’-diphosphate; GTP, guanosine-5'-triphosphate;
MAPK, mitogen-activated protein kinase

1.7  PPIs in GPCR-Related Diseases

GPCRs or G-protein coupled receptors are ubiquitous transmembrane proteins
which consist of a single polypeptide chain with seven transmembrane domains
(Bohme and Beck-Sickinger 2009). GPCRs are crucial for physiological functions,
and mediate cell signaling via various ligand molecules (Fig. 1.2). GPCRs are
divided into five major families based on sequence and structural similarities. The
five families are rhodopsin, secretin, glutamate, adhesion and frizzled/Taste2. All
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five GPCR families share structural similarities even though they are involved in
unique signal transduction activities. GPCRs mediate signal transduction by creation
of a signaling cascade, which is either dependent or independent of intracellular
G-proteins. In both the cases, activation of several downstream effectors such as
adenylyl cyclase, tyrosine kinases, and phospholipases are involved in stimulating
the relevant downstream cellular functions (Hilger et al. 2018). The functional
diversity of GPCRs has been reviewed elsewhere (Borroto-Escuela and Fuxe
2019; Milligan and White 2001). GPCRs are involved in various human diseases
such as neurodegenerative disease (Moreno et al. 2009; Fuxe et al. 2014), HIV,
cancer (Lappano and Maggiolini 2011), hypertension (Brinks and Eckhart 2010;
Clark et al. 2021), etc. Owing to this, GPCRs are a potent druggable target for
pharmaceutical compounds (Hauser et al. 2017; Wacker et al. 2017; Congreve et al.
2020). Till date, over 134 GPCRs are approved as drug targets by FDA and ~700
drugs, i.e., 35% of approved drugs are used to target GPCRs in diseases (Sriram and
Insel 2018). Several techniques such as colP, AP-MS, protein microarray have been
utilized for characterization of GPCR-interaction with protein complexes (Daulat
et al. 2009; Chung et al. 2013; Benleulmi-Chaachoua et al. 2016; Poluri et al.
2021a). Yeast two-hybrid systems have also been used for detection of PPIs involv-
ing disease-relevant GPCRs. A study conducted in 2017 defined the interactomes of
48 diseases with relevant GPCRs that play essential role in disease prognosis and
progression (Sokolina et al. 2017).

Neurodegenerative diseases such as Alzheimer’s is one of the prime examples of
GPCR-related diseases. A plethora of research is available on the implications of
GPCRs in pathogenesis of Alzheimer’s disease (AD). AD involves processing and
accumulation of amyloid proteins which lead to neurodegeneration. GPCRs are
involved in multiple stages of amyloid precursors. Zhao et al. reviewed the function
of B-secretase (BACEI)-related GPCRs that are actively involved in processing and
further accumulation of amyloids in the brain (Zhao et al. 2016). Similarly,
microglial GPCRs have also been implied in protective as well as detrimental effects
in the case of Alzheimer’s disease. Microglial GPCRs are also involved in the
processing of beta amyloid proteins in addition to their role as regulatory proteins
mediating beta amyloid degradation, phagocytosis, and chemotaxis (Haque et al.
2018). Acetylcholinesterase, a synaptic enzyme is one of major GPCR-binding
proteins, and is considered as a potential druggable target for treatment of
Alzheimer’s disease (Gao et al. 2016b, 2021). Likewise, GPCRs are primarily
targeted in cases of cancer, as tumor cells tend to hijack and overexpress GPCRs
for increasing the tumor cell growth exponentially (Usman et al. 2020). Several
anticancer drugs have been developed which target GPCR-related protein—protein
interactions. For example, chemokines such as CXCL8 which binds to CXCR1 and
CXCR2 are targeted for treatment of melanoma, pancreatic cancer, and gastric
cancers (Liu et al. 2016). Similarly, secretion and interaction of exocrine hormones
are targeted for the treatment of prostate cancer (Baratto et al. 2018; Crawford et al.
2018). The role of GPCR protein—protein interactions in diseases has been explained
elaborately in the following chapters. An overview of GPCR-targeting drugs and
their mechanistic action for treatment of diseases is mentioned in Table 1.4.
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Table 1.4 Summary of GPCR-targeting drugs in diseases and their mechanism of action

Mechanism of action

Indirect orthosteric agonism
or antagonism by changing
natural ligand concentration

Indirect antagonism by
reducing receptor expression

Negative allosteric
modulation
Positive allosteric
modulation

Orthosteric antagonist

Orthosteric agonist

Target receptor
DPP4 (GLP-1,
GIP receptors)

ACE (AT1, AT2
receptors)

Cyclooxygenase
(many PG,
lipoxin, and Tx
receptors)

Glucagon receptor

CCR5

CaS receptors
B1- and p2-
adrenoceptors
H2 receptors

GnRH receptors

Somatostatin
receptor

CXCR4

Smoothened
receptor (SMO)

CCR4

f2-adrenoceptors

GLP-1 receptors

SST2 and SSTS

receptors

Dopamine
receptor D1

Drug

Sitagliptin
(Dhillon 2010)
Captopril (Leier
et al. 1983)
Aspirin
(Desborough and
Keeling 2017)

ISIS 325568
(Phase II) (van
Dongen et al.
2015)
Maraviroc (Perry
2010)
Cinacalcet
(Balfour and
Scott 2005)
Propranolol
(Al-Majed et al.
2017)
Ranitidine (Dave
et al. 2004)
Degarelix
(Frampton and
Lyseng-
Williamson
2009)
Lanreotide
(Burness 2015)
Plerixafor
(DiPersio et al.
2009)
Sonidegib
(Burness 2015)

Mogamulizumab
(Subramaniam
et al. 2012)
Salbutamol
(Cullum et al.
1969)
Exenatide
(Cvetkovié¢ and
Plosker 2007)
Octreotide
(Lamberts and
Hofland 2019)
Cabergoline

(Colao et al.
2000)

Disease
T2DM

Hypertension
Pain and

inflammation

T2DM

HIV/AIDS

Secondary
hyperparathyroidism

Cardiac arrythmia
and heart failure

Dyspepsia

Prostate cancer

Pancreatic cancer

Multiple myeloma

Locally advanced
and metastatic basal
cell carcinoma

T cell lymphoma

Asthma

T2DM

GH-secreting
tumors and
acromegaly
Neuroendocrine
tumors, pituitary
tumors
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1.8 PPIs Related to Cataract Formation

Cataract is opacification of the eye lens leading to temporary or permanent loss of
eyesight. The eye lens is normally a biconvex structure composed of fibers,
surrounded by thin capsules and zonules on both sides. The fibers are made up of
epithelial cells and move inwards to the center from the periphery. Therefore, the
nucleus contains older fibers, whereas the newly formed fibers are present at the
periphery (Nartey 2017). The fibers express a structural protein called crystallin that
is responsible for optical properties of the lens (Roskamp et al. 2020a, b). The proper
functioning of crystallin protein depends upon hydration and their native configura-
tion. Hydration and ionic equilibrium are maintained across the lens by membrane
proteins, and the cytoskeleton maintains the shape of fiber cells. The sulthydryl
group of soluble crystallin remains in reduced state under normal conditions due to
the presence of reduced antioxidants such as glutathione. Under stress conditions
such as aging, the concentration of reactive oxygen species (ROS) goes up and
causes oxidative stress. The stress condition creates alterations in the redox state of
the cells, promoting disulfide formation and oligomerization of crystallin resulting in
precipitation of crystallin and opacity of lens (Fig. 1.3a) (Nartey 2017). The precipi-
tation is further affected by absence of glutathione in the nucleus region and lifestyle
disorders such as diabetes mellitus. Based upon the causative factors, cataracts are
classified into three categories: age-related cataracts, cataractogenesis (cataracts
secondary to other causes) and pediatric cataracts (Liu et al. 2017).

One of the main causes of cataracts worldwide is aging. The onset of cataract
generally happens between the age of 45 and 50 years in adults. The opacification
can take place at different areas within the lens; based upon the localization of
aggregation/opacification, age-related cataract is divided into three types: nuclear,
cortical and posterior subcapsular cataracts (Liu et al. 2017). In nuclear cataract, the
fiber cells migrate to the central portion of the lens and undergo ROS-mediated
oxidation, insolubilization and crosslinking, thus resulting in nuclear sclerosis and
opacity (Fig. 1.3b). While in cortical cataract, the aggregation is often wedge-shaped
and starts at the cortex, later spreading to the nucleus (Fig. 1.3c). Further, the
subcapsular cataract is localized in the axial posterior curtail layer and the opacity
is plaque-like in appearance (Fig. 1.3d) (Michael and Bron 2011). The age-related
accumulation of PTMs by glycation of proteome is one of the major mechanisms of
cataract (Fan and Monnier 2021; Cantrell and Schey 2021). Pediatric cataracts occur
in infants and are the leading causes of childhood blindness. Based upon the time of
its occurrence, pediatric cataract is of two types, congenital and infantile cataract.
Congenital cataract is when opacity is present at birth, while infantile cataracts refer
to the development of lens opacity during the first year of birth. Pediatric cataracts
are mostly inherited or associated with sporadic ocular anomalies and congenital
diseases (Gasper et al. 2016; Khokhar et al. 2017). In addition to internal factors,
cataract is also induced by environmental or foreign factors. External factor-induced
cataract is known as cataractogenesis (Andjeli¢ and Hawlina 2012). The most
common cause of cataractogenesis is usage of corticosteroids (James 2007). All
factors involved in induction of cataract are mentioned in Table 1.5.



1.8 PPIs Related to Cataract Formation 19

Anterior capsule Lens epithelium

Nuclear cataract

Posterior subcapsular cataract

Fig. 1.3 (a) Illustrative figure depicting different types of cataracts based upon the localization of
crystallin precipitation. Real-time images showing the differential structural changes in (b) nuclear
cataract, (c) cortical cataract, and (d) subcapsular cataract. (Adapted from Liu et al. 2017)

Table 1.5 Common caus-

° : Type of cataract Causes
ative factors of various A lated cataract I :
types of cataracts (Nartey ge-related cataracts ncreasing age
2017) Type 2 diabetes
High blood pressure
Pediatric cataract Idiopathic

Ocular anomaly

Down’s syndrome

Hypoglycemia

Trisomy 13—15 syndrome

Myotonic dystrophy

Maternal infections
Cataractogenesis Corticosteroids

Ultraviolet-B exposure

Cigarette smoking
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1.8.1 Etiology of Cataract

The understanding of cataract pathophysiology has gained a lot of traction over the
past decade. Due to the diversity in cataract morphologies, the accurate biochemical
process behind each morphology has not yet been resolved. However, crystallin is
the main protein involved in all cataract morphologies despite the varied causal
factors. Crystallins are water-soluble lens proteins divided into two families called
a-crystallin and By-crystallin. They constitute about 90% of the lens protein, and are
accountable for the refractive and transparent properties of the lens (Moreau and
King 2012). a-crystallins are also molecular chaperones that maintain the integrity of
the cytoskeleton. Other than lens, a-crystallins are expressed in heart, skeletal tissue,
brain, and other tissues as well (Moreau and King 2012). During cataract, crystallin
lose their soluble property and conformational stability to cluster together forming
an opaque sheath on the lens (Roskamp et al. 2020b). These changes are initiated by
a variety of factors, of which, aging and genetic mutations are the leading causes of
cataracts. Mutations in o-, -, and y-crystallin are mainly responsible for the early
onset of cataract. Many mutations such as R14C, P23T, R36S, W156, and R58H in
yD-crystallin have been extensively characterized (Fu and Liang 2003; Ghosh and
Chauhan 2019). Increased hydrophobicity due to mutations also increases the
propensity of aggregation as shown by NMR studies on G18V yS-crystallin variant
(Khago et al. 2016). Moreover, these mutations are also known for reducing the
stability of crystallin—crystallin interactions. Other y-crystallin, a-crystallin, and
B-crystallin mutations have also been accounted for their detrimental effect on the
lens (Song et al. 2020).

Beside genetic mutations, ROS-inducing factors (aging, UV radiation, heavy
metals, steroid treatments), post-translational modifications (deamidation, oxidation,
glycation), and lifestyle-associated diseases (diabetes and asthma) can also cause
cataracts. ROS-inducing factors also influence the onset of cataract in patients as the
lens environment is rich in glutathione, and low levels of oxygen protect the lens
proteins from oxidation. With age, the concentration of glutathione decreases in the
lens and contributes to development of cataract. The increase in oxidative molecules
has been linked to dysregulation of calcium content and activation of calpains which
promote progression of cataract (Vu et al. 2022). UV radiations are also involved in
generation of ROS and affect the stability of crystallin (Moreau and King 2012).
Post-translational modifications also affect the stability of crystallin proteins. One of
the examples of PTM-mediated changes in crystallin is glycation. Diabetes-
associated cataracts are a result of glycated crystallin. The high concentration of
glucose in diabetic patients leads to protein glycation affecting the chaperone
activity of crystallin and thus alters the tonicity of the lens (Zhu et al. 2019).
Deamidation is also one of the prevalent causes of crystallin aggregation. Proteome
analysis has revealed that deamidation introduces negative charge to the protein by
Asn — Asp or Gln — Glu transformation (Truscott and Friedrich 2016). Other than
crystallin, a variety of structural proteins are also involved in development and
progression of cataract (Fig. 1.4). The associated genes are used as biomarkers for
detection of inherited cataract (Zhu et al. 2017).
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a-crystallin
B-crystallin
y-crystallin

Membrane
proteins

Crystallins

Metabolism
related proteins

GALK1

FTL

Fig. 1.4 Schematic illustrating the five major protein families including crystallins, membrane
protein channels, cytoskeleton proteins, transcription factors, and metabolism-associated protein
that partake in the etiology of cataract formation together with their respective examples

Besides crystallins, structural alterations in membrane proteins are also linked to
cataracts. Lens is an avascular organ, hence, to perform its functions, a proper
hydration needs to be maintained. Connexins are transmembrane domain proteins
which allow intercellular communication. Mutations in connexins have been
associated with diverse human diseases such as deafness, skin diseases, cardiovas-
cular diseases, and cataract. In the healthy eye lens, connexins circulate ions and
water to maintain the homeostasis and transparency. Further the C-terminal of
connexins interacts with several lens proteins such as crystallin, major intrinsic
protein (MIP), etc., to maintain vascular environment. Recently, Minogue et al.,
showed the relevance of serine mutations in connexin50 via cell culture and immu-
noblotting studies. Absence of serine connexin50 led to absence of phosphorylation,
which is crucial for functioning and protein—protein interactions. The lack of phos-
phorylation led to exposure of a sorting signal that promotes the lysosomal degrada-
tion of connexin50 (Minogue et al. 2022). Similarly, MIP also acts as a water
channel in the lens and interacts with crystallins and other regulatory lens proteins
(Hejtmancik et al. 2015; Sun et al. 2021). Cataract is also associated with several eye
diseases for instance, myopia is associated with nuclear cataract and posterior
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subcapsular cataract (Ang and Afshari 2021). In such conditions cataract is a result
of dysregulation of protein—protein interactions involving all ocular compartments.
Ocular compartments such as aqueous humor (AH) and vitreous humor (VH) are
responsible for providing nutrition and removing waste from the avascular
compartments of the eye. Eye disorders trigger spatiotemporal changes in expression
and interactions of proteins in AH and VH and stimulate cataract formation (Joachim
et al. 2007). A study conducted in 2015, reported 77 AH proteins to be associated
with cataract in myopia, glaucoma, and vitrectomy surgery patients. Out of the
77 proteins, 17 proteins were found to be involved in PPI networks, while five
proteins were directly associated with cataract and nervous system diseases (Ji et al.
2015).

1.9  PPIs Involved in Cystic Fibrosis

Cystic fibrosis is a heterozygous recessive genetic disorder where cystic fibrosis
transmembrane conductance regulator (CFTR) gene mutations affect the production
of mucus in different organs of human body. The CFTR gene is responsible for the
expression of transmembrane channels, involved in transport of chloride ions across
apical membranes of epithelial cells of pancreas, lungs, sweat gland, and male
reproductive tract (Knowles and Durie 2002). It is also responsible for inhibition
of sodium channels (ENaC) involved in hydration and secretion of mucins (Fig. 1.5).
The mutations in CFTR lead to chronic respiratory infections, deficiency in pancre-
atic hormone, partial breakdown of fats (maldigestion), obstructive azoospermia,
and hypersecretion of chloride in sweat. While classic cystic fibrosis accounts for
double loss of function mutations, nonclassical cystic fibrosis accounts for single
copy of mutant gene conferring partial function of CFTR protein. Based upon the
kind of defect in CFTR, mutations are divided into six classes (Table 1.6) (Bell et al.
2020).

Of all CFTR mutations, FSO8DEL (Class II) is the most prevalent cause of cystic
fibrosis (Pankow et al. 2015). CFTRs are members of ATP-binding cassette mem-
brane transporter family. Wild type isoform of CFTR comprises two multipass
membrane-spanning domains (MSD), two nucleotide-binding domains (NBD),
and a regulatory domain. The regulatory domain interlinks an MSD to NBD. The
F508DEL mutation is localized in the NBD1 region and modifies the local confor-
mation of the NBD1 domain. The increased disorderness in the NBD1 regions
disrupts interaction between NBD1 and intracellular loop 4 (ICL4) of MSD2 domain
leading to misfolding of CFTR protein. The misfolded protein undergoes the
proteasome led degradation, leading to absence of functional CFTR and low anion
trafficking (Fig. 1.5) (Wang and Li 2014). Mutations-driven effects on CFTR differ
in their phenotype and the intensity of diseased state. Class I, II, and III mutations
generally result in either no expression of mRNA/protein or no trafficking/gating
leading to severe diseased state (Stanke and Tiimmler 2016). Class IV, V, and VI
mutations impair the functions of CFTR protein, reducing the rate of anion transport
or stability of the CFTR protein. The latter is mainly related to less-severe diseased
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Table 1.6 CFTR classification and their examples (Rowntree and Harris 2003)

CFTR

class CFTR defect Type of mutation Examples

CFTR Functional CFTR Nonsense; canonical G542X; W128X; R553X;

Class I protein absent splice; frameshift 621+1G—-T

CFTR CFTR trafficking Missense; amino acid F580DEL; N1303K; ISO7DEL;

Class 1T defect deletion R560T

CFTR Malfunction of Missense; amino acid G551D; G178R; G155S;

Class III | channel regulation deletion S549N

CFTR Reduced channel Missense; amino acid R117H; R347P; R117C;

Class IV conductance deletion R334W

CFTR Lowered synthesis Splicing defect; 3849+10kbC—T;

Class V of CFTR missense 2789+5G—A; 3120+1G—A;
5T

CFTR Lower CFTR Missense; amino acid 432delTC; Q1412X; 4279insA

Class VI | stability change

states, and in general affects a single organ (Table 1.6). The phenotypic effects are a
result of impaired protein—protein interactions involving the CFTR protein
(Rowntree and Harris 2003).

Class I mutations occur due to nonsense or frameshift mutations leading to
premature termination of protein synthesis. The truncated protein is recognized by
chaperones and is degraded. The most common class I mutations are G542X,
W128X, and R553X. While compared to class I mutation, Class II mutations are
resultant of missense mutation or amino acid deletions which affect the protein
maturation process. Even though a full-length mRNA is transcribed, such mutations
lead to translation of nonfunctional CFTR proteins. Some examples of class II
mutations are FSOSDEL, N1303K, ISO7DEL, and R560T. While class I and II lead
to no protein expression, Class III mutations affect the regulation and gating of the
anion channel as CFTRs are ABC transporters and are stimulated via cAMP for the
chloride ion trafficking. Class III mutations occur in the nucleotide-binding region
and the regulatory domain thus preventing the conformational change and affecting
the ATP binding. Examples of class III mutations are G551D, G176R, G5518, and
S549N. The implications of the rest categories of mutations are less severe. Class
IV, V, and VI mutations are either missense mutations or splicing defects (Fig. 1.6).
These defects end up in reduced channel conductance, synthesis, and stability of
CFTRs respectively. Some examples of such mutations are mentioned in Table 1.6.

The involvement of CFTRs in chloride ion trafficking is incomplete without Na*/
K* ions transporters. In a normal healthy cell, anion and cation transporters work
hand in hand to maintain the ionic balance and pH of the cellular milieu. Defected
CFTRs hinder anion transport together with affecting the transport of sodium and
potassium ions. Two cation channels, ENaC and KCa3.1 are directly regulated by
CFTR protein. The protein—protein interactions between ENaC and CFTRs are
widely known, while CFTR-KCa3.1 interactions in the airway have been proven
much recently (Klein et al. 2016). KCa3.1 maintains the K* efflux at the apical and
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basolateral membrane during transepithelial transport of Cl~ ions by CFTRs.
Two-hybrid screen experiments have been used to decipher the physical interaction
between CFTR and KCa3.1. The experiment elucidated the intracellular Ca**
ion-dependent association of N-terminal and calmodulin-binding region of KCa3.1
with NBD2 and C-terminal region of CFTR (Klein et al. 2016).

Other than cation channels, a wide variety of cellular proteins regulate CFTRs at
the time of synthesis, folding, trafficking, and conductance. The CFTR interactome
is referred to as the CFTR functional landscape. The interaction partners are
connected either to the proteostasis network (CFTR interactome and secretome) or
CFTR function (CFTR functionome) (Amaral et al. 2020). Identification of CFTR
functional landscape is aimed to help with introduction of systemic options
of diagnosis, prognosis, and treatment for cystic fibrosis patients. Characterization
of interaction partners has helped in identifying potential CFTR correctors for some
of the most common mutations. These correctors contribute to rectifying the defec-
tive trafficking, and CFTR functioning. As mentioned earlier, defective trafficking is
a result of class II mutations. AP-MS technique has been employed to study the
protein interaction partners (PIP) of four class II variants namely, FS80DEL, R560T,
G85E, and N1303K (Amaral et al. 2020). All these four variants share similar PIPs
and downregulate the trafficking efficiency of CFTR variants. siRNA-mediated
silencing of class II variants has also shown improvement in the trafficking effi-
ciency. One of the common correctors, lumacaftor has also been revealed to convert
the FS80DEL PIP to a wild type-like interactome (Boyle et al. 2014; Deeks 2016).

F580DEL variants are easily recognized by the ubiquitin-proteasome pathway in
the endoplasmic reticulum (ER). Functional genomics approach has been utilized for
characterization of proteins involved in inhibition of FS80DEL trafficking. More
than 200 genes have been identified to be involved in the F580DEL trafficking
(Amaral et al. 2020). Gene silencing methods were applied for such genes, and it was
found that gene silencing rescued the FS80DEL variant from degradation. Similarly,
several correctors have been developed to mask the FS80DEL variant in such a way
that the proteasomal degradation is inhibited (Devesa et al. 2013). Similarly, the
CFTR functionome has been identified using a combination of siRNA screening
approach and halide-sensitive yellow fluorescent protein-mediated monitoring of
CFTR-secretome interactions. Several key proteins such as RNF5/RMAL,
E3-ubiquitin ligase, UBA2 (Ub ligase in sumoylation pathway), and UBXDI1
(involved in ER-associated degradation) are pivotal targets for attenuation of cystic
fibrosis and development of CFTR correctors (Nagahama et al. 2009; Ahner et al.
2013; Sondo et al. 2017). A fusion protein, FAU made up of FUB1 and ribosomal
protein (30S) is also responsible for CFTR variant degradation, and proven as a
relevant therapeutic target (Tomati et al. 2019). Syntaxins are another group of
proteins that regulate the function of CFTRs. Syntaxins interact with the amino
terminal of CFTR and inhibit its processing (Naren et al. 1998; Arora et al. 2021;
Sabirzhanova et al. 2018; Csanady et al. 2019).
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1.10 PPIs in Ubiquitin-Proteasome Pathway

The ubiquitin proteasome pathway (UPP) is a protein destruction pathway that
controls the functional activities of different proteins. The ubiquitin-proteasome
pathway recognizes misfolded/non-native proteins with the help of ubiquitin,
which is recognized by the proteasomal unit to degrade the protein. The UPP is an
ATP-dependent pathway that utilizes the 26S proteasomes. The misfolded proteins
are tagged with ubiquitin via ubiquitin ligases which then acts as a guiding map for
the proteasomal degradation of the protein. Ubiquitin (Ub) is a small protein
composed of 76 amino acid residues. It is bound to the target protein by an
isopeptide linkage between the C-terminal glycine of ubiquitin (Pickart and Eddins
2004). Ubiquitins form a polyubiquitin chain by covalently interacting with the
e-NH, group of lysine present on the Ub surface (Kravtsova-Ivantsiv and
Ciechanover 2012). The polyubiquitination is achieved by enzymes known as El,
E2, and E3 which activate, transfer, and ligate the Ub to the target protein. The 26S
proteasome system specifically recognizes the Lys48-based polyUb chains and
degrades the protein (Kravtsova-Ivantsiv and Ciechanover 2012). However, various
other degrading signals are recognized by the UPP as well. This provides selectivity
and specificity to the UPP system. The 26S proteasome is a large polymeric protease
which acts as a chamber for protein degradation (Dahlmann 2016). Once the protein
is inside the proteasome, polypeptides are digested into shorter peptides of 2—10
residue in length. The whole unit is made up of a 20S core particle (CP) and a 19S
regulatory particle (RP) (Bard et al. 2018). The 20S CP looks like a barrel and is
responsible for the catalytic activity composed of four stacked rings (two outer a
rings and two inner B rings). The rings are further composed of seven distinct
subunits. The 19S RP acts as base and lid to the barrel structure and recognizes
ubiquitinated proteins. The RP is composed of 17 subunits (nine in the base complex
and eight in the lid complex) (Bard et al. 2018) (Fig. 1.7).

The UPP performs a major role in regulation of cell cycle, cancer and cell
survival, inflammatory response, and immune response. Proteins such as SCF,
Mdm? are different types of E3 ligases responsible for regulation of S phase during
cell cycle and DNA repair (Paul 2008). The ubiquitin-proteasome system is actively
involved in a wide range of diseases especially in cancers and neurodegenerative
diseases. Understanding the working mechanism of the UPP system has driven
toward development of targeted therapy in diseases involving the UPP system.
Several probing systems have been developed to decipher the mechanism of
ubiquitin-proteasomal systems. The probes are either designed to target
ubiquitinating enzymes (E1 and E2) or 26S activity (Leestemaker and Ovaa 2017).
The aberrations in the UPP system have been famously linked to neurodegenerative
diseases such as Alzheimer’s disease (Oddo 2008), brainstem Lewy bodies (LBs),
Parkinson’s disease (Olanow and McNaught 2006), ALS (Bendotti et al. 2012),
nuclear inclusions, etc. (Lehman 2009). The UPP is reported to be involved in such
diseases either directly or indirectly. For example, studies have indicated an active
participation of neuronal UPP in the pathogenesis of Alzheimer’s. The processing of
amyloid plaques is known to be positively regulated by presenilin, which are
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Fig. 1.7 Schematic representation of ubiquitin-proteasomal degradation pathway (UPP). The
ubiquitin proteasomal pathway involves a series of ubiquitinase enzymes that partake in sequential
transfer of ubiquitin (Ub) and attachment of Ub to the misfolded/foreign protein. These enzymes
bind to Ub in a sequential manner through phosphorylation. Once the protein is bound to a single
molecule of Ub, the Ub initiates self-polymerization and forms chain which interacts with the 19S
regulatory particle of 26S proteasome. The 26S proteasome is a barrel-like structure made up of two
19S and two 20S subunits in which degradation of misfolded/foreign proteins takes place

common substrates of UPP other than ubiquitin (Gadhave et al. 2016). Similarly, the
a-synuclein and Lewy bodies are commonly involved in Parkinson’s disease and are
reported to bind with 19S and ubiquitin implicating their respective functions
(Ebrahimi-Fakhari et al. 2011; Kumar et al. 2018). The implications of key
pathologies behind neurodegenerative diseases mainly lead to decrease in activity
of the UPP system. This ensures the accumulation of fibrils and protein aggregates,
one of the major characteristics of neurodegenerative diseases. In contrast to this,
elevated response of the UPP system has been reported in many types of cancer
(breast cancer, ovarian cancer, colon cancer) (Liu et al. 2015; Hyer et al. 2018).
The UPP is known to regulate cell proliferation and survival in cancerous cells. In
a normal healthy cell, ubiquitination and degradation of proto-oncogenes maintain
the homeostasis. However, alterations in this process lead to accumulation of proto-
oncogenes during tumorigenesis and lead to uncontrolled growth of the tumor cells.
For example, cancer-promoting proteins such as Nmyc, c-Myc, C-Fos are common
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targets for ubiquitination and are associated with severe cancer malignancies (Paul
2008). In addition, UPP system is also involved in maintaining the normal homeo-
stasis of the human body in several diseases. It is an essential part of the immune
response system and is targeted for treatment of several diseases (Cetin et al. 2021).
For example, destabilization of p53, p21, and p27, which are normally found in
stable bound conditions with Mdm?2 (a ubiquitin) promotes the apoptosis and
inhibition of the cell cycle. Similarly, proteasome inhibition of Bcl-2 by Bas also
leads to promotion of apoptosis (Peng et al. 2020). The UPP system is further
actively involved in elimination of pathogens during infection (Heaton et al. 2016;
Yang et al. 2019) and in regulation of both innate and adaptive immune responses.
The molecular recognition of foreign particles by PAMPs that lead to activation of
NF-kB and IRF3/IRF7 response is highly dependent on the UPP system (Taylor and
Mossman 2013; Mitchell et al. 2016). Moreover, the UPP system is also involved in
antigen presenting via class I MHC antigen. The involvement of the UPP system in
various diseases and their specific roles are discussed in the following chapters.

1.11  PPIs in MODY (Maturity Onset Diabetes of the Young)
Family

Maturity onset Diabetes of the young or MODY is a rare form of autosomal
dominant disorder which is different from Type I and Type II diabetes (Fajans and
Bell 2011). It is a noninsulin-dependent variant of diabetes which occurs in
adolescents or young adults before the age of 25 years. Eleven genes have been
identified till date as members of MODY family. Mutations in these genes lead to
disruption in insulin production. MODY I, MODY II, MODY III, and MODY V are
the common forms caused by mutation in HNF4A, GCK, HNF1A, and HNF1B
respectively. MODY IV and MODY VI-XI are caused due to mutations in PDX1
(pancreatic and duodenal homeobox 1), NEURODI1 (neurogenic differentiation 1),
KLF11 (Kriippel-like factor 11), CEL (carboxyl ester lipase), PAX4 (paired box
gene 4), INS (insulin), and BLK (B-lymphocyte kinase) respectively. Moreover, two
more genes—ABCC8 (ATP-binding cassette, subfamily C, member 8) and KCNJ11
(potassium channel, inwardly rectifying, subfamily J, member 11) are also known to
cause MODY (MODY XII and XIII). All the latter mentioned proteins directly
influence the production and secretion of insulin (Ozougwu et al. 2013; Urakami
2019). It is commonly misdiagnosed as Type I and Type II diabetes, and therefore a
precise diagnosis is crucial for optimal treatment of the patients. GCK (glucokinase)
mutations cause a mild, stable, and fasting hyperglycemia, which is asymptomatic
and does not require specific treatment (Osbak et al. 2009). While mutations in
HNF1A/4A (hepatocyte nuclear factor) cause pancreatic beta-cell dysfunction,
hyperglycemia which results in severe vascular complications (Colclough et al.
2013; Bellanné-Chantelot et al. 2016). Further MODY V is associated with renal
and genital tract abnormalities, liver dysfunction, and pancreatic agenesis.
Mutations in MODY-related genes can be missense, nonsense, frameshift, splice
site, and promoter mutations. Till date, 620 GCK mutations and 414 mutations have
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Table 1.7 Type and molecular function of proteins involved in different MODY variants

MODY Type of

type Protein protein Function of protein

MODY | HNF4A Transcription | Gene expression in hepatic and pancreatic cells

I factor

MODY |GCK Cytoplasmic Glucose utilization by beta cell and liver

II protein

MODY | HNFI1A Transcription | Regulates tissue-specific genes expression in liver
i factor and pancreatic cells

MODY | PDXl1 Transcription | Glucose-regulated transcription of insulin

v factor

MODY | HNF1B Transcription Regulates development of embryonic pancreatic

v factor cells

MODY |NEURODI | Transcription | Regulates cell differentiation pathway in pancreatic
VI factor islet cells and enteropancreatic cells

MODY | KLF11 Transcription | Enriched transcription factor in pancreas

VII factor

MODY |CEL Cytoplasmic Stimulates digestion of triglycerides by activation of
VIII protein pancreatic lipase and colipase

MODY |PAX4 Transcription | Regulation of differentiation and development of
IX factor islet B-cells

MODY |INS Cytoplasmic Glucose metabolism

X protein

MODY | BLK Cytoplasmic Involved in differentiation and development of

XI protein B-lymphocyte and signaling

MODY | ABCCS ABC Modulator of ATP-sensitive K* channels and insulin
XII transporter release

MODY | KCNIJI1 Receptor Regulates the expression of ATP-sensitive K*

XII channel

been reported in case of MODY I and MODY III (Anik et al. 2015). The physiolog-
ical functions of all MODY-related genes are mentioned in the Table 1.7. As
mentioned, MODY-related proteins are key enzymes and transcription factors
involved in development of pancreas, liver, genital tract, and renal architecture.
Mutations in any of the proteins alter the PPI network and are crucial for MODY
pathogenesis. Several works have been conducted to understand the stereochemical
and functional aspects of the MODY protein using experimental and computational
analysis (Sneha et al. 2018; George et al. 2014; Sneha and Doss 2017). Sneha et al.,
performed a computational analysis aimed to decipher the interacting pathway of the
MODY -causing protein using the PPI analysis network. Authors reported that all
11 proteins were interacting partners of essential transcription factors, and these
proteins are involved in the development of the organs as well as regulation of
glucose in the body. HNF4A was reported to interact with GLUT?2, catenin beta-1
(CTNNBI), apolipoprotein A-I (APOA1), HNF1A, GCK, FOXA2, and other essen-
tial proteins. FOXA?2 is a transcription factor involved in expression of genes vital
for glucose sensing in pancreatic beta cells. Similarly, GCK was found to be
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interacting with ten key enzymes involved in glucose sensing and insulin secretion
during glucose homeostasis. Some of these proteins are phosphoglucomutase
(PGM1 and PGM2), glucose-6-phosphate isomerase (GPI), trehalase, FOXA2, and
glucose-6-phosphatase (Sneha et al. 2018). Similar results have been reported by
Nihitha et al. through a computational analysis study (Nihitha et al. 2018). The
understanding of PPIs involved in MODY are useful in development of treatment
options (Delvecchio et al. 2020). For example, in a recent clinical study, GLP-1
receptor agonist therapy has been proven effective in case of HNF4AA MODY
(Broome et al. 2020). In general, sulfonylureas are the classic treatment options in
all commonly reported MODY's (Urbanova et al. 2015).

1.12 Conclusion

Protein—protein interactions are the mediators of the smooth functioning of cellular
machinery. Genetic mutations, epigenetic changes, conformational interfaces, and
multiple binding partners are the key modulators of protein—protein interactions in
humans. In a normal healthy individual, the protein—protein interactions regulate the
homeostasis. Dysregulation of such interactions is highly responsible for defects in
molecular pathways and a diseased state. This chapter briefly discusses various
elementary proteins and their interactions in a cell and how it affects the fundamental
cellular response. The understanding of correct protein interaction networks and
molecular pathways paves an enlightened path for investigation of differential
changes in key PPI involved in a variety of diseases such as cataract, cystic fibrosis,
MODY, and GPCR-related diseases.
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2.1 Introduction to Cancer

Cancer is a condition where abnormal cellular growth takes place in tissues. In
contrast to normal cells, the cell signaling circuit in cancer cells goes awry resulting
in uncontrolled proliferation (Weinberg 1996). The unfettered proliferation disrupts
the homeostasis leading to weakening of the immune system and a diseased state.
Upon proliferation, cancerous cells accumulate, and form cell mass called malignant
tumors. Another property of tumor cell is their ability to metastasize from their origin
and migrate to other organs. Cancer is classified into five types based upon the
affected organs: carcinoma, sarcoma, melanoma, lymphoma, and leukemia. A vari-
ety of physical and biological agents act as carcinogens, i.e., cancer-causing agents.
Genetic anomalies, epigenetics, and aging also play an influential role in the initia-
tion and spread of cancer in the human body. Genetic mutations perturb the
functionality of proteins thereby changing the cellular and molecular activity.
Several sets of genes called proto-oncogenes (triggers tumor), and tumor-
suppressing genes are predominantly involved in proliferation of cancer (DePinho
2000).

These sets of genes are normally involved in the cell cycle checkpoints and
regulate a variety of cellular functions. The occurrence of carcinogenesis is led by
mutations such as point, frameshift, nonsense mutations, and chemical damage to the
DNA. The chemical aberrations and mutations lead to chromosomal rearrangements,
epigenetic modifications, overexpression, or low expression of a particular gene.
These modifications result in formation of chimeric, truncated, or misfolded protein
products which dysregulate cellular functions. The aberrant genetic change divides
genes into two basic classes: (1) mutations which increase the carcinogenic activity
of encoded protein in case of proto-oncogenes, or (2) mutations that lead to inacti-
vation of gene function as in the case of tumor-suppressing genes (Bertram 2000).
Mutations need to happen in an accumulative manner for progression of carcinogen-
esis. The tumor development occurs in five stages as shown in Fig. 2.1. Tumor
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Fig. 2.1 Stages of cancer progression. The cancer progression starts when a single cell gets
mutated and starts proliferating (hyperplasia) uncontrollably. Further the metabolic secretions
from mutated cells start affecting the nearby cells and cell morphogenesis is initiated (dysplasia).
Dysplasia all together with an elevated uncontrollable growth result in formation of in situ cancer,
which further turns into an invasive cancer and metastasizes into the blood vessels for the formation
of tumor in other organs of human body

development starts when a genetically altered cell and its descendants reproduce at a
higher rate than normal, thus creating a condition called hyperplasia. Further
mutations take place, followed by elevation of cell proliferation and change in cell
shapes, in the stage known as dysplasia. The growth and shape of the abnormal cells
become more atypical and develop into in situ cancer. The in situ cancer turns into
invasive cancer, once it damages tissue barrier and metastasizes to other organs
through blood vessels (Torpy et al. 2010).

The tumor shifts the nearby paradigm to accommodate the survival of tumor.
Tumor microenvironment plays a great role in deciding the fate of altered cells. The
tumor microenvironment (TME) is a densely packed space in which the tumor cells
reside and proliferate till it metastasizes. Dense population makes the TME hypoxic,
as the tumor outgrows the diffusion limit of blood supply. This results in an altered
metabolism and usage of secondary substrates for biosynthetic pathways. This
phenomenon is known as the Warburg effect. The Warburg effect initiates angio-
genesis, oncogene activation, altered biochemical pathways. The altered pathways in
the TME are greatly responsible for generation of toxic byproducts and act as a
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positive feedback loop for themselves (Hsu and Sabatini 2008; Hanahan and
Weinberg 2011).

Molecular interactions such as protein—protein, protein—-DNA interactions are
important factors in deciding the fate of cancer cells. Over the years, increasing
number of point mutations, and protein—protein interactions have been deciphered.
These interactions are largely responsible for dysregulation of biochemical
pathways. Cancer poses many challenges in the form of multiple mutations, cellular
heterogeneity, ability of epithelial-to-mesenchymal transitions (EMT), drug resis-
tance, and individual specific symptoms. All these properties of cancer are regulated
through a variety of signaling pathways and protein—protein interactions. Hence,
aberrant interactions and their role in cancer prognosis are important for nitpicking
of the faulty pathways and understanding the cancer progression. Moreover, it
boosts the recognition of novel biomarkers and development of targeted anticancer
therapy. This chapter gives a brief overview of major proteins, PPIs, and their
inhibitors involved in the diagnosis and treatment of cancer.

2.2  Profiling PPIs of Single Cancer Cells

The cellular heterogeneity is one of the unique features of tumor cells (Krebs et al.
2014). Every cell carries a definite genome and is programmed in an exclusive
manner. Moreover, depending on the spatiotemporal placement of the cancer cell,
the gene expression of each cell is markedly variable (Swanton 2012). The striking
variability in the tumor environment offered the innovation of a remarkable method
for identification of biomarkers and spatiotemporal changes in cancer patients. This
technique is known as single-cell profiling (SCP) which embodies the gene, protein,
and metabolite expression analysis of a single cell (Krebs et al. 2014). Profiling of
single cancer cells gained traction since 2013, and was acknowledged as the method
of the year (Eberwine et al. 2014). The profiling involves recognition of novel
mutations, structural changes, and metabolite expression. The data gained through
SCP can be used to trace the evolution and clonal structure of the cell. The severity of
mosaicism in somatic cells and their functional consequences can also be studied
with the help of single-cell profiling. Most of the research in the field of cancer
biology has been centered on the identification of population-based biomarkers, and
broad-spectrum anticancer drugs. However, the arbitrary stimulation of genetic and
epigenetic changes and reaction to anticancer molecules differ from patient to patient
as well as in various cancers. The single-cell profiling dissects this heterogeneity.
Moreover, this technique offers an unbiased way to detect relevant differences in
cells at the genetic and proteomic level even when they cannot be differentiated by
known biomarkers or morphologically. Besides cancer diagnostics, SCP makes
sequencing of rare cells more accessible where spatiotemporal properties play a
decisive role.

Molecular profiling of circulating tumor cells (CTCs) is one of the well-
documented methods where SCP has been proven as a powerful tool for cancer
diagnostic and personalized cancer therapy. The CTC trafficking suggests that the
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Fig. 2.2 Schematic representation of single-cell profiling and its use for cancer diagnostic and
treatment. Blood sample containing circulating tumor cells (CTC) is collected from the patients.
The CTCs are isolated through three different methods (Antigen-dependent, antigen-independent,
hybrid methods, and in vitro/in vivo propagation). Once the CTCs are isolated, the genome,
proteome, and metabolome of CTCs are profiled via various biochemical and biophysical assays
for development of targeted therapy and diagnostics

tumor cells migrate between primary tumor, bone marrow, and metastases in
advanced stages of cancer. CTCs have the potential to develop from multiple sites
of a tumor, thereby representing several sub-populations of CTCs (Kim et al. 2009).
Several cases of breast and lung cancer (Kapeleris et al. 2018; Cristofanilli et al.
2019; Yousefi et al. 2020) have been reported to exhibit subpopulations of CTCs.
The profiling of CTCs has been proven to be useful in CTC characterization,
prognostic, and pharmacodynamic biomarkers (Boral et al. 2020; Kalita and Coumar
2021; Nel et al. 2021). Above all, the profiling of tumor cell heterogeneity increases
the efficacy of targeted therapy to a great extent, as it is dictated by identification of
specific biomarkers. This reduces the chances of drug resistance, their concomitant
effects, and cancer relapse. For instance, tumor heterogeneity plays a significant role
in resistance toward targeted therapy in BRAFV600E melanoma patients, where
secondary resistance is well-known (Marusyk et al. 2012; Das Thakur et al. 2013).
CTCs profiling is a multifaceted process involved in precise cancer diagnostics. The
whole process is initiated with CTCs’ enrichment techniques for cloning of CTCs
populations leading to genetic, protein, and functional analysis (Labib and Kelley
2021). This information gained is then utilized to design personalized therapies for
cancer patients (Fig. 2.2). Various methodologies have been developed for profiling
of CTCs such as cell enrichment methods (Song et al. 2017), CTC cluster assay, and
MagRC approach (Labib and Kelley 2021).
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The SCP analysis for cancer is categorized into four parts based upon the
components of the cell studied. These are cell-based, nucleic-acid based, protein-
based, and lipid and metabolite-based analysis (Stuart and Satija 2019). The cell-
based analysis is popularly performed with the help of flow cytometry, mass
cytometry, and live cell tracking. Flow cytometry and mass cytometry are powerful
multidimensional techniques that mediate the monitoring of cellular events or a
whole cell. However, both techniques lack in providing the spatiotemporal informa-
tion. The live cell tracking alleviates this disadvantage and offers a dynamic proce-
dure for detection of cancer cells based upon their interaction with dyes and
fluorescent proteins. Live cell tracking is also used to observe the anticancer drug
response against tumor cells. While cell-based analysis allows probing of membrane
interactions and viability of a single cell, the variation in the gene expression and
protein function is estimated by nucleic acid and protein-based methods. Nucleic
acid and protein-based analysis are arduous processes due to small input material.
However, PCR techniques such as SINCE-PCR, and microfluidic systems such as
C1 single-cell auto prep system have proven as high-throughput sensitive techniques
for estimation of changes in DNA and mRNA levels in cancer cells. Meanwhile
techniques like microfluidic devices, microfluidic image cytometry (Prakadan et al.
2017), MagRC, mass cytometry platform (CyTOF) (Chen et al. 2019) have been
reported as high-precision techniques for tumor cell protein analysis. CyTOF has
been reported to feature the phenotypic heterogeneity in acute lymphoblastic leuke-
mia (ALL) (Khoo et al. 2016). Recently, a method of single-cell protein profiling has
been reported, where a microfluidic method with barcoded beads was developed that
expedites capture, data acquisition, and quantification of proteins from individual
breast cancer cells (Armbrecht et al. 2019). Similarly, Ryu et al., have profiled
protein—protein interactions in lung adenocarcinoma cells using in situ lysis and
immunoprecipitation. The study revealed high heterogeneity in EGFR signaling and
different patterns of PPIs in PC9 lung adenocarcinoma cells (Ryu et al. 2019). The
heterogeneity of PPIs in stage III/IV nonsmall cell lung cancer (NSCLC) has also
been reported by assessment of single-cell resolution profiles and protein interaction
network analysis. The study also revealed the correlation of tumor incongruity with
tumor-associated neutrophils and NK cells (Wu et al. 2021).

2.3  Building Cancer Cell Maps

Cells are intricate machines made up of genetic blueprints formed by mutation and
evolution, whose information is expressed in response to the cellular environment.
Despite the fact that every human cell has the same DNA, sophisticated regulatory
networks govern the expressed genes, resulting in the wide range of specific cell
types which make up our body. Hence, we need to investigate gene expression and
cell structure apropos of the events that drive cell behaviors to acquire a better
understanding of how cells work. This will give a foundation for untangling and
modeling the myriad of dynamic, interacting components that make life possible.
Recent initiatives, such as, the one described by Thul et al. (2017), and the new
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methodologies suggest combining of genomic, epigenetic, and structural studies to
create a whole cell atlas that represents the full range of cell types and states in the
human body, which might help in better understanding of cell physiology (Horwitz
and Johnson 2017). Building cancer cell maps has become an important technique
for assessment and prediction of protein—protein interactions and intracellular
protein—drug interactions. The system biology approaches (Kuenzi and Ideker
2020), machine learning, and artificial intelligence algorithms (Li et al. 2021) are
being rigorously used for development of cancer cell maps. Recently, spatial maps
were built by spatial transcriptomics of prostate cancer by Berglund et al. which
revealed distinct expression profiles for different tissue regions, and provided
insights into differential gene expression during progression of prostate cancer
(Berglund et al. 2018). Similarly single-cell profiling is used for mapping of
cancer-specific surface antigens and other proteins for construction of antigen/
protein maps and further development of cancer therapeutics (Lareau et al. 2021).

24 OncoPPI Portal

With a jargon of cancer genomics data reported, and the emerging need of understand-
ing how interactions occur among genes, it is necessary to create a platform to explore
oncogenic PPI networks. Several compelling databases and resources have been built
in the last few decades for extensive characterization and annotation of cancer-related
genes based on genetic changes in cancer patients and individual cell lines (Cerami
et al. 2012; Gao et al. 2013; Collisson et al. 2014). Furthermore, gene functional
interconnection in cancer cells has been predicted using extensive bioinformatics
assessments of mRNA expression and cell line sensitivity for individual gene
knockouts. Identifying and prioritizing oncogenic PPIs for comprehensive functional
research still remained as a bottleneck. To solve this, a high-throughput screening
platform called OncoPPi portal has been created. OncoPPi Portal is an integrative
resource platform, and database used for high-throughput screening of PPIs between
cancer-associated proteins (Ivanov et al. 2018; Ivanov 2020) (Fig. 2.3).

The platform is an interactive web resource that grants investigators access,
manipulate, and interpret highly specific cancer protein interaction networks for
biological studies. The platform provides network connectivity analysis, mutual
exclusivity analysis of genomic mutations, colocalization of interacting cellular
partners, and domain—domain interactions information of PPIs. It further allows
the user to inspect the functional impact of PPIs on cancer cell physiology and
enables the discovery of novel tumor-related networks, druggable targets (Ivanov
2020). More than 260 cancer-associated PPIs have been identified with this portal
and reveal new regulatory mechanisms for cancer genes such as MYC, STK11,
RASSF1, and CDK4. Similar to TGCA, OncoPPi portal facilitates the identification
of pan cancer regulatory networks by analyzing differential protein—protein
interactions. Recently, several important breast cancers related PPIs have been
identified using the OncoPPi portal and various other cancer databases. The study
revealed 140 essential genes such as RAC1, AKT1, CCNDI1, PIK3CA, ERBB2,
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Fig. 2.3 Schematic overview of various resources provided by the OncoPPi portal for assessment
of protein—protein interactions involved in different types of cancers. (Adapted from Ivanov et al.

2018)

CDH1, MAPK14, TP53, MAPKI1, SRC, RAC3, BCL2, CTNNBI1, EGFR, CDK2,
GRB2, MEDI, and GATA3. It further revealed that the most altered signaling

pathways associated with breast cancer were Her-2-enriched and basal-like-

associated signaling pathways (Lépez-Cortés et al. 2020).
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2.5 PPIs Between Growth Factors/Chemokines and Their
Receptors

Tumors are convoluted microenvironment (TME) composed of a variety of cell
types that coexist and interact with one another through a complex signaling
network. This involves chemokine and cytokine cross talk between tumor cells, as
well as the effects of these chemokines and cytokines on the immune response and
metastasis. Chemokines are chemotactic proteins associated with immune cell
trafficking and inflammatory responses in malignant diseases. The spatiotemporal
expression of chemokines controls the directed migration of cells. Chemokines are
simple proteins that bind to glycosaminoglycans, which are essential in their biol-
ogy. The chemokines are separated into four subfamilies—CC, CXC, CX3C, and
XC based on the position of the first two amino-terminal Cys residues (Poluri 2014).
Nearly 50 chemokines, 20 signaling chemokine receptors, and four AKCRs have all
been discovered thus far. Differential chemokine receptor expression on leukocytes
leads to the selective recruitment of certain cell types under specific situations,
resulting in suitable and effective immune responses customized to the infecting
pathogen or external stimulus (Tripathi and Poluri 2020). Chemokines regulate
cellular motility and intercellular interactions, and so have a significant impact on
tumor formation. Different chemokines are released by neighboring tumor cells and
cancer cells in the TME, resulting in the accumulation and stimulation of antitumor
and protumor responsive cell types (Gulati and Poluri 2016). Chemokines have a
number of roles in the proliferation and survival of cancer cells. When chemokine
receptors on cancer cells are ligated, the MAPK/Erk signaling cascade is initiated,
culminating in the activation of key growth-stimulating genes like cyclin D1, Fos,
and heparin-associated EGF. Chemokines can also help cancer cells survive by
altering the balance of proapoptotic and antiapoptotic proteins in the cells, such as
upregulating Mdm2 and downregulating Bcl-2 expression of suppressing caspase-3
and caspase-9 activation (Mollica Poeta et al. 2019). Tumor cells are also capable of
producing and expressing growth-promoting chemokines and receptors. Melanoma,
for example, has been found to express several chemokines connected to tumor
progression and growth, including GRO chemokines (CXCL1/2/3), IL8 (CXCLS),
MCP-1 (CCL2), and CCLS5. Tumor cells also upregulate chemokine receptors which
result in a feedback loop where cancer cells divide faster in response to
TME-available growth-promoting chemokines. CXCR4, for example, is expressed
frequently on breast cancer cells but not on breast epithelial cells. Further,
upregulation of CXCR4 expression induces cancer cells to respond to CXCL12,
its cognate ligand (Chow and Luster 2014; Kawaguchi et al. 2019).

Beside tumor growth and progression, chemokines are actively involved in
angiogenesis, metastasis, cancer immunology, and cancer therapy. Chemokines are
transported all over the body through the lymphatic system. Hence, they portray an
essential part in angiogenesis. The survival of tumor cells greatly relies on the
presence of adequate oxygen and nutrients. Hence cells within the tumors are
tremendously dependent on the adjoining blood vessels making angiogenesis a
key rate-defining step in tumor formation and progression. Various chemokines
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and its receptors are associated with the regulation of tumor angiogenesis. ELR+
chemokines such as CXCL1, CXCL2, CXCL3, and CXCLS, their receptors CXCRI1
and CXCR2 are potent angiogenic chemokines (Jaffer and Ma 2016). While
ELR-chemokines (CXCL4, CXCL9, CXCL10) have been shown to be inhibitors
to angiogenesis with an expedition of CXCL12, which is known as the most potent
angiogenic factor (Tokunaga et al. 2018). Proangiogenic chemokines increase the
migration and proliferation of endothelial cells by binding to chemokine receptors
present on the surface of endothelial cells. CXC chemokines such as CXCLS8 and
CXCL12 upregulate the expression of VEGF, which enhances the production of
proangiogenic chemokines. In contrast angiostatic chemokines such as CXCL4 and
CXCLI10 are involved in suppression of VEGF-induced and FGF-induced angio-
genesis. Further, they are involved in the trafficking of angiostatic CXCR3-
expressing CD4+ T-helper (Thl) cell and CD8+ cytotoxic T cells (Cannon et al.
2021). Similarly, CXCR4 and its ligand CXCL12 have been linked to cancer spread.
The CXCR4/CXCL12 axis is blocked to prevent breast cancer from spreading to the
lungs. It has also been related to cancer metastasis, including prostate cancer, lung
cancer, and glioblastoma. CXCR4 expression has been linked to increased cancer
metastasis in humans (Wang et al. 2016). CCR7 and its ligand CCL21 are required
for tumor cell entry into lymphatic arteries in dendritic cells (DCs) and T cells, and
CCR7 and its ligand CCL21 may also play a function in cancer cells (Rizeq and
Malki 2020). CCL1 has also been shown to attract CCR8-positive tumors when
generated by lymphatic endothelial cells in subcapsular sinus (Korbecki et al. 2020).

Immune cells play an influential role in tumor development. Since the primary
goal of chemokines is leukocyte trafficking, it is tenaciously involved in tumor-
residing immune cell composition by recruitment of leukocytes in TME (Balkwill
2004; Mantovani et al. 2010). The immune cells can either be effector cells, i.e.,
involved in removal of cancer cells or promoter cells. Such immune cells are
popularly utilized as positive prognostic indicators of various stages of cancer. The
Th1l immune response is strongly connected to CXCR3, as well as its ligands
CXCL9 and CXCLI10. The sensitivity of the Thl-biased immune response
determines the efficiency of an antitumor immune cell response. Recent studies
have indicated that CXCR3-mediated anticancer responses are achieved by recruit-
ment of NK cells, CD4+ Thl cells, and CD8+ cytotoxic T lymphocytes (CTL) into
tumors (Kim et al. 2018). Because type I and II IFNs enhance CXCL9 and CXCL10
expression, recruited lymphocytes-derived IFNs can amplify intratumor CXCL9 and
CXCLI10 expression, inhibiting tumor growth. Recently, CXCR3 has also been
discovered to play an important function in macrophage polarization. In a mouse
breast cancer model, CXCR3 deletion causes macrophages to polarize toward an M2
phenotype, which promotes tumor growth; this result showed that CXCR3 is
necessary for M1 macrophage formation. Depending on the activating stimulus
from local cytokine milieu, macrophages are categorized into M1 and M2. Macro-
phage M1 are stimulated by IFN whereas, M2 are trafficked more effectively by 1L4,
IL13, and TGF (Zhu et al. 2015). M1 macrophages are tumoricidal and can operate
as antigen-presenting cells to activate effector T cells. M2 macrophages, on the other
hand, boost Th2 cell responses and produce a lot of IL10 and protumorigenic
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chemicals, which help tumors grow and spread. CCRS5 and its associated chemokine,
CCLS5 play critical roles in the recruitment of antitumor leukocytes. CCRS defi-
ciency elevates development of pancreatic adenocarcinoma, transplantable Lewis’s
lung adenocarcinoma, and lymphoma in EG7 mice. CCRS expression on CD4+ and
CDS8+ T cells is required for tumor-protective immunity to develop. CCRS5-
expressing CD4+ T cells can promote APC maturation via the CD40/CD40L
pathway, resulting in a maximal antitumor response from CD8+ T cells (Korbecki
et al. 2020).

Owing to the relevance of chemokines in tumor physiology, therapeutics
targeting chemokines are extensively studied (Mollica Poeta et al. 2019). Targeting
the immune system is a practical strategy to cancer treatment moreover, several ways
have been devised to improve leukocyte antitumor activity. Owing to this,
chemokines and chemokine receptors are implicated in numerous areas of cancer
biology, their potential targeting has been investigated in numerous preclinical
investigations and clinical trials. For hematological malignancies, an anti-CCR4
monoclonal antibody (Mogamulizumab) and a CXCR4 antagonist known as
AMD3100 are under clinical use. Several CC chemokines and their receptors such
as CCL2, CCL3, CCR1, CCR2, CCR4, and CXC chemokines such as CXCL12 and
its receptor CXCR4 have been extensively studied for development of antitumor
agents. In a mouse model of breast cancer, the CCR1 receptor antagonist CCX9588
was coupled with anti-PD-L1, indicating a synergistic antitumor effect through
decreasing myeloid infiltration (Karin 2018). Because CCRI1 antagonists
demonstrated no adverse effects in individuals with autoimmune illness, they are
promising candidates for regulating the myeloid infiltration in combination therapy.
Similarly, tweaking the CCL2-CCR2 axis also exhibits the antitumoral efficacy in
various malignancies by reduction of infiltrating protumorigenic and prometastatic
monocytes. Several CCR2 inhibitors such as PF-04136309 have been identified for
oral treatment of pancreatic tumors. When used alone in a preclinical model, the
inhibitor PF-04136309 reduced the quantity of TAMs and had a minor effect on
tumor evolution, but it functioned synergistically with the chemotherapy medication
Gemcitabine. Recent results from a Phase Ib/II trial with pancreatic cancer patients
in which PF-04136309 was administered together with nab-Paclitaxel, a nanoparti-
cle albumin-bound version of nab-Paclitaxel or PTX behaves as a stimulus for TAM
activation toward an M1-like phenotype, and gemcitabine (Xu et al. 2021). Another
CCR?2 inhibitor, CCX872, has shown great potential in the treatment of pancreatic
cancers. It boosted the efficacy of anti-PD-1 chemotherapy in a preclinical model,
and positive findings were obtained in a clinical trial, when administered in combi-
nation with FX (Linehan et al. 2018). Several inhibitors and their mechanisms are
elaborately discussed in Chap. 7 of this book.
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2.6 PPIs for Cytoskeleton Dynamic Pathways

Cytoskeleton performs a multitude of functions to maintain cellular homeostasis. It
is a mesh-like dynamic network of protein filaments present in the cytoplasm
(Hohmann and Dehghani 2019). The primary role of cytoskeleton is to provide
structural stability to the cell. Moreover, the cytoskeleton is involved in signal
transduction, cell migration, cellular division (segregation of chromosomes and
cytokinesis), cell wall formation, endocytosis, and intracellular transport of
biomolecules. In eukaryotes, the cytoskeleton is composed of microfilaments, inter-
mediate filaments, and microtubules. Microfilaments and intermediate filaments are
polymers of actin (~7 nm in width), which are the ubiquitous protein in eukaryotes.
While microtubules are made up of tubulin protein. Both actin and tubulins are
extremely adaptable, dynamic polymers (Dominguez and Holmes 2011). They
provide skeletal support to cytoplasmic organelles and intracellular compartments,
define cell polarity, and generate movement-related motion (pushing and contractile
forces). Both the cytoskeletal structures facilitate chromosomal separation, and cell
division during the cell cycle. They affect cell shape and polarity during morpho-
genesis (Spichal and Fabre 2017). Moreover, actins and tubulins encourage steady
cell-cell and cell matrix adhesions via interactions with cadherins and integrins
respectively. Finally, during cell migration, protrusive forces at the front and retrac-
tion forces at the back are mediated by the cytoskeleton as well. All of these are the
essential elements of the cell behavior that frequently go wrong in cancer, thus
emphasizing the relevance of cytoskeleton dynamics in cancer cell biology (Olson
and Sahai 2009; Schiewek et al. 2018; Hall 2009).

The role of cytoskeleton in cancer cell biology can broadly be categorized by
three cytoskeletal functions. These are cell cycle, morphogenesis, and migration
(Bendris et al. 2015). The modulation of cytoskeletal architectures is an essential
process at each stage of the cell cycle process. The promotion of unrestrained growth
depends on the various cell cycle-related proteins. Proteins such as CDKs directly or
indirectly interact with actin filaments at G2, S, and M phases of cell cycle for cell
cycle progression. One of the fundamental steps—chromosomal segregation is
highly dependent on the cytoskeletal dynamics (Po‘uha and Kavallaris 2015).
Moreover, the cytoskeleton also mediates the cell-cell, and cell-matrix adhesion
that modulates the cell cycle machinery through specific checkpoints. The cyclin-
CDK complexes and the phosphorylated cytoskeleton proteins regulate the assembly
and formation of the actin network (Bendris et al. 2015). These interactions not only
mediate cell proliferation, but also facilitate cell morphogenesis. Cell morphogenesis
is an important part of the cancer metastasis process. The transition of epithelial cells
into mesenchymal cells is an important factor in cancer metastasis (Ribatti 2017).
For metastasis, it is important that the cancer cell changes its molecular and structural
architecture such that it can survive the transportation process from the site of origin
to other organs. Being the fundamental member of the structural architecture of a
cell, the cytoskeleton is a prerequisite feature of morphology, migration, and inva-
sion of cancer cells. Beside actin, the microtubule network is the driving force in case
of cell migration. Moreover, intermediate filaments are significantly rearranged, and
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their molecular architecture shifts from cytokeratin-rich to vimentin-rich networks
during endothelial-mesenchymal transition (Pastushenko and Blanpain 2019). Fur-
ther, actin-binding protein-regulated spatiotemporal changes in actin filament’s
polymeric state and formation of lamellipodia, filopodia, and pseudopodia are used
by cancer cells during invasion and metastasis process (Aseervatham 2020).

2.7 Ras—Raf Interactions

The Ras-Raf-MEK (MAPK-ERK kinase)-ERK (extracellular signal-regulated
kinase) pathway is a fundamental signaling pathway in all eukaryotes. It governs
differentiation, proliferation, survival, aging, and death of cells. The signaling
pathway involves Ras as G-protein and Raf as MAPKKKs (mitogen-activated
protein kinase kinase kinase), MEK as MAPKK (MAPK kinase), and ERK as
MAPK. The activation of all kinases takes place due to phosphorylation of Ser/Thr
residues-rich domain. Upon activation, the MAPKSs regulate the cellular functions by
activation of transcription factors. Both Ras and Raf genes are identified as proto-
oncogenes, thereby essential for cell proliferation, growth, and progression of
cancer. Further, the ERK pathway is a nonlinear pathway, i.e., a variety of proteins
interact with protein of ERK pathway. Such a cross talk is important for normal
functioning of the Ras-Raf pathway and maintains the same using positive and
negative feedback mechanisms (Fig. 2.4). The prevalence of Ras—Raf interactions
in cancer has been extensively studied over the years. This section discusses the role
of Ras—Raf interaction in normal and cancerous cells (Zebisch et al. 2007).

2.7.1 Ras Protein

Ras is a 21 kDa plasma membrane GTPase that transmits signal in GTP-bound state.
Ras proteins are binary switches similar to Rho-GTPases, and alternates between ON
and OFF state during signal transduction (Wittinghofer and Pal 1991). The Ras
protein is found in three isoforms—N-, Ha-, and Ki-Ras and is highly conserved in
eukaryotes (Castellano and Santos 2011). The interaction of extracellular ligands
with GPCRs initiates the alteration of inactive GDP-bound forms to active
GTP-bound state with the help of guanine nucleotide exchange factors (GEFs—
SOS, CDC25, SDC-25). The transformation from active to inactive state is catalyzed
by GTPase-activating protein (GAPs: IRA-1, IRA-2). The GEF-GAP dependence
allows regulation of Ras activity and the downstream signaling. Moreover, regula-
tion of Ras activity also depends on its inherent GTPase activity, and translocation to
the plasma membrane. Ras is activated by GEFs such as SOS (son of sevenless). Ras
in its activated form is translocated to the plasma membrane, where it targets and
activates Ser/Thr-rich MAPKs known as Raf kinases. The structural studies
elucidated two regions are present in Ras protein, and known as switch-I and
switch-II. Both these regions are critical for its role in protein—protein interactions
(Shima et al. 2010). The switch regions undergo conformational changes in
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Fig. 2.4 Schematic representation of positive (green) and negative (red) feedback loops involved
in regulation of Ras—Raf pathway in a cell

GTP-bound state forming a hydrogen bond between y-phosphate of GTP, T35, and
G60 residues of Ras. Intrinsically, Ras proteins remain in their inactive state due to a
slow off-rate for GDP. GEFs accelerate the GDP to GTP conversion by interacting
with the P loop (res 10—-17) and reducing the affinity of Ras toward GDP. The GTP
then binds to Ras and GEF dissociates (Simanshu et al. 2017). The GAP mediates
hydrolysis of GTP in a similar fashion via binding to the GAP-related domain, GRD
(res 718-1037). GAP interacts with the switch II region inducing two conforma-
tional changes. Firstly, it stabilizes Q61 by coordination with water molecule, and
secondly it mediates protruding of the arginine finger (R789) which interacts with o-
and p-phosphate of GDP. Ras proteins also consist of a CaaX motif in the N-terminal
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region that plays an important role in insertion of Ras in cellular membranes with the
help of post-translational modifications (Simanshu et al. 2017; Li et al. 2020).

2.7.2 Raf Kinases and Other Ras Effectors

Raf kinases are encoded by Raf genes and are generally found in higher eukaryotes.
In mammals, three kinds of Raf proteins have been identified: Raf-1, A-Raf, and
B-Raf. All three isoforms of Raf are activated by GTP-bound Ras protein, and act as
upstream effectors of ERK signaling pathway. Raf-1 and B-Raf have been exten-
sively studied in signaling pathways. The Raf proteins are multimeric proteins
(300-500 kDa), with a common structure made up of three conserved regions:
CR1, CR2, and CR3 (Brummer and Mclnnes 2020; Rezaei Adariani et al. 2018).
The CRI1 contains a Ras-binding (RBD) and cysteine-rich domain (CRD) for
interaction with Ras and the plasma membrane. The CRD is also responsible for
autoinhibition of Raf by interacting with the kinase domain. CR2 contains inhibitory
phosphorylation targets which play an important role in negative regulation of Ras—
Raf interaction. CR3 is the kinase domain which upon phosphorylation proceeds
with the downstream signaling of ERK signaling cascade. CR1 and CR2 together
constitute the regulatory domain, while CR3 features the catalytic domain of Raf
proteins (Matallanas et al. 2011). The regulatory domain is an essential factor in the
activation of oncogenic activity. However, in some cases, oncogenic mutations in
the kinase domain of Raf have been observed to activate ERK pathway and cancer
progression (Durrant and Morrison 2018; Roskoski Jr 2018). One such instance is
the mutation V60OE in the B-Raf kinase domain, which elevates the kinase activity
by mimicking phosphorylation of CR2 sites and inhibits the negative regulation of
B-Raf activity. Other than Raf, the Ras GTPases can also interact with other cellular
effectors. These effectors are well studied and have been identified to be involved in
cancer cells. These effectors include, PI3K, RalGDS, novel RAS effector 1A
(NOREI1A), Af6, Grbl4 (growth factor receptor 14), PLC (phospholipase C),
TIAM (T cell lymphoma invasion and metastasis-inducing protein), and RIN1
(Ras and Rab interactor 1) (Santini et al. 2019). The translocation of Ras—Raf
complex to the cell membrane activates the Ser/Thr kinase activity of Raf. Upon
activation, Raf acts as MAPK kinase kinase (MAPKKK), which activates MAPK
kinases (MAPKK)—MEK]1 and MEK2. The MEKSs in turn stimulate the activation
of ERK1 and ERK?2 kinases by phosphorylation. Upon phosphorylation, the ERKs
translocate to the nucleus, where it phosphorylates transcriptional factors responsible
for cell proliferation, survival, morphogenesis, motility, and differentiation (Mysore
et al. 2021).

2.7.3 Prevalence of Ras and Raf Protein in Cancer

Ras wild type and mutated isoforms are prevalent in human cancer and have been
identified as a common cause for development of tumors. Most of the cancer-causing
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mutations have been recorded in K-Ras preceded by N-Ras and H-Ras (Degirmenci
et al. 2020; Zhou et al. 2016). Ras mutations generally occur at residues 12, 13, and
61. Glycine at position 12 or 13 when replaced by any other amino acid except
proline prevents the arginine finger from protruding out and GTP hydrolysis.
Similarly, mutation at Q61 position also affects the GAP-mediated hydrolysis of
GTPase (Hobbs et al. 2016). Several other mutations such as A146, R164Q, and
K176Q also reduce the affinity of GDP resulting in accumulation of Ras in its
activated form (Edkins et al. 2006; Tripathi and Garg 2018; Hobbs and Der 2019;
Muiioz-Maldonado et al. 2019). Similar to this, loss of GAP activity can occur
through deleterious mutations in GAP also. For instance, deletion of neurofibromin
(NF1), a Ras GAP occurs in cancer frequently. The NF1 gene is highly susceptible to
mutations forming loss of function mutants, which are responsible for sporadic
cancers. The earliest case of NFI mutations has been reported in recurrent
glioblastomas. NF-1 also plays a major role in lung adenocarcinoma together with
K-Ras mutations (32%), and EGFR mutations (11%). Moreover NF-1 is the third
important mutated gene in melanoma after B-Raf and N-Ras (Ratner and Miller
2015). Other Ras GAPs such as RASA1 and RASA2 have been associated with
breast and prostate cancer and drive invasion and metastasis (Sung et al. 2016;
Suérez-Cabrera et al. 2017). Moreover, RAS mutations that inhibit GTP hydrolysis
(such as F82V and T83P) or increase the activity of GEFs (S35T, A57G, and Y89H)
have been identified in activation of Ras-related protein Ritl and Rit2 in lung
adenocarcinoma. The Rit proteins are involved in activation of various types of
Ras effector molecules (Simanshu et al. 2017). Post-translational modifications such
as prenylation and geranylgeranylation also play an important role in functioning of
Ras proteins, specifically K-Ras and N-Ras (Adjei 2001).

Similar to Ras, mutations in Raf proteins are considered highly critical in
induction of cancerous growth. Most of the research till date has been focused on
Raf-1 and B-Raf. B-Raf mutations are widely described and responsible for causing
tumor formation in melanoma (66%) and other malignancies such as glandular
carcinoma (thyroid, ovary, biliary tract) (Rahman et al. 2013). The most predomi-
nant mutation detected is VO0OE that affects the kinase activity of B-Raf protein.
Cancer-associated B-Raf mutations are found in exons 11 and 15 of the kinase
domain. These mutations tend to form a gain of function mutant, which amplifies the
downstream signaling constitutively, and thereby enhancing the growth and prolif-
eration. Mutations also promote heterodimerization of B-Raf with Raf-1, thus
activating the Raf-1-mediated ERK signaling (Poulikakos et al. 2011; Maloney
et al. 2021). Several mouse models of melanoma have been studied to investigate
the activity of B-Raf mutants. V60OE mutants are generally responsible for devel-
opment of benign and malignant melanomas. However, V60OE exhibits formation of
benign tumors at a higher frequency than malignant tumors. This has also been
reported by conditional expression of V60OE mutant in mouse model melanocytes
(Matallanas et al. 2011). Mutations in B-Raf induce a senescence mechanism that
regulates the dormancy and subdues tumorigenesis. In general, Raf and Ras
mutations work independent of each other, however, several B-Raf mutations such
as D594V have been reported which impair the kinase activity when coexpressed
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with mutant Ras (Moretti et al. 2009; Roring and Brummer 2012). Raf-1 mutations
associated with cancer are very rare and are reported in therapy-related acute
myeloid leukemia. Besides mutations, rearrangement, and fusion of Raf-1 with
B-Raf have been reported in thyroid cancer, prostate cancer, astrocytoma, and
other cancers (Matallanas et al. 2011).

2.7.4 Therapeutic Targeting of Ras—Raf Interactions

The oncogenic Ras/Raf interactions are druggable, and hence potent small molecules
have been discovered that bind either to Ras or Raf thereby inhibiting the oncogenic
effect of Ras/Raf mutants. Targeting Ras-driven cancers is a little complicated, and
the Ras—Raf interactions can be targeted by four ways: (1) scaffold-mediated
targeting of Ras mutant, (2) targeting enzymes involved in post-translational modi-
fication of Ras proteins for inhibition of membrane association, (3) targeting Ras
effectors, and (4) targeting MEK/ERK kinases (Santarpia et al. 2012; Papke and Der
2017; Degirmenci et al. 2020).

The most common drugs targeted in Ras-driven cancers are G12C K-Ras
mutants. AMG510 and MRTX1257 are the primitive drugs developed to target
K-Ras G12C mutations in lung cancer. Both drugs covalently bind to the switch II
pocket and crosslink with Cys12. Scaffolding proteins are also known to inhibit
mutant Ras functions on cancerous cells (Ni et al. 2019; Liu et al. 2019; Nussinov
et al. 2021). Stevens et al. (2018) showed that Erbin, a LAP scaffolding protein
functions as tumor suppressor in colorectal cancer. Erbin binds to the K-Ras kinase
suppressor, and displaces K-Ras for Ras—Raf complex inhibiting the downstream
signaling (Stevens et al. 2018). Mutant Ras proteins are also targeted via inhibiting
functionally relevant post-translational modifications. The farnesyltransferase
(FT) is involved in prenylation of CaaX motif situated at the C-terminal of Ras
proteins. FT and other transferases such as geranylgeranyl transferase (GGT),
isoprenylcysteine carboxyl methyltransferase (ICMT) are important targets for
designing inhibitors that indirectly target K- and N-Ras (Liu et al. 2019). The
ICMT inhibition leading to inhibition of carcinogenesis has been widely studied in
cell and mouse models (Xu et al. 2019). Another target for inhibition of Ras—Raf
pathway is by targeting Ras effectors. Small molecule inhibitors such as Rigosertib,
Sulindac, and MCP110 are inhibitors of Ras effectors. Raf kinases are the key targets
of Ras mutants, thus making it a potent target for development of anticancer
therapeutics (Quevedo et al. 2018).

A variety of inhibitors such as Vemurafenib, Dabrafenib have been applied for
treatment of VO60OE B-Raf mutant-induced cancers. These drugs are known as first
generation Raf inhibitors; although the efficacy of these drugs was found to be
remarkable in clinical studies, with time the efficacy declined owing to the expedi-
tious rate of drug resistance (Croce et al. 2019). Resistance to anticancer drugs is
achieved by two mechanisms which reboots the ERK pathway upon treatment.
Firstly, by upregulation of active Ras and ERK signaling via other Ras effectors or
due to alternative splicing of B-Raf mutant specifically at N-terminus such that it
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enhances the homodimerization reducing the drug affinity (Panda and Biswal 2019).
Interestingly, resistant cancer cells utilize Raf inhibitors for their own survival.
Hyperactive ERK signaling leads to cell senescence in normal or susceptible cancer
cells. However, in drug-resistant cancer cells, these inhibitors monitor the activity of
ERK signaling and maintain the optimum level required for cellular growth. A
second generation of Raf inhibitors have been designed to overcome the drug-
resistant issue. Some examples of second generation Raf inhibitors include
pan-Raf inhibitors such as TAK632, CCt3833, Raf265, BAL3833, and paradox
breakers such as PLX8349. The pan-Raf inhibitors inhibit both units of Raf dimers,
while paradox breakers stimulate conformational changes in dimer to prevent dimer-
dependent activation of MEKs. Moreover, MEKs and ERKs are also a potential
target for inhibition of haywired ERK signal transduction (Yap et al. 2021;
Degirmenci et al. 2020). Chemicals such as trametinib and cobimetinib are
FDA-approved MEK inhibiting drugs for treatment of V60OE B-Raf mutant-related
cancers (Odogwu et al. 2018; Schmitt et al. 2022). However, usage of MEK/ERK
inhibitors may not be a correct option for treatment of Ras/Raf-related cancers, as
they can inhibit signaling pathways in normal cells also. Moreover, Rafs have been
identified as more druggable targets compared to Ras proteins.

2.8 PKA Signalosome

Signalosomes are large multimeric protein complexes which increase the local
concentration of each monomeric component for elevation of their signaling activity.
Protein kinase A or PKA signalosome utilizes the GPCR-cAMP-PKA signaling axis
for stimulation and maintenance of cellular functions. PKA is a cAMP (cyclic
adenosine monophosphate)-dependent Ser/Thr kinase (Miller 2002). It is evolution-
arily conserved in all eukaryotes and performs vital function in metabolic, develop-
mental, and proliferative mechanisms. The PKA is an effector molecule utilized by
secondary messenger, CAMP in cAMP-mediated GPCR signaling pathway. The
activation and deactivation of PKA are regulated by cAMP-induced allosteric
mechanisms. The PKA exists as a tetrameric holoenzyme in its inactive state. The
tetramer consists of two regulatory and two catalytic subunits. The regulatory
subunit is an auto-inhibitory domain which keeps the PKA in the inactive state.
While the catalytic subunit mediates ATP hydrolysis in an active state for down-
stream signal transduction (Torres-Quesada et al. 2017). Four types of regulatory
subunits—RIa, RIB, RIla, RIIP, and three forms of catalytic subunits—Ca, Cf, Cy
are expressed in cells. PKAs are classified into two types based on the regulatory
subunits present; they include: PKA type I (RIo2C2, RIB2C2), and PKA type Il
(RIIa2C2, RIIP2C2). The cAMP-PKA signaling is driven by numerous ligand-
receptor complexes of which the GPCR-cAMP-PKA signaling is a well-studied
mechanism. Upon activation of adenylyl cyclase by GPCRs, cAMP is produced.
Four cAMP molecules bind to the regulatory subunit of PKA to modulate structural
changes and to release the catalytic subunit of PKA. The active PKA further
phosphorylates the downstream effector protein. The activation of PKA induces
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Table 2.1 Summary of the role of cAMP-PKA—effector signaling on different types of cancer

Cancer

Chronic
lymphocytic
leukemia (CLL)

Acute myeloid
leukemia (AML)

Breast cancer

Prostate cancer

Adenocarcinoma

Brain tumor

Role of PKA
Stimulation of TLR signaling and apoptosis

Overexpression of CREB protein

Promotes growth and metastasis via
GSK3-f-catenin pathway

Upregulates AR signaling and neuroendocrine
differentiation of prostate cancer

Downregulation of SIRT1; inhibition of NSCLC
cell apoptosis; upregulation of hypoxia-induced
EMT

Upregulation of p21/p27 and PKA/Epac-1-Rapl

References
Zhang et al. (2020)

Pigazzi et al. (2007),
Illiano et al. (2020)

Wang et al. (2019)

Merkle and
Hoffmann (2011),
Grigore et al. (2015)
Farcas et al. (2019),
Luo et al. (2019),
Shaikh et al. (2012)
Wang et al. (2017b)

signaling resulting in inhibition of glioblastoma

the PKA localization, which depends upon PKA-anchored proteins (AKAPs).
AKAPs are scaffolding proteins that organize PKA macromolecular complexes for
relaying pathway signals. A detailed information of the role of different PKA
signalosomes has been reviewed elsewhere (Torres-Quesada et al. 2017; Rinaldi
et al. 2018).

The GPCR-mediated PKA signalosomes are an important factor in several
diseases such as cancer and degenerative diseases. Similar to Ras—Raf interactions,
mutations in PKA subunits steer the PKA activity and its PKA-mediated signaling
circuits. Being a nodal part of GPCR signaling, PKA has been widely studied in
cancer, and is an accepted biomarker to cancer detection (Zhang et al. 2020; Caretta
and Mucignat-Caretta 2011). The dysregulation of PKA and its effectors either
boosts proliferation or induces apoptosis of the cell. Beside genetic alterations,
localization of PKA subunits also affects functional properties of PKA. For instance,
PKA type I are cytoplasmic proteins that are overexpressed in a variety of tumors.
While PKA type II are anchored to organellar membranes and expressed in
nonproliferative tissues in growth retardation phase. PKAs regulate cancer progres-
sion through phosphorylation of a variety of substrates such as CREB, Raf, CDC42
interacting protein 4 (CIP4), GSK3, calmodulin-dependent kinase (CaKs), etc.
CREB, Raf, CaK, and GSK3 are directly involved in gene expression, survival,
metabolism, and migration respectively. PKAs regulate the lipid metabolism with
the help of epigenetic effectors such as JMJD3 and promote pancreatic cancer.
Moreover, PKA also regulates actin polymerization via interaction with CIP4.
CIP4 stimulates rearrangement of cytoskeletal proteins and cell membrane promot-
ing the cancer metastasis (Stefan et al. 2018; Zhang et al. 2020). The cAMP-PKA-
effector signaling acts as both tumor-suppressing and tumor-inducing factors. The
effects of cAMP-PKA-effector signaling on different types of cancer are
summarized in Table 2.1.
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Targeting PKA signalosomes in cancer is a potential strategy for treatment of
cancer. PKA signalosomes can be targeted by (1) inhibition of cAMP-PKA binding
using cAMP analogs such as tacladesine, (2) targeting AKAP-PKA interactions,
(3) inhibition of kinase activity, and (4) inhibition of PKA effectors (Sapio et al.
2014). Tacladesine has been investigated as an antitumor drug against colon cancer,
breast cancer, leukemia, and other cancers by in vitro and in vivo experiments
(Baiocchi et al. 2021). PKA and cAMPs also mediate a feedback regulation to
control the cAMP-PKA signaling and increasing the levels of cAMPs can have a
potent suppression of tumor growth. Hence, to maintain the concentrations of
cAMP, several PDE (phosphodiesterase) inhibitors such as sildenafil have been
studied for their role in tumor suppression (Peng et al. 2018). As discussed earlier,
localization of PKA signalosome imparts a vital function in regulating the organellar
specific roles of cAMP-PKA pathway. The localization of PKAs depends on their
interaction with AKAPs. Hence small-molecule inhibitors such as peptides have
been investigated for their antitumor activity. These peptides are derived from the
PKA-binding domain of AKAPs which exhibits competitive inhibition of AKAP-
PKA interaction, and thereby inhibiting the signal transduction. Few examples of
AKAP-PKA inhibitors are HT31, RIAD, and STAD peptides (Dema et al. 2015;
Bucko and Scott 2021). The kinase activity is normally regulated by the regulatory
subunits. However, mutations in catalytic or regulatory subunits may lead to weak
binding of both subunits. Antisense technology targeting PKA Rla is under investi-
gation for development of therapeutic treatments. Herein, an antisense oligonucleo-
tide, GEM231 has been investigated up to phase I clinical trials in patients with
refractory tumors (Agrawal et al. 2002). Other than targeting cAMP and PKA itself,
the downstream effectors of PKA have been studied as a potential drug target. Since
CREB is the most common effector of cAMP-PKA signaling, CREB antagonists are
under investigation and a small molecule—XX-650-23 exhibits proapoptotic and
cell cycle arresting properties by blocking interaction between CREB and its
coactivator CBP (Sapio et al. 2020). Although several drugs have been identified
through preclinical studies; patients’ trials are still undergoing for assessment of the
ADME characteristics of PKA-associated antitumor drugs.

29 Myc—Max Interactions

Myc belongs to the family of basic HLH-leucine zipper motif containing
(B-HLH-LZ) transcription factors. The Myc gene is a proto-oncogene and exhibits
key roles in activation of cell cycle, differentiation, metabolism, and apoptosis.
Three types of Myc proteins are expressed in cells: MYC (c-Myc), MYCL
(I-Myc), and MYCN (n-Myc). Myc is a transcription factor, which consists of
three characteristic motifs: a basic DNA-binding motif, helix-loop-helix (HLH),
and a leucine zipper motif (Blackwood et al. 1992). Myc is activated by a variety
of mitogenic signaling pathways such as Wnt, Shh, and EGF signaling pathways.
Upon activation, Myc upregulates cyclins, ribosomal RNA, and cell cycle-related
proteins for cell proliferation and growth, while downregulates p21 and
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antiapoptotic proteins such as Bcl-2. It is generally expressed as an inactive intrinsi-
cally disordered protein which is localized in cytoplasm. The inactive Myc is cleaved
by calpain, a proteolytic enzyme to produce c-Myc and n-Myc. While Max or
Myc-associated factor X is another HLH-based leucine zipper transcription factor
that interacts with Myc. The Myc-Max heterodimer binds to the E-box of the gene
promoter region with the help of chromatin-modifying complex (TRRAP, TIP60,
and GCN5), and induces gene transcription. Max interacts with the C-terminal B-
HLH-LZ domain and drives transcription by heterodimerization (Cascén and
Robledo 2012). Besides upregulation of cell cycle, antiapoptotic, and
proliferation-related genes; Myc—Max complexes are also key regulators of
miRNA expression and metabolism-regulating genes. Owing to the functional
characteristics of Myc—Max interactions, it has been extensively studied in cancer
prognosis (Chen et al. 2018a). Of all the Myc proteins, c-Myc is often constitutively
expressed in cancers. Although expression of Myc is normally transient and highly
controlled by ubiquitin ligases (Ub-ligases), chromosomal translocations and
mutations lead to dysregulation of Ub-ligase-Myc interaction and activation of
tumorigenesis. Moreover, more than 70% of human cancers such as retinoblastoma,
breast cancer, ovarian cancer are associated with overexpression of Myc—Max
complexes (Dang 2012).

Inhibition of Myc protein is a difficult task due to intrinsic difficulties such as
nonavailability of catalytic sites. Hence, targeting Myc—Max interactions can play a
pivotal role in regression of cancer. The indirect inhibition of Myc protein is
targeted by: (1) disrupting Myc transcription, (2) inhibiting Myc mRNA translation,
(3) targeting Myc stability, and (4) destabilizing Myc—Max complex. The transcrip-
tion of Myc gene is regulated by bromodomain-containing 4 (BRD4) and cyclin-
dependent kinases (CDK7 and CDK9). BRD4 belongs to the BET family of
transcription factors and over the years, a wide variety of BET inhibitors have
been investigated for their anticancer activity (Xu and Vakoc 2017). The first BET
inhibitor identified was JQ-1, which binds to the acetyl-binding domain of BRD4
important for chromatin attachment. Similarly, I-BET762 has been identified as BET
inhibitor and has undergone initial phases of clinical trials in patients with hemato-
logic malignancies and NUT Midline carcinoma (Pérez-Salvia and Esteller 2017).
CDKs also stimulate myc gene transcription; hence, inhibitors of CDKs are also
utilized for inhibition of myc transcription. Myc protein is stabilized by several
deubiquitinating enzymes such as USP7 and USP28. USP inhibitors such as P22077
have been studied as a suppressor of neuroblastoma in xenograft models (Young
etal. 2019). Several small molecules such as Mycmycins, Mycro 1-3, and KJ-9 have
been elucidated as antagonists of Myc—Max interactions. KJ-9 and KJ-10 are
derivatives of Krohnke pyridine derivatives that have been shown to inhibit
Myc-Max dimerization and Myc-induced tumor growth in vivo (Hart et al. 2014;
Fletcher and Prochownik 2015). Similarly, Choi et al. identified another small
molecule—sAJMS589 as a potent Myc-Max antagonist using protein-fragment com-
plementation assay (PCA) (Choi et al. 2017). The treatment of Myc-driven cancer is
also targeted by inhibition of enzymes involved in Myc-regulated metabolic
enzymes. Myc upregulates expression of several glycolytic and glutaminolytic
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enzymes and transporters. Recently, a novel inhibitor L755507 has been identified
that efficiently blocked Myc—Max interactions together with induction of apoptosis
in cancer cells (Singh et al. 2021). Targeting inhibition of Myc-regulated genes using
miRNAs and small inhibitors also offers a bright opportunity as anticancer
therapeutics.

2,10 p53-MDM2 Interactions

p53 is a tumor suppressor cytoplasmic protein. It inhibits cell growth and mediates
senescence, apoptosis, and responses to the cellular damage (Selivanova 2004). A
variety of stress types induce expression of p53 protein thereby preventing the
uncontrolled propagation of cells. Moreover, p53 partakes in a dual transcription-
dependent/independent function and destroys the cell. It regulates transcription in
the nucleus as well as mitochondria (Thut et al. 1997; Moll et al. 2005). In a healthy
cell, the concentration of p53 is low, as it is highly unstable with a half-life ranging
from 5 to 30 min. p53 degradation in a normal cell is mediated by MDMZ21.
However, in a damaged cell, the DNA damage, hypoxia, and oncogene activation
stimulate rapid stabilization of p53 through blocking the p53 degradation pathway
thus leading to cancer progression. MDM?2 is a principal cellular antagonist of p53
(Michael and Oren 2003). It is an E3 ubiquitin ligase, and a negative regulator of p53
tumor suppressor. MDM2 recognizes the transactivation domain of p53 and inhibits
transcriptional activation. p53 and MDM?2 are linked with each other through an
autoregulatory negative feedback loop (Konopleva et al. 2020). This limits the
duration and severity of p53-associated biological function after a stress response.
MDM?2 promotes degradation of p53 via a ubiquitin-dependent pathway using both
nuclear and cytoplasmic 26S proteasomes.

The p53-MDM2 interactions have been mapped through genetic and biochemi-
cal studies (Aberg et al. 2017). The N-terminal domain of MDM2 and the N-terminal
part of TAD of p53 interact with each other. The crystal structures of p53-MDM?2
complex have revealed that upon binding with MDM?2, the unstructured p53 TAD
forms an amphipathic alpha helix where hydrophobic residues F19, W23, and L26
are buried into deep hydrophobic pocket on the MDM?2 surface. The structural
changes in p53 are relevant for its activity in transcription (Raj and Attardi 2017).
As the three hydrophobic residues F19, W23, and L26 are important for interaction
of p53 and MDM2, several peptides have been designed and studied using combi-
natorial permutation and biophysical studies to understand the structural
requirements of p53—-MDM?2 interaction. Moreover, various highly potent
peptidomimetic antagonists of MDM?2 have been designed using drug design and
NMR spectroscopy in the recent years. One such example is an AP peptide (Zhang
et al. 2015). Due to the great importance of p53—MDM?2 interaction in cancer, it is
often used as a drug target by targeting the interaction of three critical amino acid
residues as mentioned above (Wang et al. 2017c). A detailed discussion on the
various p53-MDM?2 drug targets and their mechanism of action is discussed in
Chap. 7 of this book.
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2,11  Wnt/B-Catenin

Wnt/p-catenin PPI is a well-maintained signaling interface involved in conventional
biological phenomenon including proliferation, differentiation, cell death, cellular
migration, and homeostasis. Accumulated evidences indicated that the impairment
in Wnt/p-catenin signaling intend toward the growth and advancement of tumors and
chronic cases of malignancies; it is well studied in the case of colorectal cancer
(He and Tang 2020; Gajos-Michniewicz and Czyz 2020). As an outcome of elabo-
rative studies conducted on Wnt/B-catenin interface, it is unraveled that f-catenin
employs Kat3 transcriptional coactivators, CBP and its homologs, and p300
(E1A-binding protein, 300 kDa) to generate a complex that is transcriptionally active
and regulate the transcription and expression of target genes responsible for the
growth and differentiation of the cells. A transcriptional program mediated by
p300/B-catenin interplay activates the differentiation and reduces its cellular potency
(the cell’s potential to differentiate into some other cell types), whereas transcription
mediated by CBP/B-catenin is imperative for maintaining stem cell/progenitor cell
and symmetric nondifferentiative division (Thomas and Kahn 2016). Atypical
regulation of transcription factor f-catenin is evident in the primary events of
carcinogenesis, as it initiates the uncontrolled expression of target genes facilitating
the unrestricted differentiation of cells (Fig. 2.5). The p-catenin-dependent signaling
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Fig. 2.5 Summarized representation of WNT/B-catenin signaling. (Adapted from Ota et al. 2016)
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pathway is activated when secreted glycoprotein Wnt ligands that are rich in cysteine
residues bind to LRP-5/6 and FZD receptors, which leads to the agglomeration of
destruction complex comprises of AXIN, GSK3p, CK1, and APC on the receptor
(Nusse and Clevers 2017). Following that, phosphorylation, and suppression of
GSK3 result in an increase in cytosolic P-catenin levels. Unphosphorylated
B-catenin in the cytoplasm relocates to the nucleus and interacts with TCF/LEF,
their coactivators such as Pygopus and Bcl-9, and stimulates expression of Wnt
signaling-associated genes such as c-Myc, cyclin D1, and CDKNIA (Wiese et al.
2018).

Considering Wnt/p-catenin significance in cancer induction and progression,
various molecules (antagonist, inhibitors agonist) targeting this interface have been
proposed and investigated. In line with this, Ipafricept (OMP54F28; IPA), an
antagonist of Wnt ligands that competitively interacts with Frizzled and other
Wnht-associated receptors and inhibits Wnt-arbitrated downstream processes
(Moore et al. 2019). On the similar note, pyrvinium, is an FDA-approved drug
which hampers the nuclear localization of the B-catenin by stabilizing the -catenin
destruction complex; this drug binds to the CK1 component of the complex and
potentiates its kinase activity (Thorne et al. 2010). Moreover, Wnt/p-catenin axis
may crosstalk with various other signaling proteins and leads to the numerous PPIs,
thus contributing to the crucial molecular mechanisms in cancer induction and its
advancement. These proteins include, dermal growth factor receptor (EGFR),
Hippo/YAP, NF-Kb, PI3K/Akt pathway, Sonic Hedgehog pathway, and Notch
signaling (Zhang and Wang 2020). As a result, PPI inhibitor targeting the cross
talk between Wnt/B-catenin axis and aforementioned proteins is under scrutiny, and
shown to have therapeutic potential in preclinical investigations and clinical trials of
several cancer types (Joosten et al. 2020).

2.12 Nuclear Receptor (NR)

Nuclear receptors (NRs) are a ligand-activated transcription factor superfamily that
takes up critical roles in the pathophysiology of many physiological processes
including development, metabolism, reproduction, aging, and disease conditions
like cancer. NRs are an essential platform that links external and hormonal cues
with genomic responses, and controls almost all types of cellular fate at the gene
expression level (Zhao et al. 2019). Several NRs have long been recognized for their
critical involvement in cancer genesis and progression as summarized by Weikum
and coworkers (2018). The biological effects of NRs in managing proliferation,
differentiation, and apoptosis signify their potential impact on tumor growth. Indeed,
some medications that target the interface of NRs-ligands have been the subject of
considerable drug discovery attempt for effective cancer therapies (Font-Diaz et al.
2021). The known 48 NRs are majorly divided in two subfamilies depending upon
the location and genomic response to ligands as cytoplasm-based and nuclear-based
NRs. Cytoplasm-based NRs comprise of androgen receptor, estrogen receptor, and
glucocorticoid receptor (AR/ER/GR). In this case, ligand binding promotes the
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release of chaperone and induces homodimerization, which lead to nuclear translo-
cation. Once in the nucleus, the ligand-bound receptor connects with transcriptional
coregulators, that allow their interaction with the transcriptional machinery to initiate
regulation of target gene expression. Meanwhile, nucleus-based NRs include
vitamin-based receptors such as VDR, RAR (Vitamin-D receptor and Vitamin-A1l
(retinoic acid) receptor), liver X or peroxisome-proliferator-activated receptors
(PPARs and LXRs). In the absence of ligand, they generally dwell in the nucleus
and are associated with their corresponding DNA sequences (Sever and Glass 2013).

The proteins of NR superfamily are distinguished by the fact that, they serve as
transcription factors. The disruption of transcriptional regulation or the loss of
function of these receptors is a defining feature of many cancers. The contribution
of androgen receptor (AR) involvement is well reported in the prostate cancer, as
prostate is an androgen-dependent organ, where AR overexpression on the cells
enables the prostate cancer to develop (Shafi et al. 2013). Interaction of AR with
proteins like HSPs, and cyclin-dependent kinase 5 (Cdk5) are responsible for its
regulation; these PPIs were explored as the potential target for the inhibitors to
regulate the progression of cancer. Ailanthone, a small molecule PPI inhibitor
demonstrated to act on the AR/HSP90 interface by hampering the translocation of
AR to the nucleus, and in turn hinders the interaction with HSP90 (He et al. 2016).
On the similar note, roscovitine was reported to inhibit the interaction between
AR/CdKkS to reduce the proliferation of prostate cancer (Hsu et al. 2011). In addition
to AR, estrogen receptor (ER) that is crucial for estrogen-mediated signaling is
predominantly involved in the development of breast and uterus cancer. ER receptor
is reported to encourage the cancer development either through dimerization (homo/
heterodimerization) and/or PPI with other protein regulator (Miki et al. 2018). As
reviewed by Zhao et al., currently numerous therapies targeting the PPI involving
ER are in practice that work either through disruption of estrogen production or by
influencing the activity of ER in breast cancer cells (Zhao et al. 2019). Small-
molecule PPI inhibitor like tetrahydro-iso-alpha acid and one of the derivatives of
benzothiophenone is demonstrated to hinder the interaction of ER with its cofactor
protein (Miki et al. 2018). Furthermore, protein—protein interactions in peroxisomes
proliferator-activated receptor (PPAR) are also a potential therapeutic target, owing
to the fact that PPARSs are crucially involved in the apoptosis. The three members of
this PPAR family (PPAR o/0/y), interact with retinoid X receptors (RXRs) and form
a heterodimer that further triggers the tumorigenic cascade (Wang et al. 2017a).
Likewise, other NRs, like the glucocorticoid (GC) receptor (GR), retinoic acid
receptors (RARs), and retinoid X receptors (RXRs), have been actively researched
as therapeutic targets in cancer, with some resulting in additional marketed
medications as described in a review by Zhao et al. (2019).
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2.13 X-Linked Inhibitor of Apoptosis Protein (XIAP)/Caspase-9

Inhibitors of apoptosis proteins (IAPs) are a category of ubiquitous protein compris-
ing of antiapoptotic properties that are imperative to cell survival. Due to their
capability to attach to caspases or other proteins, they are able to inhibit the actions
of the proapoptotic proteins and encourage their destruction, which helps in
regulating the process of apoptosis. There are variety of other activities performed
by IAPs in nonapoptotic pathways that contribute to phenomenon like migration,
invasion, and metastasis (Rumble and Duckett 2008). XIAP, c-IAP1, c-IAP2,
ML-IAP/Livin, ILP2, NAIP, Bruce/Apollon, and survivin are the members of the
IAPs family. Furthermore, all these members of IAPs include baculoviral IAP
repeats (BIR) (1-3 BIR repeats), which function as protein—protein interaction
domains. Caspase, a proteolytic enzyme having cysteine residue is one of the
primary facilitators of apoptosis and interactors of IAPs. Caspases are reported to
induce apoptosis through two pathways; (a) the death receptor route (extrinsic
pathway) administered by caspase-8 and 10; (b) mitochondrial (intrinsic) pathway,
which is coordinated by cytochrome C/caspase-9 (Fig. 2.6) (Tu and Costa 2020).
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Fig. 2.6 Schematic representing the biological functions performed by XIAP protein. XIAP
primarily inhibits caspases 3/7/9 by binding, hence blocking preapoptotic signaling cascades.
SMAC, a mitochondrial protein, prevents XIAP from performing its activities by consuming its
binding positions. RIPK3 and mixed lineage kinase domain-like pseudo kinase (MLKL) transition
XIAP to necroptosis, Mdm2 and p53 induce autophagy, and MURR1 modulates the homeostasis of
copper. (Adapted from Tu and Costa 2020)
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Caspases are regulated by apoptosis inhibitors (IAP) proteins in live cells; XIAP
is the only protein member of IAP family that suppresses caspases by direct physical
contact. Other members of the IAP family that includes cIAP1 and cIAP2 are also
reported to bind caspase-3 and -7 respectively; and marks them for proteasomal
degradation rather than blocking them physically. The BIR3 domain exhibits high
affinity toward caspase-9 and the interaction between them acts as inhibitory signal
against the proapoptotic functions of the caspase-9 and stops the programmed cell
death (Salvesen and Duckett 2002). Apparently, Smac (second mitochondria-
acquired activator of caspase) is a domestic PPI inhibitor that is reported to suppress
the XIAP—caspase-9 relationship. As Smac is discharged from the mitochondrial
region, the N-terminal BIR3-binding motif (AVPI) of Smac interacts with the BIR3
repeats, and prohibits the interaction of XIAP with caspase and thereby promoting
apoptosis (Abbas and Larisch 2020).

XIAP is abnormally expressed in a number of cancers/tumors in human and
promotes chemotherapeutic treatment resistance in particular patient subgroups
(Obexer and Ausserlechner 2014). The therapeutic efficacy of XIAP inhibition in
cancer therapy has sparked interest in describing machineries that control XIAP
availability such that the inhibitors impeding the XIAP activities can be investigated.
In recent studies, Smac protein mimetic has been used to suppress the activity of
XIAP/caspase9 complex. GDC-0152 was the first Smac mimetic discovered using
the combinatorial approach of peptidomimetic techniques and HTS (high-
throughput screening) that matches the structure of the Smac and binds to the BIR
domain of XIAP with great specificity and inhibits the PPI between XIAP/caspase-9
(Flygare et al. 2012). On the similar note, GDC-0917 (CUDC-427), an another Smac
mimetic has entered phase I clinical studies for the safety assessment of patients with
locally advanced tumor and lymphomas (Tolcher et al. 2016). Recently, Novartis
LCL-16, a small molecule PPI inhibitor hindering the association of XIAP/caspase-9
has also gained much attention for showing positive results against the triple
negative breast cancer and is in the second phase of clinical trials (Bardia
et al. 2018).

2.14 HSP90/Cdc37

Whenever a viable three-dimensional structure of a protein is not satisfied,
chaperone-mediated aggregation or degradation of proteins occurs. Heat-shock
proteins (HSPs) are the groups of molecular chaperones which are activated under
stress to prevent protein denaturation and improper aggregation in turn to preserve
protein homeostasis. Under nonstress situations, HSPs are imperative to a variety of
cell maintenance processes like proliferation, apoptosis, and protein trafficking
(Edkins et al. 2018). HSP90, a 90 kDa heat shock protein, is among the most
prevalent and well-conserved chaperones, comprising for 1-2% among all cellular
proteins, and rising up to tenfold in response to physiological stress. At present, four
isoforms of the HSP90 have been recognized that include cytoplasmic isoforms
(HSP90a and HSP90B), ER isoform (GRP94), and mitochondrial isoform (TNF
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receptor-associated protein 1; TRAP1) (Butler et al. 2015). HSP90 is a homodimer
composed of three evolutionarily conserved domains: a N-terminal ATP-binding
region, a central domain, and a dimerization region located at C-terminal. The
ATP-binding motif is pivotal in hydrolyzing the ATP. The N-terminal governs the
assembly of multimolecular chaperone complexes (having HSP90 as one of the
constituents) by acting as a conformationally active transition area. The central
domains behave as nuclear localization sequences as well as binding sites of the
target protein. The domains in the middle differentiate distinct substrate proteins and
govern the action of certain molecular chaperone substrates. The C-terminal motif of
HSP90 is a self-dimerization site that ameliorates the independent action of two
HSP90 N-terminal domains (Patel et al. 2011).

HSP90 expressions in tumor cells were found to be ~10 times greater than in
normal cells, indicating that it is essential for the multiplication and survival of tumor
cells. HSP90 also contributes in the development of protein kinases and transcription
factors like Her2, VEGF, mutant p53, CDK4, HIF-1, Raf-1, and Akt, which influ-
ence the growth and apoptotic signaling cascades of cancerous cells (Birbo et al.
2021). Along with the abovementioned client proteins, HSP90 has also been linked
to the stability and activation of over 300 other client proteins. HSP90 provides the
stability to the structure of client proteins, and ubiquitination-mediated destruction of
these client proteins is restricted, allowing them to remain in the active mode and
facilitate tumor development and metastasis. However, targeting the HSP90-client
protein interface may induce the degradation of client proteins that will promote the
restriction of growth and progression of tumor (Calderwood and Neckers 2016).
Based upon the structure of Hsp90, its inhibitors are majorly categorized into three
subfamilies: ATP-binding cavity inhibitors, nucleotide-binding site inhibitors, and
HSP90 and chaperone complex inhibitors. HSP90 regulates their molecular protein
partners by affecting their ability to use ATP, as a result, the suppression of such a
critical function has a significant toxicity, as it impacts numerous normal proteins
(Garg et al. 2016); owing to this, Pfizer’s HSP90 inhibitor SNX-5422 was with-
drawn from phase 1 clinical study in 2011 owing to eye toxicity (Rajan et al. 2011).

Cell division cycle protein 37 (Cdc37) has received considerable interest among
the various molecular partners of HSP90. Several oncogenic protein kinases (EGFR,
CDK, and Akt) interaction with HSP90 and the spatial configuration of HSP90-
kinase complex are dependent on Cdc37. Hence, targeting the HSP90-Cdc37 com-
plex can deactivate the oncogenic kinases and hamper cancer cell proliferation and
growth (Taipale et al. 2012). The structural data of the HSP90-Cdc37 based on X-ray
and NMR experiments also highlight the targeted approach for designing the
inhibitor for HSP90/Cdc37 protein complex. Though many inhibitors for HSP90/
Cdc37 have been reported recently, an inhibitor known as DCZ3112 blocking the
association of HSP90/Cdc37 has been reported. DCZ3112 specifically interacts with
the HSP90 amino-terminal domain and suppresses the HSP90/Cdc37 communica-
tion such that it does not alter the HSP90 ATPase activity (Chen et al. 2018b).
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2.15 Bax/Bcl-2

The Bcl-2 or B-cell lymphoma-2 family comprises about 20 Bcl-2-like proteins and
is a critical regulator of mitochondrial apoptosis. The proteins of Bcl-2 family could
be well categorized into two groups based upon their activity in apoptosis:
(a) antiapoptotic proteins (Bcl/Mcl family proteins—like Bcl 2/w/Al, and Mcl-1);
(b) proapoptotic proteins (such as Bcl-associated/interacting proteins such as Bak,
Bax, Bok, Hrk, Noxa, and Puma) (Fig. 2.7) (Campbell and Tait 2018). The
antiapoptotic and proapoptotic factors have the propensity to form dimers, which
act as an apoptotic switch. Proapoptotic proteins like Bax and Bad play important
part in the process of programmed cell death. When these proapoptotic proteins
attach to antiapoptotic proteins such as Bcl-2, their actions are inhibited. Cancerous
cells can be prohibited from evading apoptosis by hindering the association between
pro- and antiapoptotic proteins (Coultas and Strasser 2003; Li et al. 2018). Almost all
the proteins falling under Bcl-2 family are homologous, they include one or more
conserved Bcl-2 homology (BH) motifs known as BH1, BH2, BH3, and BH4; Bid,
Bad Bmf, Noxa, Puma, and Hrk, the well-known members of BH3. Bcl-2 has two
hydrophobic a-helix structures surrounded by 6—7 amphiphilic o-helix structures,
four of which create a hydrophobic BH3 “pocket” to bind with Bax (Petros et al.
2004). The Bcl-2/Bax homodimer exhibits better stability than the Bax/Bak
homodimer, which reduces the function of Bax/Bak in initiating cell death, and
inhibits the apoptosis of cells (Fig. 2.7) (Moldoveanu et al. 2014).
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Fig. 2.7 Schematic representation of Bcl-2-mediated mechanism of apoptosis. Concise apoptotic
schemes demonstrating the function of Bcl-2 proteins in apoptosis initiation in humans (a) and
worms (b). (Adapted from Banjara et al. 2020)
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The expression of antiapoptotic proteins such as Bcl-2 is upregulated in vast
majority of human malignancies (majorly in prostate cancer), and seems to exhibit
significant resistance to apoptosis, leading to cancer development (Li et al. 2018).
Based on the involvement in tumor growth, hindering the function of Bcl-2 protein
family affiliates can be a unique and potential therapeutic method for cancer preven-
tion. Though, Bcl-2 protein family members have long been regarded as therapeutic
targets, many of the proposed Bcl-2 inhibitors are nonspecific, impacting other
cellular constituents. Owing to their nonmechanism-based toxicity, the applicability
is limited. The proposed inhibitor of PPI between anti- and proapoptotic class of
protein must be a mimic of proapoptotic protein possessing the greater affinity
toward the antiapoptotic proteins and induce the apoptosis in cancerous cells (Billard
2012). Oltersdorf and coworkers have introduced a small molecule called ABT-737
that interacts with the BCL-X ; this molecule was the first therapeutic wonder shown
efficient inhibition against the cells of lung cancer and leukemia’s. However, due to
its insufficient absorption, the therapeutic application of ABT-737 was limited
(Oltersdorf et al. 2005). Similarly, based upon the NMR-based SAR of ABT-737,
a structurally modified molecule named ABT-263 was studied. In spite of showing
inhibitory effect on the Bcl-2-Bax axis, it was not explored further due to its
detrimental effect on the platelets counts of the patients (Lu et al. 2020). Further,
taking the structural design of ABT-263 in the consideration; ABT-199, a molecule
inhibiting the PPI of Bcl2-Bax was proposed that was having the higher binding
affinity toward the Bcl-2 and showed tremendous effects against cancerous cells. In
recent years, ABT-199 is the very first anticancer small molecule PPI inhibitor
approved for the marketing (Lu et al. 2020). On the similar note, various strategies
focusing on Bcl-2 family-associated protein—protein interactions have been compre-
hensively reviewed elsewhere (Edlich 2018; Matos et al. 2020), and will be
discussed in the later chapter(s).

2.16 Splicing Factor 3b (SF3B)

Splicing of pre-mRNA into mature mRNAs by removing the intronic regions is an
important criterion in the creation of high-fidelity transcripts and appropriately
encoded proteins. Spliceosome, a complex composed of five small nuclear RNAs
(snRNAs) that interacts with proteins to create elements known as small nuclear
ribonucleoproteins (snRNPs), and catalyzes the whole process of pre-mRNA splic-
ing. Till now, two categories of spliceosomes with distinct compositions have been
identified—Spliceosomes that are U2-dependent (major), and Ul2-dependent
(minor) (Sun 2020). The variations in the mechanisms of pre-mRNA splicing
arbitrated by U2- and U12-mediated spliceosomes seem to affect initial procedures
of intron recognition, but not the catalytic process. SF3b is a multiprotein U2 snRNP
component that is required for pre-mRNA splicing. Human SF3b is a stable complex
with seven subunits; this protein intermingles with the pre-mRNA at/near the
branching site (BS) in the spliceosome, enhancing the U2 snRNA/BS base-pairing
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interaction. As a result, they play an important part in BS detection and selection
especially with constitutive and alternative splicing (Cretu et al. 2016).

The biggest subunit of the SF3B complex, SF3B1 (splicing factor 3b subunit 1),
operates as a major component of the U2 snRNP, that is essential for branch site
identification and the early stages of spliceosome formation (Will and Lithrmann
2011). N-terminal domain of SF3B1 has several U2AF2-binding motifs. These
motifs can probably aid in the positioning of the U2 snRNP to the branch region.
Approximately, 75% of the C-terminus is made up of 22 nonidentical HEAT
(Huntingtin, elongation factor 3, subunit of protein phosphatase 2A, and PI3K target
of rapamycin 1) repeats that produce helical assemblies (rod-like), and serve as
important framework for the U2 snRNP to facilitate the association with other SF3B
components. Interestingly, most of the SF3B1 mutations reported in cancer are
found in the HEAT domain (Alsafadi et al. 2016).

In perspective of SF3B1 as one of the fundamental constituents of splicing
procedure, it is the pivotal component for the oligomerization of all the seven
components of SF3B. It has been convincingly shown that SF3B1 mutations induce
both common and tumor-specific splicing abnormalities. Mutated SF3B1 causes
dysregulation of various cellular activities, such as heme biosynthesis, permeation of
immune cells, response to DNA damage, construction of R-loop, telomere preserva-
tion, Notch signaling cascade, and many cellular cascades, including the mitochon-
drial, and NF-kB pathways, in many cancer cells. These outcomes advocated for the
fact that any changes in the SF3B1 gene induce various functions in tumor growth
(Sun 2020).

Interestingly, the gene of SF3B1 is one of the frequently altered in spliceosomal
subunit as discussed in the case of breast cancer (Banerji et al. 2012), prostate cancer
(Armenia et al. 2018), and the mutations in this gene are also strongly linked to
ER-positive illness. It is interesting to see that, the inhibition of SF3B1 significantly
reduces the number of protein—protein interactions, thereby equally reduces the
aggressiveness of cancer cells via direct and indirect machineries, presumably
including the control of several kinds of cellular stress mechanisms. Owing to this
fact, inhibitors like E7107E and SSA are now in development and may have superior
anticancer effect against malignant cells of prostate cancer (Obeng et al. 2016). The
prognostic and therapeutic prospects of SF3B1 in various forms of cancer need to be
investigated further.

2.17 MLL1-WDR5/Menin

Mixed lineage leukemia 1 (MLLI1) is a crucial transcription factor and also a
histone—Hj; lysine—4 (H3K4) methyltransferase; this protein is responsible for the
regulation of hematopoiesis and embryonic growth through transcription of Hox
genes. MLL1 is multisubunit protein of 3696 amino acids. N-terminal of MLL1 is
approximately 1400 amino acid long that serves the purpose of transcription factor,
whereas the C-terminal domain is acting as a H3K4 methyltransferase (Li and Song
2021). MLL1 and its key fusion partners are involved in several PPIs, that are
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important in controlling the gene expression in conventional physiological condition
as well as in induction and maintenance of leukemia (Xu et al. 2016). Despite their
considerable variety, protein fusions seem to activate MLL through two distinct
mechanisms: imparting inherent transcriptional effector activity or generating forced
MLL dimerization and oligomerization. Both processes result in the abnormal
expression of a selection of Hox genes, most notably HoxA9, whose persistent
expression is distinguishable, but not a unique hallmark of human MLL leukemias
(Milne et al. 2010). In MLL1 leukemia, chromosomal translocation results in the
production of a fusion protein of oncogenic traits that composed of the MLL1
N-terminal DNA-binding domains (residues 1-1400) attached with one or more
than 70 fusion partner proteins.

In humans, wdr5 gene encodes for a protein called WD repeat-containing protein
5. This protein comprises seven WD repeats and is established to be interacting with
host cell facet C1 and MLL. It is acting as the presenter of H3K4 methyltransferase
domain of MLL protein. WDRS is a crucial element that determines the MYC
employment to chromatin (Wu and Shu 2011). Owing to the fact of being involved
in the crucial cellular processes, MLL1-WDRS axis has been explored as a signifi-
cant target for therapeutic purpose. For instance, highly specific peptidomimetics
have been investigated to regulate the WDRS and MLL interaction, and it was
observed to be having the alienating impact. Dysregulation in MLL is reported in
number of leukemia, and disassociation of MLLI1-WDR5 complex using
peptidomimetics has been reported to diminish the occurrence of MLL-fusion
arbitrated leukemogenesis (Karatas et al. 2013). Along with the peptidomimetics
inhibitors, some nonpeptidomimetics inhibitors of MLL-WDRS5 interface are also
being explored as a potential anticancer agent (Ye et al. 2020).

Menin is a universally expressed nuclear protein that participates in a complex
series of interactions (Fig. 2.8). Functionally, Menin is best established as a cofactor
component of MLL1 and MLL2 complexes that sustain gene expression by methyl-
ation of H3K4 (Guru et al. 1998). The biochemical and structural study of the
MLL-Menin PPI showed that the N-terminal of MLL1 attaches to a relatively
wide central cavity on Menin, suggesting that small molecules cannot obstruct the
whole MLL-binding site. Structural investigations indicated that the small region of
the central cavity of Menin where MBM1 domain of MLL attaches (approx. 6—7
amino acid long) might be the most promising “druggable” target for inhibitor
development (White et al. 2008). Various small-molecule antagonists of the
menin—-MBMI interaction have been discovered till now. Menin engages a peptide
fragment of MLL, and use of peptide-based inhibitor could be an appealing tech-
nique for targeting the MLL—Menin interaction. Structure-based development has
recently resulted in the development of powerful peptidomimetics imitating the
MBMI1 fragment of MLL. Similarly, studies performed on nonpeptidomimetics
also paved the path for the establishment of series of therapeutically active
compounds, as summarized by Cierpicki and Grembecka (2014).
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Fig. 2.8 Major interacting protein partners of Menin and their functional roles

2.18 Alpha/Beta Tubulin

The cell cytoskeleton is made up of microtubules, microfilaments, and intermediate
filaments. The microtubule network has significant role in controlling the growth and
mobility of the cells widely, as well as important signaling events that affect basic
activities of the cell. Microtubules are made up of - and f-tubulin heterodimers,
which join together to develop a hollow heterodimeric cylindrical structure that
actively extends, and shortens during the cell cycle (Roostalu and Surrey 2017).
Motor proteins move the components of cellular machineries along the microtubule
tracks, which are coordinated by protein—protein interactions among adaptor
proteins. In cells, tubulin heterodimers are present in soluble form, and protein—
protein interactions with all of these tubulin members influence the activity of
microtubules (Nogales 2001).

Microtubules assemble to form spindles in living cells during the initial phases of
cell division. During mitosis, chromosomes are pulled by the spindles toward the
two poles, thereby resulting in two daughter cells caused by the division of
chromosomes, and completion of cell proliferation. Under physiological
circumstances, the microtubule and tubulin dimer maintain a dynamic equilibrium
(Muroyama and Lechler 2017). Microtubules are made up of eight a-tubulin and
seven P-tubulin isotypes having variable tissue distributions (Fig. 2.9). Tubulin
family members share structural similarity and are differentiated substantially by
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Fig. 2.9 Diagrammatic representation of structural component of microtubules. (Adapted from
Borys et al. 2020)

varied sequences at the C-terminal tail. Tubulin’s C-terminal tails are also
hypothesized to facilitate the interactions between proteins, and serve as locations
of post-translational modifications that are responsible for the varied activity of each
isotypes (Parker et al. 2014).

In a broad range of malignancies, several alterations in the network of microtu-
bule have been detected, it includes varied countenance of tubulin isotypes, alter-
ation in the post-translational modifications (PTMs) machineries of tubulins, and
variation in the expression of microtubule-associated proteins (MAPs) (Kamal et al.
2020). Mutations in the tubulin are not generally common in the clinical conditions,
though, the overwhelming data from in vitro research have shown the linkage
between tubulin mutations and tolerance against tubulin-binding agents (TBAs).
Although, in the growth and development of cancerous cells and its property of
resistance against chemotherapy are not well understood; mutations in microtubules
are hypothesized to impact cellular responses to chemotherapeutic stresses, therefore
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imparting wide ambit of chemotherapy resistance, tumor growth, and cell survival
(Parker et al. 2014).

Microtubule stabilizers, a member of PPI modulators (PPI stabilizers) are the
compounds that modulate stabilization of microtubules and encourage their
multimerization; they in turn, block the depolymerization of microtubules thus
altering the tubulin dynamics. This further deteriorates the differentiation process
in the mitotic phase, stalls the cell cycle, and triggers apoptosis in the tumor cells
(Borys et al. 2020). Paclitaxel was the first microtubule stabilizer to be authorized
which associates with a-tubulin and increases microtubule aggregation. It stabilizes
microtubule structure and inhibits the spindle formation, causing cell cycle appre-
hension in G2/M phase (Alves et al. 2018). Similarly, the 20-membered macrolide,
zampanolide is also reported to restrict the cells in mitosis and suppresses the cell
growth by stabilizing microtubules (Roostalu and Surrey 2017). Apart from these,
microtubule stabilizers derived from various natural sources prove to be effective in
cancer therapy, greatly augmenting current generation-targeted medicines targeting
the PPI between the isotypes of a-tubulin and pB-tubulin. All indicators point to these
medications continuing to be significant for treating cancer in the future (Karahalil
et al. 2019).

2.19 Rac 1-GEF

Racl1 protein is a Rho GTPase that happens to be present in two states, GTP-bound
and GDP-bound conformation, which are active and inactive forms of Racl protein
respectively. Racl in its active state is significantly involved in the physiological
processes such as cytoskeletal rearrangement, cell division, and migration of cell
(Aznar and Lacal 2001). Guanine Nucleotide Exchange Factors (GEFs) and
GTPase-Activating Proteins (GAPs) catalyze the switching of RAC-GTPase
between active and inactive states (GTP-bound and GDP-bound). GEFs facilitate
the interchange of GDP for GTP, resulting in conformational shift that displays the
GTPase’s effector-binding domain, allowing it to convey signals. Marei and
coworkers have demonstrated that the selective suppression of the protein composite
formed by Racl and its GEFs, including TRIO and TIAMI1, would limit tumor
invasiveness (Marei and Malliri 2017). Racl protein is highlighted as an important
signaling hub that transduces the signal through the protein—protein interaction of
Racl with EGF, platelet-derived growth factor (PDGF), and hepatocyte growth
factor (HGF) that are usually needed for many oncogenes to transform. Further,
the recently discovered Racl gene mutant that facilitates the induction of skin cancer
along with other types of malignancies also supports the fact that, it is one of the
unappreciated drivers of cancer. Interestingly, in case of Racl-GEF signaling cas-
cade, mutant Racl protein is observed to be fast cycling than the conventional.
Monitoring Rac1 and associated effectors can be an effective approach in this setting
(Kazanietz and Caloca 2017).

Numerous drugs that disrupt GEF/RAC1 PPI have been investigated. NSC23766
and its analogs, such as EHop-016 and MBQ-167, are the best studied GEF/RACI
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PPI inhibitors. NSC23766 suppresses the machinery behind cell growth and trans-
formation by hindering the functioning of TIAMI1 and TRIO, restoring tumor cell
phenotypes in prostate cancer cells while facilitating the unaffected CDC42 and
RHOA activation (Zou et al. 2017). The most recent and promising molecule in this
class is MBQ-167, which suppresses Racl activity while simultaneously inhibiting
CDC42 activation. However, it is still indecisive whether MBQ-167 activity is
totally associated with the activation of RAC pathways in tumor cells since the
studies have been conducted on a very few cell types (Humphries-Bickley et al.
2017). Furthermore, other synthetic compounds developed to impair GEF/RACI1
complex are ZINC69391 and its derivative—1A-116 has been described to be
involved in obstructing the communication of P-REX1 interface and interaction of
GEFs with RACI and imparting antimetastatic benefits in breast cancer models
(Ungefroren et al. 2018).

2.20 Sur2-ESX

The cell cycle progression and stimulation in all types of cancer are unabashedly
related to the activity of growth factors and their regulation of expression. A classic
example of this is HER2-positive breast cancer where overexpression of the HER?2, a
growth factor receptor has been linked with approximately 30% of the breast cancer
patients and is resistant to conventional treatment (Menard et al. 2003). The regula-
tion of HER2 expression and activity is tightly regulated through a transcription
factor-coactivator system, ESX—Sur2. Hence regulation of ESX—Sur2 interaction is a
smart approach for regulation of her2 gene expression. ESX is a transcription factor
which possess a conserved winged helix-turn-helix domain containing GGAA/T
DNA-binding motif and a pointed (PNT) domain that interacts with Sur2, a Ras
linked subunit of MED23 (human mediator complex). A short helical region of the
ESX protein has previously been shown to impede the ESX—Sur 2 interactions in
both in vitro and in vivo by Asada et al. (2002). In order to develop a small-molecule
antagonist of HER2 expression, researchers adopted a semi-rational strategy that
started with the predicted binding epitope. Adamanolol, a drug known to suppress
ESX-dependent transcription, cell proliferation in HER2 expressing cells, and the
production of HER?2 itself, was shown to be effective at low micromolar doses
inhibiting the Sur2-ESX PPI (Liu et al. 2011).

A second study used wrenchnolol (analog of adamanolol) to study the binding
process, and it was discovered that the closed, s-cis-conformation is required for its
inhibitory action. NMR-based analysis further indicates that, the hydrophobic ends
of wrenchnolol are attached to Sur-2 as advocated by the design of the molecule
(Dayam et al. 2007). Furthermore, the researchers employed a biotinylated analog in
an experiment to detect the proteins in cell lysates exhibiting wrenchnolol-binding
characteristics. Unsurprisingly, this chemical is modestly selective in cells, binding
to a variety of proteins along with Sur-2. Adamanolol, and many other similar PPI
inhibitors working against this protein-complex, is hydrophobic and massive
(MW 800 Da). A further insightful study about specific selection of Sur-2 for
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high-affinity inhibitors of the ESX—Sur-2 interface, that preferably possesses less
biological consequences with higher selectivity is much appreciated (Yue et al.
2018).

2.21 CDK2/Cyclin A

Cyclin-dependent kinases (CDKs) are vital for cell cycle regulation mechanism,
making them promising cancer therapeutic targets. CDKs are heterodimer protein
kinase complexes made up of a kinase component that is catalytic in nature and a
cyclin subunit exhibiting the regulatory functions. CDKs are divided into two classes
based on their functions: cell cycle CDKs (e.g., CDK1, CDK2, CDK4, and CDK®6),
and transcriptional CDKs (e.g., CDK7, CDKS, and CDK9) (Wood and Endicott
2018). Members of the former group govern numerous cell cycle events in a
sequential manner as shown in Fig. 2.10. In due course of process, active complexes
are formed through protein—protein interaction between regulatory cyclins and
catalytic CDKs. Among these PPIs, CDK2 complexed with cyclin A/E is pivotal
in regulating the phenomenon of cell cycle. CDK2-cyclin A/E complex facilitates
the process of DNA synthesis, evolution from G1 to S phases. Moreover, CDK2/
cyclin A PPI is involved in the crucial cellular responses including DNA damage
response and apoptosis (Asghar et al. 2015).
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Fig. 2.10 Cell cycle phases and associated CDK/cyclin complexes. CDKs interact with
specialized cyclin to develop an active complex that regulates the progression and translation of
cell cycle into next phases. (Adapted from Garcia-Reyes et al. 2018)
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Subsequently, at the advance stage of S phase, several endogenous substrates are
phosphorylated that assist DNA replication and interaction between E2F1 transcrip-
tion factor and protein DP, which subsequently interacts with DNA thereby
stimulating gene transcription. CDK2/cyclin A is necessary to phosphorylate E2F1
gene transcription, resulting in the liberation of the E2F1-DP complex and its
eventual destruction (Peyressatre et al. 2015). CDK2/cyclin A inhibition keeps the
E2F1 linked to DNA, resulting in chronic activation. As a consequence, the amount
of E2F1 function will exceed the threshold value necessary to cause apoptosis
independent of p53, thereby advocating a therapeutic approach. E2F1 is typically
seen in high concentrations in cancer cells as a result of unregulated p53 and pRb
pathways, therefore selective death in tumors might be a result of inhibition of
CDK2/cyclin A, thus advocating this as a substantial target for anticancer molecules
(Shapiro 2006).

Identifying the PPIs in the cyclin-binding groove (CBG) is a method for specifi-
cally inhibiting cell cycle over transcriptional CDKs. The CBG groove is a hydro-
phobic and located in cyclins A, D, and E that has been demonstrated to identify a
consensus sequence present in substrates and tumor suppressors. The cyclin-binding
sequence/motif (CBM) interacts with the CBG as an individual peptide and has been
demonstrated to limit kinase activity of cell cycle CDKs (Premnath et al. 2016).
Inhibiting the interacting interface of CBM/CBG PPIs would limit kinase activity of
CDK2/cyclin A, which should cause cancer cells to undergo E2F1-mediated cell
death while having no deleterious effect on normal cells. Taking breast cancer into
the consideration, Ding et al. have reviewed the possible inhibitor and their mode of
action that are targeting the CDK/Cyclin interaction for the treatment of cancer
(Ding et al. 2020). Likewise, on a wide range, Chohan et al. have extensively
discussed the probable protein—protein interaction in CDK/Cyclin-mediated cancer
that can be used as the potential therapeutics for anticancer approach (Chohan et al.
2018).

2.22 HIF in Cancer

Hypoxia is a general attribute of several forms of solid tumors; due to the unregu-
lated growth of the cells, the demands for the oxygen have outgrown the blood
supply that would lead to the hypoxic conditions. In response, tumor cells activate a
number of survival machineries that would help cancer cells to adapt the hypoxic
environment. Hypoxia-inducible factor-1 (HIF-1) cascade is the best researched
among them, its activation has been linked to stem cell viability, metabolic
reprogramming, autocrine growth factor signaling, angiogenesis, metastasis, and
also observed to impart the radiation and chemotherapy resistance (Fig. 2.11)
(Li et al. 2019). Considering the structural aspects of HIF-1, it is a heterodimer of
a-subunit (HIF-1a), and a p-subunit (HIF-1p). Both of these component proteins
belong to the mammalian basic helix-loop-helix-PER-ARNT-SIM (bHLH-PAS)
family of proteins (Yang et al. 2013). Under normoxia circumstances, HIF-1a is
tightly controlled and eliminated by the ubiquitin proteome system comprising of
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Fig. 2.11 Schematic showing the effect of hypoxia in cancer. HIF-1a interacts with numerous
proteins and exerts the survival impact on the cancerous cells in hypoxic condition through invasion
metastasis, increased proliferation, and chemoresistance. (Adapted from Hamada et al. 2022)

Prolyl-4-hydroxylase domain-containing enzymes (PHD1/2/3), as well as factor-
inhibiting HIF-1 (FIH-1) to degrade HIF-1 (Stiehl et al. 2006). Contrary to this,
under hypoxia, the activity of protease system is compromised that leads to the
stabilization of HIF-a and its migration to nucleus where dimerization of HIF-a with
its counterpart HIF-f takes place. The HIF-o/HIF-p dimer complex binds to the
hypoxia response elements (HREs) on the target gene and promotes the recruitment
of the coactivator (p300/CBP) to trigger the transactivation of target genes responsi-
ble for the adaptation of hypoxia conditions (Unwith et al. 2015).

In addition to this, the protein interactome in HIF system is also reported to be
involved in the regulation of numerous hypoxia-induced proangiogenic mediators
inside the tumor stroma and vascular endothelial cells (VECs), including vascular
endothelial growth factor (VEGF), angiopoietin-2 (ANGPT2), stromal-derived fac-
tor 1a (SDF1a), stem cell factor (SCF), and platelet-derived growth factor-b (PDGF-
b), which together play a critical role in initiation and progression of signaling
cascade in tumor angiogenesis (Tiburcio et al. 2014). Another major interacting
protein partner of HIF-1 is hexokinase 2 (HK2), which augments the glucose
phosphorylation. Further, a group of glycolytic enzymes such as glyceraldehyde3-
phosphate  dehydrogenase (GAPDH), phosphoglycerate mutase (PGM),
triosephosphate isomerase (TPI), phosphoglucose isomerase (PGI), phosphofructo-
kinase 1 (PFK1), phosphoglycerate kinase (PGK), and pyruvate kinase (PK) are the
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major interacting targets of HIF. Subsequently, HIF also forms a PPI network with
lactate dehydrogenase A (LDHA) and monocarboxylate transporter 4 (MCT4) that
are involved in the reformation of lactate from the pyruvate and lactate elimination
from the tumor cells (Yu et al. 2016).

Taken the aforementioned PPI network arbitrated through HIF system into
account, numerous families of small molecules have been reported to hinder the
PPI-like dimerization of HIF-1o/HIF-1p, HIF-1a/p300, and HIF-o/FIH, etc. Small-
molecule acriflavine targets the dimer forming interface of HIF and destabilizes the
heterodimer, this was one of very first anticancer drug to reach the phase II of the
clinical trials (Lee et al. 2009). Further, a natural compound chetomin was reported
to inhibit the interaction between HIF and p300 (Cook et al. 2009). On the similar
note, various peptidomimetics of HIF that are having the micromolar affinity toward
p300 have been proposed (Kyle et al. 2015). As discussed above, the HIF-1a is
degraded in the normoxia condition through a regulated PPI between HIF-1o/pVHL,;
considering this, the approach of upregulating the protease activity in hypoxia
condition has been explored. Through several structural-activity relationship-based
studies, numerous PROTAC (Proteolysis targeting chimeric molecule) designated as
compound 51 and compound 7 in studies have been discovered, and are in the
different phase of clinical trials (Wilkins et al. 2016). A detailed mechanism of
interaction between the aforementioned drugs and HIF has been explained in the
Chaps. 6 and 7 of this book.

2.23 CBF in Cancer

Core-binding factors (CBFs) are the transcription factor complex proteins belonging
to the class of hematopoietic transcription factors that play pivotal role in regulating
hematopoietic ontogeny. The CBF complex is characterized as the heterodimer of
two monomers, CBFA and CNFB designated as DNA-binding unit and non-DNA-
binding unit respectively (Stengel et al. 2021). CBF binds with its interacting protein
partner RUNX that belongs to the metazoan’s transcription factor family and acts as
the principal regulator of cellular development process. CBF-RUNX PPIs are
obligatory in various developmental processes, such as proliferation, differentiation,
apoptosis, and cell lineage determination. There are three RUNX genes in mammals:
RUNXI1, RUNX2, and RUNX3; each with different tissue-specific expression
patterns (Ito 2008). RUNX genes are integrally implicated in carcinogenesis;
RUNXI1 mutations in human leukemia have been intensively researched, RUNX2
is a bone lineage-specific factor related to osteosarcoma, upsurge in the RUNX2
expression is also reported in the breast and prostate cancer cells, and RUNX3 in
solid tumors is now well recognized as a tumor suppressors that are inactivated in the
cancer cells (Ito et al. 2015).

Considering the critical role of CBF-RUNX complex in the cellular development
and being the hotspot for the mutations that are critical for the cancer, CBF-RUNX
interface can be the potential target for the small-molecule inhibitor of PPIs and other
novel therapeutic approaches. In general, transcription factors are very difficult to
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target, therefore, in the case of hampering the complexation of CBF-RUNX
interactions, more emphasis was given to the inhibitors of RUNX factors. Pyrrole-
imidazole polyamides, Ro5-3335 and AI-10-49 are some of the molecules that have
shown promising antitumor effects in preclinical settings. These molecules precisely
target the consensus RUNX motif in chromatin and prevent the interaction between
CBF and RUNX (Otalora-Otalora et al. 2019).

2.24 FAK in Cancer

Focal adhesion kinase (FAK) is a protein tyrosine kinase that has been reported to
predominantly control the integrin signaling pathways. Additionally, transmem-
brane receptors like G-protein-coupled receptor, cytokine receptor, and growth
factor receptors, may work together to convey the cytosolic signals catalyzed by
FAK. Structurally, FAK is organized into three major domains: The N-terminal
band, the core kinase domain at the mid region and the focal adhesion targeting
(FAT) domain situated at the C-terminal (Zhou et al. 2019). FAK regulates essential
cellular developments such as adhesion, migration, proliferation, and survival of the
cells through kinase-dependent and kinase-independent pathway (Fig. 2.12). In
addition to this, FAK is also involved in the promotion of cancer stemness, tumor
angiogenesis, and chemotherapeutic resistance (Murphy et al. 2019).
Overexpression of FAK protein is demonstrated in ovarian, cervical, kidney, lung,
pancreatic, brain, colon, breast, and skin cancers. FAK by its own is not the
oncogene, but it is highly expressed in cancerous cells. There are pile of evidences
establishing the fact that FAK PPI is allied to the initiation, survival, metastasis, and
invasion of cancerous cells (Yoon et al. 2015).

Upon receiving the extracellular signal through transmembrane receptors
(GPCRs, GFR, and CR), FAK is activated through self-phosphorylation of Y397
residue and transduces the subsequent signals responsible for various cellular func-
tioning. In due course of process, FAK protein interacts with numerous other
proteins and forms a protein—protein interactome that promotes oncogenic signals
and inhibition of pathways responsible for tumor suppression. In light of this, FAK is
considered as potential therapeutic target for the PPI inhibitors (Mousson et al.
2018). Several small molecules that are specifically targeting the FAK and allied
proteins are under scrutiny. Among them, small molecules inhibiting the kinase
domain of FAK are well characterized. These molecules bind competitively to the
kinase domain of FAK and inhibit the binding of ATP, thus hampering the activation
FAK downstream signaling cascades. Some of the well-studied examples of this
category are GSK2256098, VS-4718, Defactinib, BI-853520, etc. Indeed, majority
of these molecules are in Phase I and II of the clinical trials (Lu and Sun 2020). On
the similar note, the FAK/p53 and FAK/ubiquitin E3 ligase H/MDM2 (human/
mouse protein double minute 2) axis in the nucleus are the potential targets for the
cancer treatment. In physiological condition, tumor suppression protein p53 interacts
with the ubiquitin E3 ligase H/MDM?2 (human/mouse protein double minute 2)
which induces the proteasomal degradation of p53. Later it was reported that FAK
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Fig. 2.12 FAK participation in tumor development and metastasis is shown diagrammatically.
(a) FAK is auto phosphorylated as a consequence of the activation of growth factor receptors and
integrins, and it is triggered by Src. (b) Active FAK stimulates tumor cell invasion and metastasis by
activating the PI3K-AKT-mTOR signaling cascade, which increases NFxB transcriptional activity.
(c) Active FAK also promotes cytoskeletal remodeling and focal adhesion formation/turnover by
triggering Src-dependent phosphorylation of paxillin and p130cas, and results in the development
of a focal adhesion complex including phosphorylated/active FAK, paxillin, and p130cas. Src also
activates the ERK signaling cascade that leads to the ETS transcription factor-dependent activation
of cyclin D1 (CycD1) expression, promoting tumor cell survival and proliferation. (d) Nuclear FAK
functions as a scaffold protein for the p53—MDM?2 interaction, promoting p53 ubiquitination and
proteasomal degradation, which inhibits apoptosis. (Adapted from Perrone et al. 2020)

acts as the mediator for this PPI to facilitate the degradation of p53, thus regulating
the cell survival (Pomella et al. 2022). Taken this into consideration, several small
molecules hindering the complex formation between FAK-p53/MDM?2 have been
analyzed for their anticancer features. For example, Nutlin-3, AMG23, and
MK-8242 bind to MDM2 with high affinity and inhibit the FAK/MDM?2 complex
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formation thus inhibiting the cancer initiation and development (Tisato et al. 2017).
Along with the aforementioned PPI inhibitors, there are several other inhibitors
under development that work in combination with therapies targeting allied signal-
ing cascades and can be considered as an encouraging approach for the treatment of
cancers.

2.25 B Cell Lymphoma 6 (BCL-6)

Humoral immune responses against foreign infections are majorly based on the
germinal center (GC) response, which involves the development of high-affinity
memory B cells and plasma cells. The formation of GC-B cells is extremely
dynamic, guided by specialized and complicated transcriptional processes. The
movement of B cells from the GC requires a series of gene expression, which are
controlled by transcription factors that incorporate coactivator/corepressor
conjugates to induce vigorous epigenetic and transcriptional alterations (Kiippers
2005). Deregulating these molecular pathways disrupts the usual growth of B cells
and contributes to the pathogenesis of majority of B-cell non-Hodgkin lymphomas
(NHL), which include diffused large B cell lymphomas (DLBCLs), and follicular
lymphoma (FL) (Huang and Melnick 2015).

The transcriptional repressor, BCL-6 acts as a master controller of the GC
reaction, regulating its initiation and persistence (Hatzi and Melnick 2014). BCL-6
is obligatory for the growth and development of GC B-cells as well as T-follicular
helper (Tfh) cells, a subtype of T helper that aids B cells during the GC response.
BCL-6 protein is made up of three preserved provinces that are critical for its
activity: BTB/POZ domain positioned at the N-terminal, which specifically interacts
with corepressors such as BCOR; the central region having NCOR1, and NCOR2
comes into the contact with CTBP, NuRD, MTA2, and HDAC2; there do exist a zinc
finger at the C-terminal domain, which interacts with specific DNA sequences. In
consequence, these interactions allow BCL-6 to suppress transcription by recruiting
transcriptional corepressor complexes, that in turn facilitate the repression of approx-
imately 1000 target genes to occur (Huang et al. 2014). BCL-6 deficiency in any cell
type causes the GC processes to terminate. BCL-6 operates as an oncogene in
GC-derived B-cell lymphoma, wherein uncontrolled BCL-6 expression takes place
owing to chromosomal relocation and/or mutations at the promoter sites, or by
genetic abnormalities in BCL-6-regulated cascade (Yang and Green 2019).

There are different approaches of targeting BCL-6 for the treatment of cancers;
(a) the use of compounds that interact with its C-terminal zinc-finger domain and
restrict its binding with DNA; (b) downregulate the complete BCL-6 protein using
RNAi, or small molecules that induce the proteolytic destruction. Though,
researchers around the world have suggested that the complete destruction of
BCL-6 would lead to the immunological complexities that are undesirable, and in
worst condition might lead to death of the patients (Burotto et al. 2016). In a murine-
based study, Toney et al. have described that in BCL-6 knockout mice, apart from
downregulation of GC formation, there occur T-cell and macrophage-driven severe
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systemic inflammatory diseases. In addition, it is also reported that BCL-6 degrada-
tion might cause the accelerated atherosclerosis and there occur huge permeation of
inflammatory cells in lungs and added vital organs of the body that lead to death
(Toney et al. 2000). However, it is feasible to prevent these deleterious effects via
aiming at particular sites on BCL-6 that facilitates its cancer actions; nevertheless,
keeping its anti-inflammatory capabilities unaffected.

At present, numerous PPI inhibitors have been demonstrated that directly interact
with the BCL-6 and hinder its interactions with other counterparts, thus hampering
the proliferation of GC B cells. For example, compound GSK137 is proved to
interact with the BTB domain of the BCL-6 with high affinity and block the
corepressor binding (Pearce et al. 2021). Similarly, Kamada et al. used biophysics-
driven fragment-based drug discovery approach (FBDD) for generating the pyrimi-
dine derivatives that targets different PPIs in BCL-6-mediated GC response
(Kamada et al. 2017). Likewise, many compounds such as 79-6, WK500B, and
FX1 show very high affinity toward the BTB domain of BCL-6, and proved to be a
potential drug leads for the treatment of B-cell non-Hodgkin lymphomas (Xing et al.
2022).

2.26 Notch Receptors

Notch receptors-mediated signaling pathways are the part of a highly conserved
system in multicellular organisms that depend on cell—cell interactions to trigger a
response. During development and homeostasis, Notch signaling controls the cellu-
lar fate of the tissues and directs it either to the lineage commitment, differentiation,
cell cycle progression, stem cell perpetuation, and self-resumption (Nowell and
Radtke 2017). In mammals, there exist four Notch receptors (Notch 1-4) and five
ligands including jagged 1 JAG1), JAG2, delta-like 1 (DLL1), DLL3, and DLLA4.
The structural details of the Notch receptors suggest that these are the integral
membrane heterodimers, having a ligand-specific extracellular domain and an intra-
cellular region that triggers the signaling upon binding of ligands (Capaccione and
Pine 2013). In Notch-dependent signaling cascades, the phenomenon of interaction
between ligand and receptor can be classified as cis and frans; in the latter case, the
ligands and receptor are present on the nearby cells, while in the former both are
present on the same cells. The trans interaction leads to the activation of canonical
pathway (Fig. 2.13), results in the activation of metalloproteinase that dissolutes the
extracellular ligand-specific domain of the receptor, keeping the intracellular part
bound to the plasma membrane. Over the time, intracellular domain of Notch
(NICD) receptor is also disintegrated from the transmembrane domain by the activity
of secretase composite and free NICD translocates to the nucleus and connects with
the DNA-binding proteins to form a Notch transcriptional complex (NTC). Further,
coactivators like mastermind-like protein (MAML) and p300 are attracted toward
the NTC and thereby facilitate the transcription of genes (HES1 and HEY1) dictating
the commitment of cell lineage (Yuan et al. 2015). Apart from the canonical pathway
for Notch signaling activation, researchers have identified several unrelated proteins
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Fig. 2.13 Notch signaling and pharmaceutical techniques for directing this route. The mature
heterodimeric Notch receptor is maintained by NRR after a furin-like protease cleaves the immature
notch receptor at site S1 inside the HD domain, positioned amid the LNR and the TM. Notch-
specific ligands bind to its cognate receptor at the regions of N-terminal, lead to its activation. The
intracellular part denoted as NICD is freed and migrates to the nuclear region, where it specifically
binds with RBP-J, MAML, and other coactivator proteins and enzymes, that in turn encourage the
transcription of notch target genes such as the hairy/enhance of split 1 (HES) and Hes-related (HEY)
families of transcription repressors. (Adapted from Moore et al. 2020)

(NB3/Contactin6 and MAGP1/2) to establish an interactome with Notch receptor
and allied proteins for activating the signaling cascade (Bazzoni and Bentivegna
2019).

Given the significance of Notch signaling in the functional regulation of stem and
progenitor cells, it is perchance predictable that the dysregulation in Notch pathway
through germline and somatic mutation would lead to the development of various
cancers. Aberrant Notch signaling leads to the unregulated proliferation and differ-
entiation of hematopoietic stem cells (HSCs) that would lead to the carcinogenesis.
In line with this, T cell acute lymphoblastic leukemia (T-ALL), where Notch
operates as a true oncogene, is perhaps the most studied cancer induced by Notch
signaling. Hotspot mutations in the ligand-binding regions of Notch receptors were
first discovered in T-ALL (Sanchez-Martin et al. 2017). Aster et al. reviewed a broad
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variety of mutations and gene modifications that impact the PPI of Notch with its
interacting protein partners, resulting in Notch receptor hyperactivation, indicating
the broad therapeutic potential of Notch (Aster et al. 2017). Notch being an impor-
tant aspect of cell-to-cell interactions amid cancer cells as well as cells in the tumor
niche, it exhibits a cross talk with various added oncogenic signaling pathways and
may provide acquired resistance to therapeutic strategies and also aversion to
standard chemo/radiotherapy. It could be pharmacologically targeted using a variety
of approaches, such as monoclonal antibodies developed against Notch receptor,
antibodies definite to ligand (e.g., DLL-4 antibodies), gamma secretase inhibitors
(GSlIs), and inhibitors of Notch transcription complex (Moore et al. 2020).

Till date, several PPI inhibitors targeting the different axis of the notch signaling
pathways have been developed. Secretase (a/y) inhibitors are the class of inhibitor
that targets the interaction between the intracellular region of Notch and secretase
complex, thus hinders the release of free NICD from the receptor. DAPT (GSI-IX) is
one of the secretase inhibitors that is reported to synergistically amplify the effect of
radiation treatment and also suppresses the proliferation of cells (Bazzoni and
Bentivegna 2019). Similarly, arsenic trioxide (ATO), Tipifarnib, Honokiol,
Fibulin-3, and Protein kinase C iota are some of the anticancer molecules reported
to inhibit the PPI interaction at different stages of Notch signaling cascade. Over the
last two decades, more than 70 anticancer clinical studies have been filed, and
nirogacestat is the first-ever to reach the Phase III trials (Moore et al. 2020).

2.27 Conclusion

Cancer is a very diverse illness that causes multilayer cellular transformations that
encourage uncontrolled cell proliferation. Individual cancer cell’s genetic and epige-
netic modifications show up as variations in protein—protein interactions (PPIs),
which reconfigure many of the signaling and regulatory pathways in cells. It is
noteworthy that these protein complexes are essential for each phase of the funda-
mental aspects of genetic transmission, the key tenet of molecular biology. To
further understand and confirm the druggability of protein complexes relevant to
the core dogma, novel chemical probes must be identified in light of the numerous
significant discoveries being made about the mechanisms underlying these genetic
processes. In this chapter, an overview of how cancer develops and spreads, as well
as the importance of the main proteins and PPIs involved in the procedure has been
discussed in detail. It is worth noting that the potential targets for the small molecules
used in the treatment of cancer majorly include these protein complexes and their
corresponding partners.
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3.1 Fundamentals of Neurodegeneration

Neurodegeneration is the gradual loss of structural and/or functional aspects of
neuron, leading to cell death which may eventually result in a variety of clinical
and pathological manifestations, as well as degradation of functional anatomy
(Przedborski et al. 2003). The progressive neuronal cell death frequently results in
neurodegenerative disorders (NDDs) that includes Parkinson’s (PD), Huntington’s
(HD), Alzheimer’s (AD), amyotrophic lateral sclerosis (ALS), spinocerebellar ataxia
(SCA), Spinal Muscular Atrophy (SMA), and others, which can be distinguished on
the basis of the cognate arbitrary pathological pathways (Poddar et al. 2021).
Traditionally, each of these illnesses were considered as separate entity with well-
defined clinical and pathological characteristics. Neurodegeneration is well-known
for causing memory loss, depriving individuals from their quality of life and
fundamental individuality. Although, it can be distinguished by the miscommunica-
tion between brain cells, due to its complexity, the cause of these diseases is still
unknown. Almost all the neurodegenerative diseases are predominantly distin-
guished by the presence of filamentous inclusions. Each type of inclusion comprises
of at least one of three neuronal proteins—amyloid-p, tau, and a-synuclein, as its
major component (Jucker and Walker 2018). The term “neurodegenerative disease”
implies a class of disorders that predominantly damage the neurons in the human
brain. It is an all-too-common collection of symptoms that individuals experience as
they become older. NDDs are defined by the gradual malfunctioning of synaptic
nerves, neurons, glial cells, and complex network formed by them. The deposition of
physicochemically altered forms of proteins involved in the physiological aspects of
nervous system is a critical component of NDDs. Along with neurons, glial cells
also, acquire these pathogenic proteins (Kovacs 2016). The variable clinical
symptoms of NDDs, along with the discovered molecular pathological origins of
disease-associated proteins, necessitate studying the interaction of these proteins
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with their companion proteins for appropriate diagnosis and treatment (Dugger et al.
2019).

Millions of elderly individuals across the globe suffer from these neurodegenera-
tive illnesses, with the diagnosis and treatment of these diseases costing billions of
dollars each year in medical expenses (Kovacs 2016; Hammond et al. 2019).
According to a recent WHO study, the overall number of NDD cases worldwide
are expected to be about 50 million, with 60% of cases occurring in economically
weaker countries, and ten million new cases being recorded per year. NDDs are
classified based on their clinical manifestations, the anatomical areas, type of the
cells that are more influenced, the conformationally changed proteins participating in
the pathogenic processes, and, if known, the etiology (i.e., genetic differences)
(Kovacs 2018). There are two important points to remember: (1) The anatomical
location demonstrating neuronal malfunction that determines the clinical symptoms,
and not necessarily the dispersal of the altered protein; and (2) the proteins linked to
NDD undergo a broad range of biochemical changes and may aggregate in the
intracellular region of neuronal and glial cells or accumulate in extracellular place
like plaques, counting those that demonstrate amylogenesis. Identification of the
anatomical, cellular, and protein susceptibility patterns in NDDs appears to be the
most efficacious approaches till date (Armstrong et al. 2005; Kovacs and Kovacs
2015).

Clinical sign of neurodegeneration may begin either with dementia, intellectual
loss, and abnormalities in higher-order brain processes (such as signaling in neocor-
tical regions and limbic system) or with locomotion disorders distinguished by
dysfunction of motor neurons. In most of the cases, the combination of both are
observed in the early stage (Kovacs et al. 2014). Molecular pathological categoriza-
tion of the neurodegenerative disorders is based on the difference in the synaptic
nerve and intra/extracellular accumulation of the proteins (Kovacs et al. 2010).
These proteins include but are not limited to (1) amyloid-beta (Af), formed through
dissociation of APP (amyloid precursor protein), a 110 kDa protein mapped on the
chromosome 21q21.3. (2) snca gene-encoded a-synuclein protein on chromosome
4. (3) prnp gene-encoded prion protein (PrP) positioned on chromosome 20. (4) Tau
protein linked to microtubules, encoded by mapt gene situated on chromosome
17921 (Kovacs 2019) as shown in Table 3.1.

NDD is a wide spectrum of disorders where the pathophysiology and symptoms
overlap, particularly in multisystem atrophy, when multiple regions are damaged at
the same time, making clinical analysis challenging. NDDs are diagnosed by the
thorough observation of anatomical and biochemical changes that correlate with
neuronal dysfunction, alterations in biomarkers (both protein and DNA), protein
deposition, and genetic and epigenetic modifications (Kovacs and Kovacs 2015). In
addition to prevention, several compounds, such as antibodies, chaperones,
nanoparticles such as tetracyclines nanoparticles, and metal chelators, have been
used for the treatment of NDDs by altering the aggregation processes of diverse
amyloidogenic proteins, like AP, a-synuclein, PrP protein, etc. (Arosio et al. 2014).
However, the most difficult aspects of therapeutic strategies where research empha-
sis is required are: (a) preventing oligomer formation or adjusting the aggregation
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Table 3.1 Summary of the proteins involved in the major neurodegenerative disorders

S1 Location of
No. | Protein protein Disease References
1.1. | Tau Neurons Alzheimer’s disease (AD) Gao et al. (2018)
Pick’s disease
Dementia
NBIA (Neurodegeneration with
brain ion accumulation)
Glia Globular glial tauopathies
2. Amyloid-f Extracellular Alzheimer’s disease Gupta and Goyal
(AP) (2016)
1.3. | a-Synuclein | Neuron Parkinson disease (PD) Bennett (2005)
Glia Multiple system atrophy
Huntingtin Neurons Huntington’s disease (HD) Bano et al. (2011)
5. PrP Extracellular Prions disease Jaunmuktane and
and synaptic Brandner (2020)
6. Ataxins Neurons Spinocerebellar ataxia (SCA) Bolger et al. (2007)
7. TDP-43 Neurons and Motor neuron disorders Jo et al. (2020)
glia

into nontoxic cascade, (b) regulating the migration of therapeutic compounds across
blood-brain barrier (BBB), and (c) site-specific translocation of drug-loaded
nanoparticles at the specific neuronal site to lessen side effects and toxicity that are
dose-dependent. The advancements in biochemical, pathological, and pharmacolog-
ical research may guarantee a brighter future for global neuronal health, nonetheless
it requires the adoption of a healthy lifestyle from infancy to prevent the develop-
ment of such NDDs as the concern of neurodegenerative disorders is both social and
scientific in nature.

3.2 Interacting Proteome of Synapse

The word synapse refers to the connection between neurons and its target effector
cells in the nervous system that conveys information encoded with action potential.
They are primarily classified as electrical, and chemical synapses based upon the
type of transmitter used. Chemical synapses consist of a synaptic cleft, present in
between the pre- and postsynaptic terminals which are highly specialized structures
for rapid and accurate unidirectional signal transduction. While, in the case of
electrical synapse, there is direct transmission of charged ions and tiny molecules
through pores called gap junctions (O’Rourke et al. 2012). Though having distinct
morphology, roles, and compositions, the synapses are organized around a presyn-
aptic terminal loaded with vesicles containing neurotransmitters that is precisely
juxtaposed to postsynaptic compartment equipped with varied range of receptors on
its surface that transduce the signals received from presynaptic terminals thus
activating the numerous cellular processes. These two regions are joined together
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through synaptic cell adhesion molecules lying in the region of synaptic cleft (Sheng
and Kim 2011; Pinto and Almeida 2016).

Being the smallest unit in the CNS, synapse interrelates numerous neurons in the
circuit and helps in the progression of neuronal communication and healthy func-
tioning of the brain. Synaptic anomalies have also been linked in growing number of
neurodegenerative disorders along with the developmental disorders (Taoufik et al.
2018). Synaptic dysfunctions occur mainly due to the alterations in the intrinsic
molecular mechanism and variation in characteristic biochemical phenomenon of the
cells. The diseases in which synaptic dysfunctions are crucially involved, collec-
tively termed as synaptopathies. This is the mutually used term for the neurodegen-
erative diseases like AD, PD, and prion pathologies (Lepeta et al. 2016; Ardiles et al.
2017). Regardless of having very smaller size, synapse is remarkably complex to
deal with, it involves hundreds of proteins, whose spatiotemporal expression and
dynamics remain an unnerving challenge for scholars. A proteomics study of
synapse scrutinizes the molecular mechanism involved in the neurodegeneration
and is applied to search of biomarkers for various NDDs (Xu et al. 2021).

Though mapping the proteome is an essential first step toward an inclusive
knowledge of synapses, comprehending synaptic signaling requires study of the
structure and governing responsibility of synaptic proteins in a purposeful context.
Due to the intrinsic benefits of MS-based proteomic methods for investigating PPIs
and PTMs, they have been already become an essential apparatus for analyzing
protein complexes and protein dynamics during synaptic signal transmission (Lepeta
et al. 2016; Xu et al. 2021). Multiprotein complexes are critical for the synapse’s
structure and function. They provide distinct intracellular microenvironments con-
ducive to protein interaction and reaction precision and efficiency. The postsynaptic
density (PSD) is a dynamically specialized complex instituted in the postsynaptic
terminal region and till now, more than 1000 proteins have been studied in this
region (Torres et al. 2017).

Presynaptic components found in the distal terminal of the axon connect the point
of release for neurotransmitters. The presynaptic terminal’s activity is tightly con-
trolled and has been linked to brain function and NDDs such as AD and PD (Bridi
and Hirth 2018; Ivanov et al. 2018; Barthet and Mulle 2020). The molecular atlas of
this neuronal sub-compartment obtained using combined proteomics and systems
biology techniques, leads to a principal list of 117 existing and 92 anticipated
presynaptic proteins (Abul-Husn et al. 2009). Proteomics has also been used to
identify proteins expressed in presynaptical mitochondria, crucially involved in the
development of brain. Forty mitochondrial proteins were found to be variably
expressed in mice during postnatal days 7—42. Cisd1 (MitoNEET) was one among
them that was proved to be the major regulator of mitochondrial activity (Stauch
et al. 2019). Under some pathological circumstances, the presynaptic proteome
becomes unregulated. For instance, in a hippocampal synaptic proteome mice
model, it was well explained that the expression of presynaptic markers decreased
in cognitive defects, confirming the altered presynaptic architecture and aberrant
synaptic function in this brain region (Lenselink et al. 2015). Similar to this,
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Table 3.2 Summary of the proteins involved in the major neurodegenerative disorders

Associated
neurological

Protein Function disorders References
Presynaptic
Synpasin-I, Chemical synaptic AD, HD, Mirza and Zahid
Synpasin-11/ transmission and regulation, ALS, PD (2018), Bridi and
Synpasin-III neurotransmitter secretion Hirth (2018)
Synaptotagmin-1 Maintaining the intact synaptic | AD, PD Ohrfelt et al. (2016),

transmission Bridi and Hirth

(2018)

Synaptophysin Regulating the AD, PD Bridi and Hirth

neurotransmitter release and (2018), Russell et al.

synaptic vesicles endocytosis (2012)
Rab3-interacting Synaptic vesicle fusion, and PD Bridi and Hirth
molecules (RIMS) neurotransmitter release (2018)
SNARE proteins Synaptic vesicle fusion AD, PD Margiotta (2021)
Cadherin Synapse formation AD, PD Seong et al. (2015)
Postsynaptic
Adhesion molecule Formation, maturation, and AD Tristan-Clavijo et al.
(NL1/2/3/4) remodeling of inhibitory (2015)

synapse
Glutamate Regulating the plasticity of AD, HD Mota et al. (2014),
receptors synapse, maturation of neural Milnerwood et al.
(NMDARs, KARs, circuit (2010), Mandal et al.
AMPARSs, (2011)
mGluRs)
Scaffolding Stabilization of the synapse, AD, HD, PD | Bridi and Hirth
proteins (shank1/2/ | regulating the molecular (2018), Leuba et al.
3, PSD-95) structure, and modulation of (2014), Murmu et al.

interacting proteins in the PSD

(2015)

AD, Alzheimer’s diseases; HD, Huntington’s diseases; ALS, amylotrophic lateral sclerosis; PD,
Parkinson’s diseases

numerous additional presynaptic proteins (not limited to) mentioned in Table 3.2 are
also involved in NDDs.

The gap between pre- and postsynaptic terminals, known as the synaptic cleft, it is
an essential section of the synapse in terms of its structure and functions. Though, the
difficulty to biochemically separate the clefts makes characterization difficult, new
proximity-labeling proteomics methods are allowing researchers to investigate the
protein component and alterations in this specialized section (Xu et al. 2021).
Researchers discovered that the synaptic cleft contains many ion channels,
GPCRs, adhesion proteins, transporters, as well as novel cleft contestants. Cijsouw
and coworkers have explored the distinctions between excitatory glutamatergic and
inhibitory GABAergic synaptic clefts using peroxidase-mediated biotin-labeling
methods (Cijsouw et al. 2018). These results not only confirmed the utility of
vicinity-labeling methods designed for deciphering the molecular features of
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Fig. 3.1 Major proteins in the postsynaptic density (PSD) region. Postsynaptic membrane has
receptor-like AMPA (alpha-amino-3-hydroxy-5methyl-4-isoxazole-propionate) and NMDA (N-
methyl-p-aspartate) that are involved in the detection of glutamate that is synaptically released.
Proteins like PSD95, SAP97, and GRIP are the membrane-associated kinases that are involved in
the regulation of this surface receptor. Shank protein is responsible for the generation of multimeric
sheet that maintains the presynaptic structure and function

previously unpurifiable structures, but also added new information about the synap-
tic communication igniting new biological ideas such as the putative contribution of
Mdga?2 as a synaptic inhibitory specificity factor (Loh et al. 2016).

On the postsynaptic side, there is a complex known as postsynaptic density
(PSD), which is a microscopic structure connected with the membrane (Palay
1956). Over 2100 proteins have been found and measured in the last several decades,
providing a complete picture of this protein dominant compartment, some of the
significant proteins are shown in Fig. 3.1 (Distler et al. 2014; Wilson et al. 2019). As
PSD scaffolding proteins are majorly involved in glutamate receptor trafficking and
scaffolding, they may be involved in synaptic pathology of neurological develop-
mental and degenerative illnesses. In rodent models of various NDDs (AD, PD, HD,
ALS), SAP97, PSD93, PSD95, SAP102, and Shanks subcellular localization and
expression levels are dramatically changed (Fourie et al. 2014; Vyas and
Montgomery 2016). In these NDDs, abnormal protein—protein interaction like
SAP97-ADAMI10 connections is also disturbed to promote amyloid protein plaque
development (Musardo et al. 2014).

Along with the NDDs, PSD proteins are now being recognized as important
contributors to neurodevelopmental diseases. Multiple neurodevelopmental
problems such as autism spectrum disorders (ASD), Phelan-McDermid syndrome,
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and schizophrenia, have been linked to mutations in the Shank family of proteins
(Vyas and Montgomery 2016). While PSD proteins are obviously altered by the
illness process, their diverse functional aspects are because of splice variants, and
expression patterns provide promising possibilities for brain healing. Due to the
failure of pharmacological targeting of glutamate receptors in the treatment of
neurological illnesses, new research has focused on PSD proteins to validate their
utility as therapeutic targets to change glutamatergic synapses. Modification of PSD
protein interactions with their binding partners using tiny cell permeable peptides
has shown to be a promising therapeutic method with little adverse effects (Zhou
et al. 2015).

3.3 Alzheimer’s Disease (AD)

The deterioration of memory, intelligence, and cognitive ability, along with person-
ality and behavioral changes, are the common indicators of dementia clinically
termed as Alzheimer’s disease (Ganeshpurkar et al. 2019; Heinemann et al. 2010).
AD causes gradual neurodegeneration characterized by nerve cell injury which
directs to uncanny neuropathological and neurochemical circumstances (Bruggink
et al. 2012). This is a frequently occurring type of dementia majorly observed in
elderly people. AD is broadly classified into two types based on the cause of the
disease: early-onset familial Alzheimer’s disease (€FAD) and nonfamilial/late-onset
Alzheimer’s disease (LOAD). Even though eFAD and LOAD appear to be identical
on the surface, the causal process that leads to eFAD is not the same which leads to
LOAD. As a hereditary ailment, eFAD is unambiguously the result of
malfunctioning in mutant genes, while LOAD is more likely the result of a gradual
accumulation of age-related breakdowns (Bird 2012; Hardy 2006; Rhinn et al.
2013). A study on AD established that, in addition to age and inheritance, lifestyle
is also a major contributor in the advancement of the disease (van Praag 2018).

As Alzheimer’s disease progresses, the brain cells (both neuronal and
nonneuronal) get affected, and various parts of the brain are observed to shrink.
The damage usually originates in the memory-controlling area of the brain, although
the process can begin years before the first symptoms appear. The loss of neuron
spreads to other areas of the brain in a rather predictable fashion. The brain shrinks
greatly at the late stage of the illness (Realdon et al. 2016). Intraneuronal neurofi-
brillary tangles (NFTs) and extracellular senile plaques are the conventional
attributes of this disease. These proteins’ deposits are made up of
hyperphosphorylated microtubule-linked protein tau (p-t) and amyloid-f (AP) pep-
tide aggregates as shown in the Fig. 3.2 (Kovacs et al. 2014). A variety of
mechanisms entail the generation of A and the phosphorylation of the tau protein.
The buildup of A is caused by the caspases cleaving the amyloid precursor proteins
(APPs) in tandem, whereas tau hyperphosphorylation is because of the actions
performed by the multiple kinases. Indeed, the mounting data suggest that these
aberrant protein deposits interact with one another and have a cumulative impact on
the development and progression of AD (O’Brien and Wong 2011). It is also evident
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Fig. 3.2 Etiology of Alzheimer’s disease; AD is categorized by the deposition of tau, p-tau, and
amyloid-p (AP). (Adapted from Gunes et al. 2022)

in most cases that AP deposition controls the pathogenesis of tau protein. The
advancement in biological sciences, along with computational approaches, have
paved the path for studying the different proteins and PPIs involved in the develop-
ment of AD (Ganeshpurkar et al. 2019). The pathophysiological role of these
proteins, their interaction, and the outcome of these PPIs are discussed below.
Most of these could be used as encouraging targets for drug development against
AD.

3.3.1 Cyclin-Dependent Kinase 5

There are numbers of kinase-mediated metabolic pathways involved in Alzheimer’s
disease. These pathways include AMPK (5’ Adenosine Monophosphate-activated
kinase), Fyn kinase (Yang et al. 2011), Wnt signaling, and cyclin-dependent kinase
5 (Cdk5) signaling. Wnt signaling in general possesses the neuroprotective traits, but
as the disease progresses, various components (f-catenin, Dickkoff-1, apo-lipopro-
tein E) of the Wnt signaling are affected that leads to the worsening of the condition
(De Ferrari and Inestrosa 2000). AMPK is a serine/threonine kinase that primarily
preserves cellular energy levels by metabolizing glucose and lipids. Fascinatingly,
neuronal energy metabolism aberration such as drop in glucose uptake, defects in
cholesterol metabolism, and malfunctioning of mitochondria are crucially observed
in AD. This phosphorylates the tau protein, and results in neurofibrillary tangles
(Zhu et al. 2002).

Amongst the aforementioned kinases, CdkS has a prominent role in the patholog-
ical advancement of AD. CdkS5, is a proline-directed Ser/Thr kinase, functionally
responsible for the neuronal plasticity, neuron development, and survival (Mushtaq
etal. 2016). CdkS5 is abundantly found in postmitotic neurons, where it is specifically
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activated through neuronal membrane localized activators—p35 and p39. The CdkS5-
activators are highly prone to ubiquitin-mediated proteasomal degradation and have
a short half-life. Both p35 and p39 comprise of two polypeptide regions: p10 and
p25/p29 respectively generated after cleavage by calpains under high calcium
concentration (Liu et al. 2016). The p35 protein is the most well-studied interactor
of Cdk5 which interacts in both p35 and p25 forms. Chemical modifications such as
phosphorylation and S-nitrosylation also play an important role in defining the Cdk5
kinase activity. Three residues namely Thr14, Tyrl5, and Ser159 are major sites for
phosphorylation and S-nitrosylation. The modification on these three sites either
heightens or inhibits the CdkS5 activity (Ramesh et al. 2020). CdkS relays its activity
via phosphorylation of the consensus sequences namely KSPXX, and KSPXK found
in neurofilaments, and microtubule-related proteins. Further Cdk5 is an
autoinhibitory protein which is involved in a feedback loop, where it phosphorylates
the p35 protein at Ser8 and Thr138 position (Shah and Lahiri 2014).

CdkS is essential in both neuronal survival and death, the duality of function is
dependent on presence of either p35 or p25 form. The CDK5/p35 performs
neuroprotective functions while CDK5/p25 is involved in cell death and
neurodegeneration process (Pao and Tsai 2021). The presence of p35/p25 is
regulated by the cytoplasmic calcium levels. Pathological/stress conditions result
in increased level of calcium in neurons, which activates the calpains for dissociation
of pl10 and p25. In p25 form, it establishes an increasingly stable and hyperactive
complex with CDKS5 called the CDKS5/p25 complex. This complex facilitates its
localization in cell soma and nucleus, and causes hyperphosphorylation of tau
protein resulting in cell death and neurodegeneration (Lee et al. 2000). The CdkS5/
p25 complex initiates numerous cell death pathways that result in oxidative stress,
mitochondrial dysfunction, and elevates the calcium influx. For instance, the Cdk5/
p25 complex activates and phosphorylates peroxiredoxin-1, peroxiredoxin-2, and
NMDAR (N-methyl-p-aspartate receptors) responsible for neuronal cytotoxicity and
cell death (Malhotra et al. 2021; Shukla et al. 2017). Moreover, Cdk5 inactivates
myocyte enhancer factor 2 (MEF2) by phosphorylation of Ser444 which makes
cortical neurons susceptible toward oxidative stress (Gong et al. 2003). CdkS5 is also
predominantly involved in the regulation of DNA damage and DNA repair
mechanisms. Acetylation of Cdk5 at Lys33, phosphorylation of Apel, and dopa-
mine cyclic AMP-regulated phosphoprotein (DARPP-32) which is a PKA inhibitor
greatly influence the DNA repair process and lead to DNA damage and neuronal cell
death (Lee et al. 2014).

One of the main components of AD pathology is the buildup of amyloid-f peptide
(senile plaque). AP is a result of successive cleavage of integral membrane glyco-
protein, i.e., APP by p-secretase (BACE1) followed by y-secretase, which liberates
AP peptides. Cdk5 regulates APP synthesis and plaques form as the extracellular
deposits of AP peptides accumulate (Nhan et al. 2015). Other pathogenic features of
AD include neurofibrillary tangles which are hyperphosphorylated cytoskeleton of
tau proteins. CdkS5 kinase activity in tau phosphorylation is considerably greater in
the presence of p25 in comparison of p35, which exhibits the lessened axonal
transports (Zhou et al. 2010; Kimura et al. 2014). Cdk5/p25 complex phosphorylates
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numerous epitopes of tau, including Ser202, Thr205, Ser235, and Ser404, which are
potential hyperphosphorylation sites in Alzheimer’s disease (Kimura et al. 2014).
Other than these main signaling cascades, Cdk5 indirectly regulates numerous
pathways responsible for the advancement of AD. Because of its role in tau
pathology, tangle, and plaque formation, Cdk5 is a potent target for therapeutic
agents against AD.

3.3.2 Calpains

Calpain proteases belong to the cytoplasmic nonlysosomal calcium-dependent cys-
teine protease family that regulates structure of the cytoskeleton and intracellular
signaling pathways in the cell (Goll et al. 2003). They are regulated by Ca** and
calpastatin (CAST), which activate and inhibit them, respectively (Ono and
Sorimachi 2012). Stability of this regulatory mechanism appears to be reduced
with age, causing unregulated calpain activation, implying the role of these enzymes
in various illness states including neurodegenerative disorders like Alzheimer’s
(Benuck et al. 1996; Averna et al. 2001). Two important isoforms of this type,
calpain I and calpain II are found in tissues, and remain as the well-characterized
members of the family to date. These two isoforms need micromolar and millimolar
concentrations of Ca>* for in vitro activity, respectively (Goll et al. 2003). Calpains
are involved in the neuronal pathogenesis of AD, where variables such as oxidative
stress and enhanced instigation of the N-methyl-p-aspartate (NMDA) receptor are
pivotally involved in the activity of calcium flux of intracellular region, thereby
upregulating these enzymes (Ono and Sorimachi 2012). Experiments performed
using AD culture model systems, revealed that oligomeric AP caused a substantial
(fivefold) and immediate increase in Ca”* in hippocampal neurons (Kelly et al. 2005;
Kelly and Ferreira 2006, 2007).

Once activated, calpain triggers cleavage of p35 into its active form—p25 that
interacts with CDKS, together with several other proteins such as, GSK3, DARPP-
32 (Dopamine- and cAMP-regulated Phoshoprotein-32), increases BACE1 produc-
tion, and truncates APP (Liang et al. 2010; Cho et al. 2015; Yan et al. 2016) as
explained in the previous section. Sequentially, the calpain-mediated excision of
DARPP-32 resulted in the dephosphorylation of a critical protein known as CREB
(cAMP-response element-binding protein) engaged in cognitive and learning
activities, as well as the conversion of immediate memory to long-term memory
(Cho et al. 2015). Calpain also cleaves lysosome-associated proteins important for
stability of lysosomes such as heat shock protein (Hsp) 70, and lysosome-associated
membrane protein 2a (LAMP2a) (Arnandis et al. 2012; Yamashima 2016). Further-
more, calpain promotes ERK 1/2 activation and ERK 1/2-dependent phosphoryla-
tion of neurofilament protein residues observed to be altered in Alzheimer’s disease.
The cleavage of tau by calpain results in the formation of a 17 kDa toxic tau
fragment, made up of the N-terminal half of tau protein (Park and Ferreira 2005).
Calpain activation may potentially contribute to synaptic dysfunction via cleavage of
PKA by calpain, resulting in reduction of the kinase’s activity. The reduction in PKA
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activity reduces CREB activation, thus impairing memory (Liang et al. 2010).
Calpain interacts with a number of proteins and is an essential constituent of many
AD-associated pathogenic pathways.

3.3.3 Dynamin-Related Protein 1 (Drp1)

Mitochondria contribute significantly to brain activity maintenance by supplying
energy on a continual basis (Qi et al. 2019). Balanced mitochondrial dynamics are
required for mitochondria to perform its usual tasks, such as performing oxidative
phosphorylation and producing enough energy for neurons. Dysregulation of Drpl,
Mifnl, Mfn2, and OPA1 proteins during mitochondrial fission and fusion subse-
quently leads to erratic mitochondrial dynamics (Tyumentsev et al. 2018). Abnormal
Drp1 leads to the numerous structural deformities (small and slim, long and thin) in
the mitochondria causing inadequate energy supply and ROS overproduction in
neurons, resulting in a dysfunctional neural system and neurodegenerative disorders
(Qi et al. 2019). Mitochondrial coordination failure is a prominent early characteris-
tic in vulnerable neurons of an AD patient’s brain. This is characterized by mito-
chondrial fragmentation, aberrant mitochondrial distribution, and mitochondrial
malfunction, which leads to neurodegeneration (Wang et al. 2017).

Researchers discovered a link between a mitochondrial protein—dynamin-related
protein 1 (Drpl) and A. Studies based on fluorescence methods have shown a
preferential contact between Drpl and phosphorylated tau, which enhances the
connection between Drpl and Ap, resulting in increased mitochondrial fragmenta-
tion (Yang et al. 2021). Drp1 association with Ap monomer and oligomer, has been
shown by immunoprecipitation/immunoblotting analyses of AD brain using Af
antibodies 6E10 and A1l (Manczak et al. 2011). Further, Drpl interaction with
glycogen synthase kinase 3 (GSK3) has been prominently observed in the AD
pathophysiology (Sayas and Avila 2021). GSK3 is a Ser/Thr kinase present in
almost all the tissues, it exists in two isoforms GSK3a and GSK3p, out of which
the latter one is crucially present in the pathophysiology of AD (DaRocha-Souto
et al. 2012). Drpl protein is essential for the mitochondrial fission/fragmentation
process via its GTPase activity. GSK3p activates Drp1 via phosphorylation of Ser40
and Ser44 leading to elevation of proapoptotic mitochondrial activity and fragmen-
tation (Rippin and Eldar-Finkelman 2021). More research is needed to infer whether
mitochondrial dynamics may be used as a therapeutic target for neurodegeneration.

3.3.4 BACE-1

BACEI (B-site APP cleaving enzyme I) is a type I transmembrane aspartyl protease
explicitly expressed in the brain, especially in neuronal cells, oligodendrocytes, and
astrocytes (Hampel et al. 2021). BACEI] is found at the healthy synaptic terminals,
the plasma endothelial membrane, and endosomal sections. BACEI is a p-secretase
enzyme essential for AP genesis, as it cleaves the transmembrane APP to dissociate
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the B-stubs, and is proved to be the rate-limiting step in Ap production (Vassar 2004;
Sathya et al. 2012). Once f-secretase cleaves APP at the Asp+1 and Glu+11 site, the
soluble N-terminal domain of APP gets released, while the C-terminal domain
(CTF-p or C99) stays attached to the membrane, where it has been shown to impair
synaptic functioning, thus aggravating AD symptoms (Tamayev et al. 2012). The
excision of AP is a sequence-guided process as proven by several site-directed
mutagenesis and radio-sequencing experiments (Haass et al. 1995). Hydrophobic
substitutions of amino acids surrounding the excision site in APP are known to
increase or decrease the efficiency of P-secretase cleavage. For instance, point
mutations of methionine present in the APP’s P1 region to heavier hydrophobic
amino acid such as Leu resulted in elevated activity of BACE-1, while Met-Val
mutants are resistant to BACE-1 cleavage (Haass et al. 1995; Cole and Vassar 2007).

BACE!1 concentrations and activity were shown to be elevated in human AD
brain extracts, which are in coherence with the experimental findings that neurons
express greater amounts of AR in AD than in “cognitively healthy aging”
(Kandalepas et al. 2013). Furthermore, a relatively significant concentration of
BACEI1 was observed in neurotic dystrophies around Af plaques in both AD
amyloidogenic transgenic mice models and in the brains of AD patients, suggesting
that its occurrence may enhance cyclic AP formation (Sadleir et al. 2016). BACE1 is
considered a potential target for AD treatment, since this enzyme essentially limits
reaction rates in the amyloid pathways (Das and Yan 2017). An uncommon mutation
in APP, specifically at the human BACEI cleaving site, results in a 40% reduction in
the production of AP, hence decreasing the propensity of AP to aggregate. This
mutation results in five- to-sevenfold reduction in aggregation of Af fibrils lowering
the chance of AD development, and better cognitive performance in older
individuals. As a result, BACE]1 inhibition is expected to benefit AD patients (Das
and Yan 2019). However, BACE-1 is a structurally complicated protein due to its
high structural similarities with other aspartic proteases, large active site (consisting
of the catalytic aspartic residues, flap, and 10S loop) which has been an influential
hindrance in design and development of BACE-1 inhibitors. Despite such hurdles,
several potent inhibitors of BACE-1 protein have been developed and are compre-
hensively discussed in a recent review (Moussa-Pacha et al. 2020).

3.3.5 Munc18-Interacting (Mints) Proteins

Munc18-interacting proteins (Mints/X11s) are the members of an adaptor protein
family produced by abpal, abpa2, and abpa3 genes. They encode neuron-specific
Mintl (X11a) and Mint2 (X11p), as well as universally expressed Mint3 (X11y)
(Sullivan et al. 2014). The N-terminal portion of Mint proteins is variable depending
on the isoform, while the C-terminal region is conserved and includes a PTB
(phosphotyrosine binding) domain along with two tandem PDZ (PSD-95/discs
large/zonula occludens) domains in the C-terminal of Mints (Xie et al. 2013). All
three Mint proteins contain a PTB domain that binds to the YENPTY motif of APP
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that is functionally conserved, and is significantly required for the trafficking of APP
and influences the AP synthesis (Miiller et al. 2017).

Several studies specified that the APP-Mint interaction is predominantly signifi-
cant in AD. According to the findings of Ho et al. in mice models of AD, loss of each
unique Mint isoform slows down the development of age-dependent AP plaques
(Ho et al. 2008). In addition, Mint proteins interact with presenilin-1, the catalytic
domain of y-secretase composite, through their PDZ domains, boosting the localiza-
tion of APP/presenilin-1 simultaneously, which favors the development of Ap
plaques (Sullivan et al. 2014). Furthermore, Mint proteins have observable role in
the formation of neurotic plaques and have been observed to be elevated in AD
(McLoughlin et al. 1999). In a recent study, Bartling et al. demonstrated that Mint2-
specific protein—protein interaction with APP facilitates the formation of Af
(Bartling et al. 2021). Collectively, these outcomes recommend that the APP-Mint
interaction could be beneficial in the management of A plaque development.

Various knockout in vivo experiments, have been published in an attempt to
understand the physiological function of Mint proteins in Af production (Guénette
et al. 2017). However, these investigations showed that Mint proteins had both
inhibitory and facilitative effects on the generation of AP plaque. The function of
Mint proteins in the development of pathogenic A will remain as a mystery until the
successful identification of chemical tests that disturb the APP-Mint PPI are
discovered.

3.3.6 Chemokines

Chemokines are chemotactic cytokines that were first discovered as mediatory cues
of immune cell migration to inflammatory sites. Chemokine receptors, which belong
to the GPCR superfamily, are highly expressed in the central nervous system (Rossi
and Zlotnik 2000). The chemokines show affinity toward multiple receptors that
initiate the kinase-based signaling cascade (Tripathi and Poluri 2020). Chemokines
are divided into CXC, CC, CX3C, and C sub-families based on the order in which
the first two cysteine residues appear at the amino-terminal region of the protein
(Bachelerie et al. 2013). In case of Alzheimer’s disease, inflammation is one of the
major changes in the physiological state of the neural system. The elevated inflam-
matory response is highly connected to the increased expression of chemokines and
their receptors, as shown in plasma, cerebrospinal fluid, and brain tissue of
Alzheimer’s patients (Liu et al. 2014). Chemokines and their receptors are believed
to be produced primarily by microglia, astrocytes, and neurons and most of them are
involved in the neuroinflammation of AD through glial cell activation and by
employing peripheral blood monocytes (Martin and Delarasse 2018). Chemokines
belonging to the CXC family such as CXCLS8, CXCL10, and CXCLI12 are also
responsible for the development and advancement of AD. CXCL8/CXCR2 and
CXCLI12/CXCR4 axis are reported to be elevated in the neurons, microglia, and
astrocytes in response to the proinflammatory signals. These chemokines are also
involved in the modulation of synaptic transmission and neuronal excitability (Jorda
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Table 3.3 Alteration in the level of chemokines majorly observed in the patients with Alzheimer’s

disease
Expression levels

S1. No. Chemokine Serum Brain tissues CSF
1. CCL2 Upsurged Upsurged Upsurged
2. CCL3 NA Upsurged NA
3. CCL5 Reduced Upsurged NA
4. CXCL10 NA NA Upsurged
5. CXCL12 Reduced NA Reduced
6. CXCLS8 Upsurged Upsurged Upsurged
7. CX3CL1 Reduced NA NA

CSF, cerebrospinal fluid; NA, not available

et al. 2020). Various chemokines having pivotal role in progression of AD and
alteration in its expression leading to progression of Alzheimer’s are tabulated in
Table 3.3.

Moreover, overexpression of CC chemokines like CCL2 and CCL5 are reported
in the brain, mature senile plaques, microglia, and microvessels of AD patients,
suggesting that they are detrimentally involved in the disease development (Haskins
et al. 2016; Zhou et al. 2016). Clinical evidence from Alzheimer’s patients shows
enhanced level of these chemokine/chemokine receptors in both CSF and plasma,
thus corresponding with disease progression and cognitive deterioration (Zhang
et al. 2013). It is also evident from a transgenic knockout mouse model of AD that
these chemokines interact with their cognate receptors, and induce the AP and tau
protein pathogenesis in due course of AD progression (Zuena et al. 2019). Recently
in a mouse-based study, Joly et al. established that overexpression of CCL2
enhances the pathogenic tau protein (t-p) that activates the harmful
neuroinflammatory changes in the glial cells (Joly-Amado et al. 2020).
Overexpressed monocyte chemoattractant protein 1 (MCP-1), well-known as
CCL2 has been identified in the brain, mature senile plaques, microglia, and
microvessels of AD patients, thereby implying it necessitates a detrimental role in
the disease’s development (Vukic et al. 2009). Clinical evidence from Alzheimer’s
patients has shown an increase in CCL2 in both CSF and plasma, according to
researchers, this corresponds with disease progression and cognitive deterioration
(Zhang et al. 2013). It is evident from an in vivo model of AD (Tg2576 mice and
APPswe/PSENT1) that CCR2 deficiency in mice triggers macrophage recruitment,
microglial buildup, and A clearance (Zuena et al. 2019). Lately, Joly et al. in a
murine model study, also established that overexpression of CCL2 is related to the
development and progression of AD (Joly-Amado et al. 2020).
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34 Parkinson’s Disease (PD)

Parkinson’s disease is a multifactorial nervous system ailment that has a negative
impact on motor function. The symptoms begin gradually, with a hardly perceptible
tremor in only one hand. People may have difficulty walking and talking as the
disease progresses (Schapira et al. 2017). This disease affects over ten million people
universally, and is one of the most dominant neurodegenerative ailments, second
only to Alzheimer’s. It primarily affects people over the age of 60 and worsens over
aperiod of years, but early onset of Parkinson’s disease can affect people as young as
30 (Rizek et al. 2016).

Parkinson’s disease exhibits a distinguished loss of nerve cells in the substantia
nigra region of the brain. This part of the brain’s nerve cells is responsible for
producing a chemical called dopamine. An amalgamation of genetic, environmental,
and age-related factors is believed to contribute to dopamine-producing nerve cell
demise, which in turn affects the body’s capability to move and function. PD is
associated with the cytosolic inclusion called Lewy bodies, whose primary constitu-
ent is aggregated a-synuclein (Rodriguez et al. 2015). Despite our current limited
knowledge regarding the exact cause and molecular mechanism of a-synuclein
aggregation, it has been proposed that its defective interaction with other protein
partner leads to its aggregation. Molecular mechanism underlying this aggregation
and related pathological aspects of the disease are dependent on the changes in this
interaction (Gémez-Benito et al. 2020). The study of a-synuclein interactions with
its partner proteins can help researchers to better understand the pathogenesis and
discover novel pharmaceutical targets for Parkinson’s disease therapy.

3.4.1 «@-Synuclein

a-synuclein (o-S) is a snca-encoded small protein of molecular weight ~15 kDa,
because of its propensity to aggregate, this protein has a unique pathogenic charac-
teristic (Fan et al. 2021). Its structure is comprised of two alpha helices, which are
trailed by unstructured, acidic C-terminal fragments (Fig. 3.3). Because of the
repeated KTKEGV motif, multipole a-helical structure develops, the initial alpha-
helix is charged positively and interacts with lipids, whereas the second alpha-helix
comprises of a hydrophobic nonamyloid beta component (NAC) responsible for its
aggregation (Du et al. 2003). The protein C-terminus is extremely acidic and
contains ten glutamate and aspartate residues which is the reason of its exceptional
thermostability. It is also demonstrated to control the accumulation of synuclein;
fragments having shortened C-terminal aggregate quicker than the full-length pro-
tein. It is also evidenced that the PTMs like C-terminal phosphorylation, affect the
aggregation tendency of a-S (Brown and Horrocks 2020). Under physiological
circumstances, a-S belongs to the family of intrinsically disordered proteins
(IDPs), as it has possessed no permanent structure. Rather, it shows transition
amongst a set of constantly interchanging conformational states. Some of these
conformations become stable when attached to other proteins or lipid membranes.
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Fig. 3.3 (a) Structural architecture of the a-synuclein monomer representing the known mutations
and phosphorylation sites associates with the progression of Parkinson’s disease. (b) 3D represen-
tation of the a-synuclein monomer. (Adapted from Fan et al. 2021)

For instance, many investigations have demonstrated that o-S assumes an a-helical
conformation when attached to phospholipid membranes of natural occurrence or
produced synthetically (Gambin et al. 2011).

a-Synuclein establishes many interactions with other partner proteins throughout
their biogenesis to ensure correct structural and functional aspects. Most of these
interactions take place cotranslationally at the time of protein synthesis in the
ribosome (Hernandez et al. 2020). As seen on many other proteins, altering these
connections may interfere with protein synthesis and contribute to a variety of
human illnesses, including neurodegenerative disorders. Several studies have
shown that any malfunctioning of a-S interactions, especially at the time of transla-
tion will result in the misfolding and aggregation of the protein that ultimately, cause
the development of disease. Aggregation of the protein may be triggered by a
forfeiture of support through a-S biogenesis caused by an alteration in the gene of
o-S or by the removal of an associated partner protein from the system. Protein—
protein interactions with a-S may occur at both the cotranslational and post-
translational stages. The embryonic chain is by now uncovered to a range of
interacting partners at an early level of translation, which include chaperones/
chaperonins, translocating and targeting factors, modifying enzymes, and a variety
of additional partners (Karamyshev and Karamysheva 2018). In a recent study,
researchers proposed that there are various proteins interacting with the a-S during
its process of biogenesis; Fig. 3.4 highlights the predicted PPIs in the
a-Syn-mediated pathology. In further sections of this chapter, numerous important
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Fig. 3.4 Predicted PPI in the pathology of a-Syn generated using ingenuity pathway analysis
(IPA) provided by Qiagen. (Adapted from Hernandez et al. 2020)

proteins that crucially participate in the initiation and progression of the PD have
been discussed.

As a result of finding the genetic variants of PD, it has become clear that the
autophagy/lysosomal and mitochondrial/oxidative stress pathways are critical in the
pathological aspects of the disease. Newly discovered PD-linked genes, such as
sh3gl2 (endophilin Al) and dnajc6 (auxilin) have revealed that disintegrations in
synaptic vesicle endocytosis (SVE) are noteworthy influencers of disease pathogen-
esis in addition to other factors. Other Parkinson’s disease genes, such as lrrk2, prkn,
and vps35, are also identified as fundamental in the regulation of SVE. Nguyen et al.
have highlighted the influence of dysfunctional SVE to midbrain dopaminergic
neurons’ selective susceptibility, as well as pathways that establish the relationship
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of synaptic, mitochondrial, and lysosomal malfunctioning in the pathological aspects
of Parkinson’s disease (Nguyen et al. 2019).

3.4.2 Endophilin-A1 (sh3gl2)

Endophilin-A1 (EP) is a protein specific to brain and localized predominantly in the
synaptic terminals (Micheva et al. 1997). It is observed to be involved in the release
of neurotransmitters by interacting with synaptojanin, synaptotagmin, SNAP25
(synaptosomal-associated protein 25), and vesicle glutamate transporter 1. Moreover,
EP is also potentially involved in the process of synaptic vessel endocytosis (SVE),
which is a crucial phenomenon for the removal of neurotransmitters from synaptic
clefts along with the morphogenesis and stability of dendritic spines (Yang et al.
2015). Endocytosis of synaptic vesicles is facilitated by the association of EP with
synaptojanin, which is essential for the retrieval of synaptic vesicles. As a result, EP
is an extremely important molecular player in the regulation of synaptic transmission
(Schuske et al. 2003).

Despite the fact that EP plays a critical part in synaptic transmission, only a
handful of studies in the last decade have demonstrated that EP can act as an
intermediary of synaptic dysfunction in neurodegenerative diseases. It is evidenced
that EP is crucially involved in the synaptic malfunctioning and neuronal injury in
Parkinson disease (Zou et al. 2021). Heutink and Verhage had an intriguing finding
that the EP associates with leucine-rich repeat kinase 2 (LRRK?2) and parkin, where
it serves as a substrate for phosphorylation or the ubiquitination, resulting in synaptic
dysfunction in patients with PD (Heutink and Verhage 2012). sh3gI2 gene (gene-
encoding endophilin A1) was recognized as a PD risk factor in a large-scale GWAS
meta-analysis and was found to significantly control the synaptic vesicles’ endocy-
tosis. Furthermore, in the recent years it has been established that not only the variant
of sh3gl2, but also variations in the binding domain of its microRNA can lead to the
commencement of PD. Additionally, previous research had long established that
sh3gl2 plays a significant role in the normal functioning of CNS, and any
abnormalities might result in the onset and development of Parkinson’s disease
(Nguyen et al. 2019). Although, the physiological utility of endophilin Al in neural
terminals is well recognized, its definite molecular mechanism in the etiology of
Parkinson’s disease remains unknown.

3.4.3 Cathepsin

As discussed in the previous section, a-syn is proven to be related to PD both
genetically and neuropathologically (Lashuel et al. 2013), and understanding the
molecular processes that govern a-syn aggregation is crucial in developing strategies
to slow the advancement of Parkinson’s disease. Impaired o-syn turnover is among
the many of the key causes of Parkinson’s disease (Rubinsztein 2006). It is well
established that lysosomes and proteasomes are engaged in the degradation of a-syn
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aggregates (Wong and Cuervo 2010). The proteasome pathway eliminates the
soluble a-syn, and eradicates aggregation-prone species or excessive amounts of
soluble a-syn. It has been demonstrated that dysfunction of either system causes a
rise in a-syn levels (McGlinchey and Lee 2015). a-syn reaches lysosome by one of
the two primary autophagic pathways: macroautophagy or chaperone-mediated
autophagy. Once the protein is present in the lysosome, it is destroyed by the
proteasome (Xicoy et al. 2019). The cathepsins are the most important family of
lysosomal proteases, and they are further classified depending on the amino acids in
the active region that are responsible for catalytic activity. They can be classified as
cysteine (CtsB, CtsC, CtsF, CtsH, CtsK, CtsL, CtsS, CtsV, and CtsX) proteases,
serine (CtsA and CtsG) proteases, and aspartyl (CtsD and CtsE) proteases (Turk
et al. 2012).

Recent research shows that inflammatory responses displayed by glial cells, such
as the proliferation of T cells, and augmented expression of inflammatory cytokines
are now recognized as evident characteristics of PD. In addition, some of the toxic
intermediaries derived from activated Glial cells are also observed in due course of
diseases (Pislar et al. 2018). Along with the inflammatory cytokines, microglial cells
in their activated state also release cathepsins, which accelerate neurodegenerative
mechanism and assist the process of neuronal death in the Parkinson’s diseases
(Pislar and Kos 2014). Although foregoing research suggests that cathepsin D
(CtsD) is critically responsible for the development of PD, the issue whether
additional lysosomal proteases are also involved has been raised. For instance,
in vivo evidence shows the significant link between CtsD overexpression and
a-syn concentration, and the neurotoxic potential of such interaction (Cullen et al.
2009). CtsD is speculated to participate in the partial lysosomal disintegration of
a-syn, specifically in generation of truncated C-terminal (a-syn) species (Sevlever
et al. 2008). The a-syn C peptides, particularly polypeptides like 1-87, 1-103, and
1-119 of a-syn (140 residues), exhibit higher prospect of amyloid formation in the
acidic lysosomal lumen habitat. While the occurrence of a-syn C species is low
under physiological circumstances, some of these a-syn species (1-115, 1-119,
1-122, 1-133, and 1-135) have been extracted from Lewy bodies, which are
characteristic of PD (McGlinchey and Lee 2015).

3.4.4 Parkin (PARK2)

Parkin is a 52 kDa protein synthesized by the park2 gene and comprises of 12 exons
and 465 amino acids. Mutation in park2 gene leads to the autosomal recessive type
of PD called early-onset PD (EOPD) observed in various ethnic groups (Hedrich
et al. 2004). Parkin is an E3-ubiquitn ligase involved in a variety of neuroprotective
functions, such as maintaining mitochondrial metabolism and the ubiquitin-
proteasome structure, where parkin is required for the ubiquitin-arbitrated disinte-
gration of misfolded or damaged proteins as well as the degradation of dysfunctional
mitochondria via mitophagy (Geisler et al. 2010; Giguere et al. 2018). Parkin mRNA
has also been found in abundance in the tissues of heart and skeletal muscle,
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indicating that the protein is extensively distributed throughout the body. Parkin
catalyzes mono- and poly-ubiquitylation of a variety of structurally and functionally
different proteins, including itself (Sarraf et al. 2013). Over 100 mutations (including
missense mutation, significant chromosomal deletion or duplication, truncation, and
promoter alterations) in 12 exons of PARK?2 gene have been found as being linked
with Parkinson’s diseases. Apart from these mutations, post-translational
modifications (such as S-nitrosylation, covalent dopamine interaction, kinase-
mediated phosphorylation) and oxidative stress are also reported to be involved in
blighting the activity of parkin, resulting in the development and progression of
sporadic Parkinson’s disease (Madsen et al. 2021).

a-Synuclein endures wide-ranging post-translational modifications, mainly phos-
phorylation and nitration. Cumulative evidences are there to support the fact that
these PTMs, are necessary for the aggregation of a-synuclein and neurotoxicity in
PD (Zhang et al. 2019). An in vivo experimental model unraveling the consequence
of phosphorylation of a-synuclein and involvement of parkin gene on a-synuclein
aggregation exhibited that, due to the increase in the glycogen synthase kinase 3f
(GSK3p)-mediated phosphorylation of a-synuclein and tau, cell death and attenua-
tion in inflammation take place (Khandelwal et al. 2010). Apart from phosphoryla-
tion, all the tyrosine residues of a-synuclein undergo nitration. Neuroinflammation
of PD is associated with a nitric oxide synthase (NOS)-mediated increase in the
generation of nitric oxide (NO), facilitating the formation of neurotoxic oligomers in
neurons (Stone et al. 2012). Aggregated a-synuclein and tau in neurofibrillary
tangles are collective hallmarks of PD and Alzheimer’s disease respectively (Lee
et al. 2001). Albeit these two proteins are involved in two entirely different diseases,
there is a pile of experimental evidence which support the fact that both proteins
mutually accelerate the mechanism of PD (Moussaud et al. 2014). It is observed that
a-synuclein mediates the phosphorylation of tau protein by stimulating the activity
of protein kinase A (PKA) (Qureshi and Paudel 2011). Similarly, GSK3 is an
enzyme that hyperphosphorylates the tau protein at its serine residues and enhances
the neurotoxicity in PD (Duka et al. 2009). Further, studies also establish that this
serine phosphorylation is inhibited by the PD-linked parkin protein. It is observed
that the loss of neuroprotective functions of parkin leads to the misfolding and
aggregation of a-synuclein (Madsen et al. 2021).

A major effector of parkin in progression of PD is PINK1 protein. Parkin together
with its interacting PTEN-induced kinase 1 (PINK1) are essential in maintaining a
healthy mitochondrial network by stimulating the process of mitophagy, and is an
important therapeutic target for Parkinson’s disease. According to the current model,
in healthy state (mitochondria with intact potential), PINK1 enters the mitochondria
and is degraded by PARL (presenilin-associated thomboid-like protein). But under
diseased state, the degradation of PINK1 does not take place and it accumulates on
the outer mitochondrial membrane (OMM), where it phosphorylates ubiquitin at the
Ser65 of OMM proteins resulting in recruitment of parkin on the OMM. The
recruited parkin further phosphorylates PINK1 and stimulates the ubiquitination of
OMM proteins such as mitofusin 2 and VDACI (voltage-dependent anion channel
1) creating a feed-forward mechanism. The presence of ubiquitin on the OMM
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proteins prompts the introduction of ubiquitin adapter proteins such as NDP52
which promotes mitophagy (Miller and Mugqit 2019). Several studies have been
conducted to evaluate the approaches targeting the parkin-mediated response during
Parkinson’s disease, and have been reviewed in detail elsewhere (Senkevich et al.
2022).

3.4.5 Apolipoprotein E (APOE)

Apolipoprotein E is a 35 kDa protein synthesized majorly in the liver and brain. This
protein is crucial for fat metabolism and maintenance of cholesterol homeostasis in
plasma and CNS of mammals. This protein is also significantly involved in the
cognitive function of the human brain (Mahley and Huang 2012). In general, there
are three alleles of this protein, namely, €2, €3, and €4 positioned on 19q chromo-
some (Verghese et al. 2011). The &4 is the most harmful of the three common APOE
alleles, followed by, €3 and €2 alleles (Raichlen and Alexander 2014). In addition to
the plasma, APOE is important for the maintenance of cholesterol homeostasis in the
central nervous system (CNS). The maintenance of normal neuronal growth, mem-
brane plasticity, and synapse formation is dependent on balancing the proper
cholesterol homeostasis. Hence, a shortage of cholesterol in the brain results in
poor neural plasticity and decreased neurotransmission, which ultimately result in
brain damage. APOE produced by astrocytes is entirely brain-specific, and there is
no interaction between plasma-derived APOE and brain APOE because of blood—
brain barriers (BBBs) (Bales 2010). Along with the abovementioned proteins
showing direct or indirect interactions and their deleterious effects in PD, there are
various other proteins as tabulated in Table 3.4 which are observed to be involved in
PD as well.

3.5 Amyotrophic Lateral Sclerosis (ALS)

ALS, often called as Lou Gehrig’s disease is a degenerative ailment of the nervous
system that destroys the cells of spinal cord and brain leading to the unregulated
behavior of muscles. Common symptoms of ALS include twitching of muscles
along with limb weakness and incoherent speech/slurred speech. ALS eventually
impairs muscular control, affecting the ability to move, talk, eat, and breathe. This
deadly condition has no known treatment (van Es et al. 2017). Characteristic features
of ALS are progressive degeneration of motor neuron, not only in motor cortex, but
also in brain stem and spinal cord. Pathology is assumed to originate at a focal area
within the CNS, and is linked to the deposition of proteins into insoluble inclusions,
as is the case with other neurodegenerative illnesses (Fatima et al. 2015). Inclusions
linked with ALS may occur in the surrounding oligodendrocytes and astrocytes, in
addition to cell groups beyond the pyramidal motor system. Histopathological
investigations have revealed that, like other neurodegenerative ailments and prion
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Table 3.4 Summary of the major proteins involved in Parkinson’s disease

S. No.
1.

Protein name
Endophilin-Al
(SH3GL2)

Parkin (PARK2)

Leucine-rich
repeat kinase

2 (LRRK2)
Apolipoprotein E
(APOE)

Vesicle-fusing
ATPase; (NSF)

AP2-associated
protein kinase
1 (AAK1)

Cyclin-G-
associated kinase
(GAK)

Huntingtin-
interacting
protein 1-related
protein (HIP1R)

Tropomyosin o-1
chain (TPM1)

Semaphorin-5A
(SEMASA)

Description

Involved in synaptic vesicle
endocytosis.

Catalyzes the interaction of
proteins-ubiquitin moieties in a
multiproteic complex

(E3 ubiquitin ligase). Regulate
the protein breakdown.
Interact with C-terminal of
PARK?2 protein and regulate its
activity.

Facilitating the transport of
cholesterol and other fats
through the circulation by
regulating the intermediates in
the catabolism. Linking, and
internalization of lipoprotein
particles.

Responsible for the
intracellular transport of
protein. Involved in the
arbitration of protein
catabolism and recycling of
receptors.

Control the clathrin-arbitrated
endocytosis by
phosphorylating the adaptor
protein complex 2 (AP-2). It is
also involved in regulating the
vesicle transport.

Associated with the
functioning of cyclin G and
CDKS5. Involved in the
HSC70-mediated uncoating of
vesicles having clathrin
coating.

Involved in the actin binding.
Crucial for the cell survival
through receptor stabilization
and endocytosis induced by the
ligand.

Bind specifically to the actin
filament. Crucial for the
contraction and relaxation of
the muscles.

Regulate the bifunctional
axonal guidance signal through
interaction with sulfated
proteoglycans like heparan

Localization
Cytoplasm,
presynaptic
vesicle
Membrane

Cytoplasm,
mitochondria-
1 membrane

Cytoplasm

Golgi bodies,
cytosol, and
membrane

Presynaptic
vesicle,
membrane

Golgi bodies,
and
membrane

Membrane
and
perinuclear
region

Cytoplasm

Membrane

References
Nguyen
et al. (2019)

Zou et al.
(2021)

Zou et al.
(2021)

Emamzadeh
2017)

Belluzzi
et al. (2016)

Kostich et al.
(2016)

Dumitriu
etal. (2011)

Teixeira
et al. (2012)

Botelho
et al. (2020)

Bossers et al.
(2009)

(continued)
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Table 3.4 (continued)

S. No. | Protein name Description Localization References

sulfate and chondroitin sulfate.
Involved in the regulating the
focal adhesion disruption in
glioma cells.

11. Cathepsins Cathepsins are thiol protease Lysosome, Lietal.
responsible for the intracellular | ER (2011)
degeneration of neuronal and
glial cells.
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Fig. 3.5 Pathogenesis of amyotrophic lateral sclerosis (ALS). (a, b) In a healthy neuronal cell, the
process of oligodendrogenesis and myelination. The oligodendrocyte progenitor cells (OPC)
differentiate and mature into oligodendrocytes and myelinating cells that facilitate the transport of
lipids and other nutrients for the production of myelin sheath. (¢, d) In an ALS condition,
differentiation of OPC is upsurge that gives rise to the aggregates of the various proteins like
FUS, TDP-43, and SOD-1. In addition to this, the unusual oligodendrocytes fail to mature in
myelinating cells that leads to the axonal demyelination. (Adapted from Traiffort et al. 2021)

disorders, pathology spreads from a focal spot across linked cells in phases
(Brettschneider et al. 2014).

The crucial proteins that are allied with the pathology of ALS are; transactive
response DNA-binding protein 43 (TDP-43), superoxide dismutase-1 (SOD1), and
fused in sarcoma (FUS) (Fig. 3.5) (Arai et al. 2006; Vance et al. 2009). A
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considerable proportion of ALS patients (about 97%) are observed to have the
inclusion of TDP-43, with the remaining instances being correlated to either
SOD1 (approximately 2%) or FUS (approximately 1%) inclusions, respectively
(Ling et al. 2013). TDP-43 protein binds to the DNA or RNA and is crucially
involved in the number of metabolic activities of RNA. On the similar note, FUS
protein also possesses the DNA/RNA-binding features along with the RNA metab-
olism. It is involved in the DNA-damage response and acts as a transcription factor
as well (Wang et al. 2013). SOD1 is one among the major antioxidant enzymes in the
cell, and it is responsible for converting superoxide anion into less toxic molecular
oxygen species that are less detrimental to the cell (McCord and Fridovich 1969).
Furthermore, TDP-43, SOD1, and FUS are proficient in generating amyloid fibrils
in vitro (Nomura et al. 2014), and there are compelling evidences to indicate that
they adopt an amyloid morphology in vivo, at least in the cases of SOD1 and
TDP-43 (Bigio et al. 2013; Robinson et al. 2013). Despite the fact that
mislocalization of TDP-43, phosphorylation, and protein aggregation in motor
neurons is the most common clinical signature of ALS, only a small number of
individuals have TDP-43 mutations in their cells. Most of the ALS cases are sporadic
(sALS), as is the case with most other neurodegenerative illnesses including prion
disorders that account ~90% of all instances of ALS, whereas the other instances are
familial (fALS). Although some of the fundamental hereditary origins of the illness
are still unknown, they are often connected with a history of the disease in the
patient’s family (Taylor et al. 2016).

3.5.1 TAR DNA-Binding Protein-43 (TDP-43)

The tardbp gene on chromosome 1 encodes a 414 amino acid-long TDP-43 protein
that is mostly found in the nuclear region, although it also moves to the cytoplasmic
region to perform certain functionalities (Ayala et al. 2008). TDP-43 plays varied
roles pertaining to RNA metabolism; it is responsible for transporting and migrating
the mRNA, miRNAs, and IncRNA (Coyne et al. 2017). TDP-43 acts together with
many other proteins involved in diverse physiological activities, as shown by a
global interactome analysis (Freibaum et al. 2010). Blokhuis et al. recently analyzed
the interacting protein partners linked to the ALS pathogenesis in the neuronal cells,
which led to the identification of numerous DNA/RNA-binding proteins in the
TDP-43 interactome. These proteins are observed to be crucially regulating the
processing of RNA, expression of required gene, RNA splicing, apparatus of post-
transcriptional gene expression such as translational and post-translational
modifications (Blokhuis et al. 2016). In ALS, the cytoplasmic TDP-43 concentration
rises, resulting in the creation of cytoplasmic inclusions. TDP-43’s entire structure
has remained elusive so far because of its low in vitro solubility and strong
aggregation tendency (Winton et al. 2008; Wang et al. 2016). However, many
groups have identified highly resolved structures of several of its domains, though
overall structure of this protein is still unresolved. TDP-43 interacts with various
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proteins directly or through RNA-dependent interactions, and some of the major
interactions are extensively summarized recently by Prasad et al. (2019).

TDP-43 proteinopathies are characterized by nucleocytoplasmic mislocalization,
aggregation of ubiquitinated and hyperphosphorylated TDP-43 in the inclusion
body, and accumulation of toxic truncated C-terminal fragment of TDP-43 in the
brain region. Mutations (sporadic or familial) may exacerbate these deleterious
possessions, and result in commencement of the diseases at an early age. Variety
of tardbp mutants/variants have been demonstrated as being related with Lou
Gehrig’s disease (Buratti 2015). Greater proclivity of this protein to aggregate
increases the possibility of cytoplasmic mislocalization, changed protein stabilities,
protease resistance, and abnormal association with other proteins. These are some of
the major consequences of these mutations in the TDP-43 protein. Indeed, the
mutations at the carboxy-end of the TDP-43 protein increase the protein’s innate
aggregation tendency. The recombinantly generated TDP-43 mutant protein with
ALS-associated mutations including Q331K, M337V, Q343R, N345K, R361S, and
N390D has enhanced aggregation in vitro and boosted cytotoxicity (Johnson et al.
2009). The mutations in the TDP-43 protein have the potential to disrupt the
protein’s stability, which could be a plausible pathogenic mechanism. On similar
note, it was established that the TDP-43 protein mutant (G298S, Q331K, and
M337V) showed a longer half-life and greater stability in an isogenic cell line as
compared to the wild-type TDP-43 (Ling et al. 2013). Other mutations also enhance
the vulnerability of TDP-43 to protease-assisted degradation, which is another
important pathological aspect of ALS (Nonaka et al. 2009). The consequence of
TDP-43 mutations and their role in the pathology of ALS have been extensively
discussed elsewhere (Mitsuzawa et al. 2018).

Furthermore, the deletion of TDP-43 in nucleus and its accumulation in cyto-
plasm are also a very crucial factor to be considered in the ALS pathogenesis.
TDP-43 binds to a number of nuclear proteins that are responsible for the splicing
of mRNA along with the metabolism of other RNA. In addition, it also interacts with
the cytoplasmic proteins that are responsible for the translation of mRNA (Ling et al.
2010). The NLS-NES (nuclear localization signal and nuclear export signal) of
TDP-43 control the nucleocytoplasmic exchange of TDP-43 (Winton et al. 2008).
Mutation at any of this signal sequence would lead to the aggregation of TDP-43 in
the nuclear region. Apart from the mutations, the two foremost prevalent PTMs in
protein TDP-43 that are associated with its pathogenic significance are phosphory-
lation and ubiquitination (Arai et al. 2006; Hasegawa et al. 2008). Subsequently,
additional PTMs such as acetylation, poly ADP-ribosylation, and cysteine oxidation
were also found in the patients with ALS. Comprehensive portrayal of the PTMs
holds the possibility of uncovering new harmful TDP-43-mediated pathways in ALS
(Kametani et al. 2016).
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3.5.2 Superoxide Dismutase-1 (SOD1)

Among some of the reported genes responsible for ALS, the sod! gene continues to
be a prominent source, and has been the subject of numerous research (Tafuri et al.
2015). The gene responsible for making the SOD1 enzyme, a 32 kDa homodimer in
its native state that holds the feature of binding with copper and/or zinc ion.
Structurally, SOD1 enzyme constitutes a metal-binding site, a disulfide bond,
along with a network of hydrogen bonds that hold each SOD1 subunit’s architectural
structure together (Banci et al. 2002). The metal-binding site of SOD1 contains two
copper ions and one zinc ion, that are responsible for its catalytic activity. This
protein is majorly located in the cytosolic region of the cells, along with the nucleus,
peroxisomes, and mitochondria, among other places (Estacio et al. 2015). It has been
established that, point mutations in sod! gene may cause abnormality in its structure
that induces malfunctioning of this protein leading to ALS. More than 180 point
mutations in human SOD1 have been discovered, with over 160 linked to ALS
(Pansarasa et al. 2018). SOD1 mutant protein may adopt a variety of misfolded
conformations that specifically induce the altered features of ALS.

The evolution of SOD1 comprises numerous phases and is quite complicated.
The proliferative phase of SOD1 protein generally occurs in the cytoplasmic region.
Through mutation-based research, pathogenic mutations are postulated to postpone
the maturation of the protein that is expected through post-translational
modifications, lower the structure-based stability of protein that consequently
promotes the SOD1 protein misfolding (Furukawa et al. 2016). ALS-associated
mutations of SOD1 may induce a change in arrangement leading to gain of toxicity,
although the fundamental mechanism is only partially known (Atlasi et al. 2018).
Further, it has been established that the misfolded SODI1 interacts with the protein
involved in mitochondrial dysfunction, gene transcription, it also has the interacting
partners related to the endoplasmic reticulum (ER) stress. Moreover, it has been
documented that RNA processing is one of the crucial aspects of central dogma, and
mutated SOD1 is reported to be interacting with protein-inducing abnormal RNA
processing (Huai and Zhang 2019).

Concentration of misfolded SOD1 increased on mitochondrial cytoplasmic face
through its adherence in a straight line to a voltage-dependent anion channel
(VDACI1) and/or Bcl-2. VDACI is a transmembrane protein that establishes
channels which govern ion and metabolite flow across the mitochondrion, allowing
it to communicate with the rest of the cell. The explicit interaction of SOD1 mutants
to VDACI decreases its conductance, reducing VDACI activity and decreasing
SOD1 mutant mouse survival (Israelson et al. 2010). Bcl-2, a mitochondrial outer
membrane protein, promotes cell viability by blocking proapoptotic proteins. When
associated to a SOD1 mutant, Bcl-2 undergoes a conformational shift that exposes its
deadly BH3 domain (Pedrini et al. 2010). Furthermore, SOD1 mutations have been
shown to enhance the interaction with ER-resident membrane protein Derlin-1,
causing the death of motor neuron in turn directing to ALS etiology (Tsuburaya
et al. 2018). Derlin-1 protein is responsible for the ER-associated degradation
(ERAD) process, it is well-documented that a communication between SODI
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mutations and Derlin-1 causes the stress in the ER region due to the failure of ERAD,
which results in ASK1 stimulation and death of motor neurons, thus dictating the
course of ALS illness (Nishitoh et al. 2008).

Vascular endothelial growth factor (VEGF), which was first identified as a crucial
factor regulating the process of angiogenesis, is now recognized as a growth factor
possessing neuroprotective features that are vital for the survival of motor neurons.
In murine model, it has been explained that the reduced expression of VEGF genes
resulted in a phenotype that is comparable to individuals with ALS. These findings,
indicate that the damage of VEGF is associated with the pathophysiology of PI3K/
Akt signaling in ALS and motor neuron degeneration (Pronto-Laborinho et al.
2014). SOD1 mutants have been demonstrated to be linked to the VEGF 3’-
-untranslated region (UTR) through competition with the ubiquitous RNA-binding
and stabilizing protein (RBP) HuR, with a preference for adenine/uridine-rich
regions (ARE), resulting in a decrease in the stability of VEGF mRNA and a
decrease in VEGF expression (Lu et al. 2009; Srikantan and Gorospe 2012).

The ubiquitin-proteasomal system (UPS) along with the autophagy-lysosomal
systems are the two primary protein degradation mechanisms in eukaryotic cells. In
ubiquitinated proteins, proteasomes preferentially remove surplus or broken peptide
links through proteolysis (an organic event that disrupts the peptide bonds). In
contrast, autophagy allows for the controlled breakdown and reutilization of
accumulated proteins and cellular constituents (Huai and Zhang 2019). The SOD1
mutation associated with ALS has been shown to interact directly with the S6 (Rpt3/
PSMC4) and S6’ (Rpt5/PSMC3) domains of the 19S monitoring complex of the
proteasome, impairing the standard activity of SODI1. Additionally, the SODI
mutant tangibly binds with the CHIP (Hsc70-interacting protein) a co-chaperone,
as well as the ubiquitin-binding proteins such as Bagl and valosin-containing
protein/p97 (Choi and Lee 2010). Interestingly, CHIP and VCP contend for
interacting with the mutant SOD1, implying that the chaperone complex (CHIP/
Hsp70) and the proteolytic apparatus (VCP/26S proteasome) are in a competition to
bind to the same substrate. CHIP acts as a connecting factor among chaperones and
UPS and presumably controls the equilibrium of the protein refolding and degrada-
tion as well (Choi and Lee 2010; Lin et al. 2013).

3.5.3 Fused in Sarcoma (FUS)

Fused in sarcoma (FUS) is a 57.8 kDa (526 amino acid) oncogenic DNA/RNA-
binding protein which is also associated with neurodegenerative disorders. In human
liposarcoma, the FUS gene was described as a fusion oncogene situated on chromo-
some 16 (Crozat et al. 1993). FUS is a crucial part of the major cell functioning, that
includes regulation of gene transcription, DNA repair, RNA shearing and its trans-
port, translation, and maintaining the stability of genome (Lagier-Tourenne et al.
2010). Under typical physiological circumstances, FUS is mostly found in the
neuronal and glial nucleus; however, being an RNA-binding protein, it also
participates in nucleocytoplasmic transport (Brelstaff et al. 2011).
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FUS-linked ALS is majorly because of the mutations in the FUS gene; almost
50 mutant FUS genes have been discovered in patients with ALS ailment. The
majority of them are missense mutations, with a handful having in-frame deletions.
Numerous FUS mutations, notably the most frequent mutant R521C is specific to
humans, arise inside the greatly conserved C-terminal nuclear localization signal
(Deng et al. 2014). Particularly, certain mutations, such as P525L, are linked to a
condition of extra severe advancement of diseases that is typically fatal before it can
be passed (Kent et al. 2014; Nolan et al. 2016). Mutations with ALS are often seen to
be causing disruption in the nuclear localization signal of FUS, resulting in cyto-
plasmic mislocalization and subsequently the development of aggregates. Several
animal models clearly imply that FUS induces motor neuron degeneration by
inducing a cytoplasmic deleterious gain-of-function, although it is possible that a
decrease in nuclear FUS contributes to the disorder (Dormann et al. 2010). In several
ALS models, RNA binding is essential for complete FUS toxicity to manifest itself.
The detailed characterization of both the cytoplasmic and nuclear RNA interaction
networks of FUS is therefore, essential not only for an improved understanding of its
physiological function, but also it can offer additional valued understanding of the
molecular mechanisms that underlie neurodegeneration in ALS, which are currently
unknown.

3.6 Huntington Disease

Huntington’s disease (HD), well-known as Huntington’s chorea, is a genetically
inherited autosomal neurodegenerative illness marked by progressive motor dys-
function, cognitive weakening, and dementia (Pandey and Rajamma 2018). The
medium spiny neurons of the caudate putamen are the principal sites of
neurodegeneration, which worsens in a dorsomedial to ventrolateral direction,
although the region’s interneurons are mostly spared. The afflicted areas of the
brain are cerebellum, thalamus, and white matter widen as the severity of the illness
worsens. The development of the illness is usually around midlife, and the sickness
might last for decades (Vonsattel et al. 2011). Expansion of CAG repeats encoding
glutamine on gene it-15 occurs in HD, this expansion leads to the abnormal long
glutamine tract at the N-terminal of huntingtin proteins (HTT), and this is most
prevalent among the other nine poly-glutamine diseases. A critical glutamine level of
~37 and above, acts as a marker of HD that induces agglomeration of mutant HTT in
insoluble neuronal “inclusion bodies” and specific brain degeneration in the cerebral
cortex and striatum region (Estevez-Fraga et al. 2020). Symptoms of HD may appear
in the patients of all the age group, but usually in midlife and it takes 10—15 years for
initiation, progression, and to reach the chronic stage of the disease. HD is a typical
protein-misfolding ailment, where enhanced polyQ tract disturbs the native protein
conformation resulting in worsening of the symptoms. Based upon the serial MRI of
asymptomatic and symptomatic patients of HD, it is observed that HTT protein
expresses and causes pathological stress throughout the brain (Kloeppel et al. 2009).
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A large number of research evidenced that the mutation in HTT exerts its
pathological effect in a prevailing manner, also the expansion in polyQ tract is
observed to have the cytotoxic characteristics leading to the misfolding and aggre-
gation (Neueder et al. 2017). Although majority of HD affected people have one
copy each of normal and mutant I7-15, it is assumed that the dominance of mutant
HTT is because of the impaired protein interactions that cause toxicity and eventu-
ally lead to the neurodegeneration seen in HD (Pandey et al. 2018). The N-terminal
region of HTT protein comprises of polyQ stretch which gets cleaved off in small
fragments to interact intracellularly and facilitate the aggregation of HTT protein
(Estevez-Fraga et al. 2020). Recently, researchers observed that mutating the
N-terminal region averts the aggregation of proteins but only the development of
large aggregates is prevented, but not the small oligomers. Moreover, the toxicity in
the HD is augmented proving the fact that the large aggregates are not significantly
involved in neural death (Branco-Santos et al. 2017). Furthermore, mutated HTT is
also observed to be involved in hindering the cellular responses like heat shock
response and mitochondrial unfolded protein response (UPR), required for refolding
of proteins and also in activating the proteasomal machinery for the degradation of
misfolded proteins (Hipp et al. 2012) as diagrammatically summarized in Fig. 3.6.

It is crucial to illuminate the interaction cohorts of both wild type and mutant HTT
for better understanding the pathological machinery of HD and standard functioning
of HTT. To serve this objective, Goehler et al. studied the protein—protein interaction
systems for HD and observed various uncharacterized new proteins (Goehler et al.
2004). These protein partners have been observed to be involved in pathological
machinery of mutant HTT as well as in cellular processes such as transcription of
gene, endocytosis, trafficking of vesicles, and signal transduction initiated by wild-
type HTT (Li and Li 2004). From the available data, it has been proposed that, the
complexity in the pathology of HD might be ascribed due to the partial or complete
loss/gain of these varied PPIs. In the following subsections, some of the crucial
protein partners that are associated with the development and progression of HD are
discussed.

3.6.1 Transcription Factors

Transcriptional dysregulation is a well-known pathogenic mechanism in
HD. Numerous transcriptional proteins are observed to be interacting with both
wild type and mutant HTT proteins, and these proteins are also observed to form an
interrelated group with each other. Because of its polyglutamine expansion, mutant
HTT has an aberrant interaction with numerous proteins that are involved in
transcriptional control (Valor 2015). Some studies stress upon the significance of
PPIs between mHTT and other transcription factors, coactivator, or other transcrip-
tional regulators, while others emphasize direct mHTT-DNA binding as a causative
mechanism implicated in transcriptional malfunction in HD pathobiology (Zhai et al.
2005). These groups of protein consist of the global transcription controller TATA-
binding protein (TFyD), TAF;130, a coactivator associated with cAMP-responsive



130 3 Protein-Protein Interactions in Neurodegenerative Diseases

*
NH O
\/\_,V.Oo.___— HTT translation

Native HTT

ProteolyN Poly Q
O
Cleavege v } Nuclear Translocation

o
=
HTT exon1 & other fragments %
g
UblJb b C I i ‘g
ytoplasmic
@ . Oligomerization . .“% "
Cytoplasmic and aggregation - Q "t~
Inclusion A 2 .
P o .
. S N
’ .
’
¢ Ub_up )
U — Nuclear

L}
+ Intracellular and aggregation
', Inclusion y

I I . Oligomer{zation

Mitochondrial Synaptic Dysregulated ~-

Toxicity Dysfunction axonal Transport transcription

Fig. 3.6 Pathophysiology of Huntington diseases (HD). Post-translation, Azt gene develops a full-
length HTT protein along with an N-terminal HTT exon-1 fragment that is produced due to the
dysregulated splicing. Extra fragment of cleaved proteins will be produced by the proteolytic
cleavage of full-length HTT. These fragments of proteins are translocated to the nuclear region,
where it aggregates and leads to the formation of inclusion body that hampers the process of
transcription by interacting with the transcription-regulating proteins. In addition, HTT proteins
also aggregate in the cytoplasmic region, which affect the functioning of other organelles and lead
to universal cellular impairments that include mitochondrial toxicity, dysfunction in the synaptic
transmission, and unregulated axonal transport

element-binding protein (CREB)-dependent transcription (Moumné et al. 2013).
Specificity protein 1 (Sp1), pS3, CREB-binding protein (CBP), and nuclear receptor
corepressor (NCoR) also demonstrated to have an abnormal interaction with mutant
HTT (Wanker et al. 2019). It has been shown that the polyglutamine mutation by
themselves are not able to degrade the glutamine-rich cellular transcription factors;
while the soluble form of mHTT can easily disrupt the interface between the
transcription factors (for example, Spl) and transcriptional coactivator (like tran-
scription initiation factor TAF130) along with their target DNA.

CBP acts as a coactivator for a diverse number of transcription factors that include
CREB and Spl. An abnormal association between mHTT and glutamine-rich region
of CBP disrupts its coactivator activity, which sequentially hampers the normal
function of related transcription factors (Glajch and Sadri-Vakili 2015). CBP’s
histone acetyl transferase (HAT) activity is also disrupted, along with its coactivator
function that results in the cognitive loss as seen in HD (Giralt et al. 2012). The
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transcriptional repressor element-1 restrictive silencer factor (REST) is a corepressor
that suppresses the production of target genes such as brain-derived neurotrophic
factor (BDNF) and miRNAs. Standard cytosolic HTT protein binds to REST with
high affinity and blocks its nuclear migration, and therefore positively regulating the
expression of its target genes (Bithell et al. 2009). In contrast, the mHTT affinity for
REST is lower, resulting in increased nuclear entry, and eventually the deregulation
of known REST target genes such as BDNF and miRNAs. Certainly, BDNF
appearance has been observed to be impaired in HD models (Zuccato et al. 2001).
In addition to this, HTT also interacts with pS3, and as a result, HTT may have an
impact on the transcription of p53 target genes, which include the genes responsible
for the regulation of cell cycle, stress responses, cell death, and DNA repair (Bae
et al. 2005).

3.6.2 Autophagy-Related Protein

Autophagy (also known as macroautophagy; MA) is a lysosomal degradation
system that is characterized by the production of an autophagosome, a double-
membraned vesicle that separates the cytoplasmic contents for destruction. The
autophagosome eventually unites with a lysosome to produce an autolysosome,
which degrades the contents. Autophagy has been shown to be changed in NDDs
in many studies, and increasing autophagy has been recommended as a possible
treatment method (Martin et al. 2015). Autophagy is important for maintaining brain
homeostasis through selective protein degradation, in addition to removing toxic and
misfolded proteins and in case of NNDs, as the change in autophagy eventually
affects the neuronal activities. After a number of studies revealing autophagy
abnormalities in HD; for instance, PolyQ-HTT via inactivating the mammalian
target of rapamycin (mTOR) kinase, inappropriately stimulated the autophagy
pathway in several HD models. Despite the fact that autophagosome synthesis is
unusually high in HD, there is a deficiency in autophagosome loading, resulting in a
diminished ability of cells to digest aggregated proteins and organelles (Steffan
2010).

HTT may control selective autophagy directly via a variety of ways. Firstly, HTT
modulates the reverse transport of autophagosomes through axons, by acting as a
scaffold for the dynein/dynactin/HAP1 complex. HTT silencing decreases
optineurin localization in the Golgi apparatus, suggesting that HTT regulates
autophagosome/lysosome dynamics through association between HTT and
optineurin/Rab8 (Wong and Holzbaur 2014). Secondly, the domains of HTT are
remarkably similar to those of the yeast autophagy proteins Atg23, Vac8, and Atgl1.
HTT’s C-terminal region, which is comparable to yeast Atgl1, interacts with the
mammalian homologs of the Atgl/ULKI1 kinase complex, while its central domain
that is similar to Vac8 is found to be associated with Beclin-1 (Ochaba et al. 2014).

In addition, the existence of 11 LC3-interacting repeats (LIRs) in HTT adds to the
evidence that HTT plays a function in selective autophagy. LIR motifs like these can
be found in Atg8 family-associated proteins like p62 and optineurin. They are
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important for autophagy receptor protein ability in cargo attachment to LC3 and/or
GABA-receptor-associated protein (GABARAP). The discovery of HTT’s
p62-interaction domain shed light on the methods by which HTT controls cargo
recognition as well as autophagy induction. HTT binds to p62, making it easier for
p62 to recognize ubiquitinylated proteins at Lys63, and allowing cargo to be loaded
onto autophagosomes (Rui et al. 2015). Furthermore, upon association of HTT with
ULK1, mTOR-mediated phosphorylation of ULKI is inhibited, thus resulting in
autophagy activation. HTT’s autophagy regulating role is preserved in flies and can
be fine-tuned by changing the 3D structure of the protein. Indeed, the C-terminal
domain of HTT, which is comparable to Atgll, binds with an extra N-terminal
region of HTT, which is similar to Atg23, resembling the yeast Atgll-Atg23
interface (Ochaba et al. 2014).

Ultimately, differences in the ratio of polyQ within the normal range may
influence HTT function in autophagy. In mice, removing the typical Q stretch
stimulates autophagy and extends their lifespan (Zheng et al. 2010). HTT aids
p62-mediated cargo identification during autophagy, at least in part, by increasing
the affinity between p62 and ubiquitylated cargos and LC3. Due to a failure in cargo
identification, such a functionality is disrupted in HD, resulting in the creation of
empty autophagosomes. HTT loss or polyQ expansion in HTT, both result in HTT’s
decreased role in autophagosome formation in such a scenario (Rui et al. 2015).

3.6.3 Cell Division-Related Proteins

HTT is prevalently involved in the process of cell division, in the areas containing
high number of microtubules such as astral microtubules, mitotic spindles, and
spindle poles that are not confined to differentiated neurons. HTT is guided to the
spindle poles during mitosis of neuronal as well as nonneuronal cells through its
interaction with dynein, where it stimulates the gathering of NUMA and LGN
(Godin et al. 2010). Likewise, HTT also controls the trafficking of dynactin, mitosis
regulation proteins such as nuclear mitotic apparatusl (NUMA), and Ga-binding
protein (GPSM2/LGN) besides astral microtubules to the cell cortex in mammary
gland cells through a dynein facilitated kinesin-1 mechanism. This cortical localiza-
tion of dynein-dynactin complex, NUMA, and LGN is vital for mitotic spindle
orientation by generating pulling pressures on astral microtubules. As a result of
the HTT malfunctioning during mitosis, the misorientation of spindles is observed
(Elias et al. 2014). Meanwhile, neurons in HD brains have been demonstrated to
reenter the cell cycle upon the expression of the mHTT gene. Cell signaling
pathways that are critical for cell division, neural development, and neuroprotection
are in particular abnormally regulated in HD. Assessing the potential relationship
among mature neuron dedifferentiation and aberrant stimulation of other brain cell
types, especially neuroblasts and glial cells, in alliance with distorted cytokine signal
transduction in pathological brains may thus provide legitimate clues for identifying
potential therapeutic targets for the treatment of NDDs (Manickam et al. 2020).
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3.6.4 Trafficking Vesicle-Associated Proteins

HTT connects with the molecular motor machinery perhaps directly with dynein or
indirectly with the p150-glued component of dynactin. In addition, the KIF5C, a
member of kinesin 1 family also interacts with HTT through the Huntingtin-
associated protein 1 (HAP1) (Twelvetrees et al. 2010). These linkages help HTT
in controlling organelle movement in both the anterograde and retrograde
orientations, as well as in neuron axons and dendrites. Although the exact details
of the molecules translocated by HTT are still unknown, it has been found to be
associated in trafficking of synaptic precursor vesicles, vesicles with the VAMP7
protein, autophagosomes, endosomes, and lysosomes, brain-derived neurotrophic
factor (BDNF), APP-positive vesicles, and GABA-receptor-containing vesicles. The
efficient vesicle movement is dependent on the HTT overexpression (Saudou and
Humbert 2016).

It is worth mentioning that BDNF transport is decreased to the physiological level
in knock-in mice with mutant HTT (mHTT), irrespective of the allelic zygosity.
Similarly, BDNF transport is decreased in neurons of heterozygous HD patients’
human embryonic stem cells (hESCs). Remarkably, silencing the mutant allele
reestablishes the BDNF transport to regulate hESC levels, indicating that silencing
mHTT selectively may reduce the negative influence of dominant mHTT on
wildtype HTT-regulated vesicular function (Drouet et al. 2014). Therefore, mHTT
loses its capacity to boost BDNF vesicular transport in HD, but operates dominantly
on wild-type HTT to change transport. These examples establish how an aberrant
polyQ expansion might affect HTT functions in a variety of ways (Saudou and
Humbert 2016).

3.7  Spinal Muscular Atrophy

Spinal muscular atrophy (SMA) is a genetic disorder distinguished by muscle
wastage (atrophy) and weakness (skeletal muscles). It is initiated by the loss of
alpha motor neurons in the spinal cord, which are specialized nerve cells that govern
muscular movement (Kolb and Kissel 2011). When comparing muscles near the
center of the body (proximal) to the muscles farther distant from the center of the
body (distal), the weakening is more acute in the proximal muscles leading to
paralysis in chronic condition. Muscle weakness frequently develops as people
become older. Werdnig and Hoffmann published the first description of the condi-
tion in the 1890s (Hoffmann 1892; Werdnig 1971); in 1995, the survival motor
neuron (smn) was identified as the disease-initiating gene, allowing the genetic
abnormality to be pinpointed to the 5q11.2-q13.3 region of the genome (Lefebvre
et al. 1995). SMA is one of the most prevalent pediatric recessive hereditary
illnesses, and condition is divided into four phenotypes: SMA I: never achieve
unassisted sitting; SMA II: unassisted sitting; SMA III: unassisted walking;
SMA 1V: adult onset, based on the beginning age and the greatest developmental
motor milestone reached as summarized by Prior et al. (2020). SMA type I (SMA-I)
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reports for 50-60% of all diagnosed SMA cases, and is the most severe type of SMA
that frequently results in mortality before the age of two. Type II, III, and IV of SMA
are among the less severe variations (Mercuri et al. 2020). Muscle atrophy, weak-
ness, as well as eating and breathing problems, are major indicators of this
deficiency.

SMA is triggered by a deficit of the universally expressed survival motor neuron
(SMN) protein, which is caused by homozygous deletion or, less typically, minor
alterations of smn gene. On chromosome 5q13, there are two nearly similar smn
genes (smnl and smn2 genes) that determine spinal muscular atrophy that differs by
a single-nucleotide (C-T) change. Such alternation although does not affect the
arrangement of amino acids, it causes exon 7 to be spliced differently (Wirth et al.
2020). Owing to variation in alternative splicing of exon 7, smn2 genes generate a
truncated and unstable protein. In individuals, the muscular dystrophy majorly
occurs due to transformation of smnl to smn2, while in carriers of SMA deletion
of a smnl allele and minor intragenic alterations have been observed (Calucho et al.
2018). Hence the severity of the illness is mostly determined by quantitating the
smn?2 transcripts and the truncated SMN protein as shown in Fig. 3.7. Usually in the
case of SMA type I, carriers retain two copies of smn2, while in the case of SMA
type 11, three copies of smn2 prevalently exist, and similarly, in the case of SMA type
IIT and IV, three or four copies are generally preset in respective cases (Kolb and
Kissel 2011). The SMN protein is involved in a number of physiological functions
that harbor protein—protein interactions. Some of the relevant interactors of SMN
and their details of the interaction are discussed as follows.

3.7.1 Plastin 3 (PLS3)

In mammals, along with the SMIN2 copies, the severity of SMA can also be greatly
affected by the MN-independent protective modifier genes. PLS3 is a protective
gene modifier that elevates the severity of the SMA, and is found close to the DXZ4
microsatellite, which is critical for X-chromosome inactivation (Bonora et al. 2018).
In SMA-discordant families, differential transcriptome analysis revealed up to
40-fold PLS3 overexpression in lymphoblastoid cell lines, but not in the fibroblasts
of asymptomatic women. Notably, when these fibroblasts are reprogrammed into
induced pluripotent stem cells (iPSCs) followed by their differentiation into MNs,
the level of PLS3 doubles in asymptomatic women (Heesen et al. 2016). PLS3 SNVs
or cis-regulatory elements linked to the asymptomatic phenotype have yet to be
unraveled; PLS3 overexpression can only be tested at the RNA or protein level.
Besides, the unexpected instigation of osteoporosis in humans and animals due to
loss-of-function mutations in PLS3 is also observed (Neugebauer et al. 2018).

It has been further noted that the activity of PLS3 toward SMA severity is age and
sex-specific (Alrafiah et al. 2018). An interesting association between PLS3 and
SMN1-associated disease progression has been observed in various studies
indicating inverse correlation between PLS3 and SMA severity. Although SMN
controls the PLS3 protein levels, PLS3 concentration when restored can rescue
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presynaptic and motor defects as proved in case of smn ' zebrafish model
(Dimitriadi et al. 2010). PLS3 acts as a protective modifier of SMN, although it
does not directly interact with the SMN protein (Singh et al. 2021; Oprea et al. 2008).
Instead of PLS3-SMN direct interaction, PLS3 has been suggested to partake in
rescue of SMA pathology by stimulating the accumulation of actin filaments that is
important for axon development (Alrafiah et al. 2018). Although PLS3 is an
SMN-independent protective modifier, several other proteins such as CHP1 and
COROIC (calcineurin EF-hand protein 1 and coronin-1C) assist PLS3 in restoration
of actin dynamics, calcium homeostasis, and endocytosis, the majorly perturbed
biological processes in spinal muscular atrophy (Wirth 2021). Several human
pathology studies and animal model experiments have proven that compared to
other SMN modifiers, PLS3 is one of the most plausible effectors of SMA pathology
(Wirth 2021; Hosseinibarkooie et al. 2016).

3.7.2 Gemins

Gemins are a group of eight diverse proteins which form ribonucleoprotein (RNP)
macromolecular complexes together with SMN and Strap/Unrip protein that
influences the chaperoning of snRNPs crucial for pre-mRNA splicing. The SMN1
protein is a constituent of the SMN complex, an in charge of assembling small
nuclear ribonucleoproteins (snRNPs), which are obligatory for pre-mRNA splicing
(Li et al. 2014). Moreover, Gemins are also involved in the assembly and localiza-
tion of the macromolecular complexes. A recent study has shown that mutations in
both SMN and Gemin5 exhibit detrimental effects on the tissue regeneration process
in zebrafish model. Out of all nine proteins (SMN, Geminl-8, Strap, and Unrip),
SMN and Gemin5 are vital in defining the activity of the RNP macromolecular
complex (Pei et al. 2020). Gemin5 identifies the RNA arm of snRNPs with the help
of highly conserved sequence and conserved motifs (WD-repeat motif) to initiate the
binding of Gemin2 and the core protein of snRNPs—the SMN protein (Zhang et al.
2011; Lau et al. 2009). Owing to their crucial role in formation of SMN ribonucleo-
protein complex, SMN—gemin interactions have been studied as a therapeutic target.
However, the key structural feature of SMN-Gemin interaction and SMN
macrocomplex are still elusive, and most of the research till date has been more
focused on delineating the role of SMN in the SMA prognosis (Borg and Cauchi
2014).

3.7.3 Profilins (PFN)

Profilins belong to a small family of actin-binding proteins that may restrict actin
polymerization while facilitating actin sequestration. In addition to the conventional
actin dynamics, it has also been connected to a variety of other disciplines of cell
biology that include membrane trafficking, signal transduction across membrane,
synaptic architecture, nuclear emigration, and splicing of mRNA (Pernier et al.
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2016). Furthermore, recent literature unraveled the linkage of profilin isoforms to the
initiation and/or advancement of the significant ailment of nervous system,
recognized as spinal muscular atrophy (SMA). The phenomenon was studied by
mutations in their specific ligands and in the profilin isoforms itself (Walter et al.
2021). SMN is well recognized for its involvement in RNA splicing, where it helps
to assemble and guide tiny nuclear riboproteins (snRNPs). They are crucial for a
wide range of cellular functions, including RNA metabolism, transport of mRNA,
mRNA localization, cell signaling, and cytoskeletal dynamics. In general, the
severity of SMA is determined by the alteration in the SMN1 and the corresponding
SMN2 gene. Due to the absence of exon7, the SMN2 isoform is relatively unstable
and cannot substitute for SMN1 completely. On the other hand, increased SMN2
protein levels can cause SMA to revert to its milder forms (Fallini et al. 2012).

The dynamics of cytoskeleton may be altered in SMA due to the interactions of
SMN protein with cytoskeletal proteins. SMNI1 interacts with both PFN1 and
PFN2a; in which PFN2a is more tightly bound. SMNI1 interaction with PFN2a is
hampered by exon 5 or 7 deletions or missense mutations. According to the mapping
of the SMN protein, the domain at the C-terminal having poly-proline is necessary
for initiating their binding with profilins. Further, endogenous PFN1 and PFN2a
colocalize with SMN in the neurite-like progressions of PC12 cells, and the nucleus
of motor neurons (Murk et al. 2021). Moreover, numerous studies show that SMN
has a direct regulatory role in profilin protein levels and function; splicing errors in
the profilin gene have been discovered in SMN-deficient fission yeast. The
SMN-facilitated splice defect reduces the level of profilin protein, causing the
disruption of actin network homeostasis, culminating in disrupted cytokinesis, and
endocytosis in fission yeast (Antoine et al. 2020).

3.8 Frontotemporal Dementia (FTD)

Frontotemporal dementia is a devious neurodegenerative disease characterized by
gradual abnormalities in behavior, executive function, and language. After
Alzheimer’s disease and dementia with Lewy bodies, this condition is the third
most common kind of dementia across all age groups, and it is a prominent cause of
early-onset dementia (Vieira et al. 2013). Arnold Pick described the first patient with
frontotemporal dementia in 1892; the patient exhibited aphasia, lobar atrophy, and
presenile dementia. Alois Alzheimer recognized the typical relationship with Pick
bodies in 1911, and termed the clinicopathological entity as Pick’s disease, which
led to the adoption of Pick’s illness as a synonym for frontotemporal dementia.
Clinical syndromes of FTD are classified into three types (Bang et al. 2015):

1. Variants in behavioral FTD (bvFTD), the most prevalent version marked by
substantial behavioral abnormalities such as disinhibition, apathy, lack of empa-
thy, stereotyped or obsessive behavior, hyperorality, and dietary alterations. On
neuroimaging, frontal and/or anterior temporal atrophy can be seen, which is
usually more severe on the right.
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2. Nonfluent-agrammatic variant primary progressive aphasia (nfvPPA) is a medical
condition categorized by agrammatism and dialogue difficulties. It is associated
with left inner frontal and insular atrophy.

3. Semantic variant primary progressive aphasia (svPPA) is a diseased condition
marked by the loss of object and word identification as well as bilateral anterior
temporal atrophy.

FTD is considered to be inbred in an autosomal dominant pattern in around 40%
of cases, and about 10% of these patients have a favorable family history. Within the
variations, bvFTD and nfvPPA are the ones that are most likely to be inherited, and
svPPA is the one that is in all probability to be sporadic. The same basic gene
abnormality may affect both men and women (Deleon and Miller 2018).
Rademekers and coworkers have discussed that, in a condition, where, FTD has
hardly been recognized in previous generations, and has a high incidence of misdi-
agnosis, it might conceal a familial history of the condition. Furthermore, the
medical phenomenology of FTD may vary even among the members of same family,
making proper diagnosis and detection of a familial condition more challenging.
Even if there is no evident history of FTD in the family, the doctor should consider
referring the patient for genetic testing and counseling, since roughly 6% of patients
with no reported case of FTD in the family have a genetic etiology (Rademakers
et al. 2012). Different clinical manifestations might result from the same basic gene
abnormality. In addition, age of beginning of disease, duration, locations, arrays of
brain atrophy are some of the variables that may influence the phenotype of FTD in a
variety of ways. Researchers also mentioned that, the progression of related medical
characteristics such as Parkinson disease and psychiatric disorders may also add to
the severity (Deleon and Miller 2018; Miller and Guerra 2019).

There is an aberrant type of tau protein in the brain of around 50% of persons with
FTD, and approximately 50% of people with FTD have TDP-43 protein buildup.
FUS protein accumulation affects a tiny number of people, roughly 5%. This
interferes with normal cell functions and may result in cell death. In addition,
mutation in the GRN gene encoding progranulin protein, VCP gene encoding
Valosin-containing protein, CHMP2B gene encoding chromatin-modifying protein
2B protein, tardbp gene encoding TDP-43 protein (observed in the case of ALS too),
sequestosome 1 (sgstml) gene encoding p62, a ubiquitin -associated protein etc., are
observed to worsen the case of FTD. All these mentioned proteins and their
interacting partners are explained in detail in the further sections.

3.8.1 Tau Protein

The protein tau is encoded by mapt gene and is important in maintaining the
microtubule stability and assembly, as well as intracellular signaling. Tau mutations
may cause illness via a variety of methods, including influencing tau alternative
splicing, increasing tau aggregation in the cytoplasm, and microtubule instability
owing to variation in tau phosphorylation. mapt was the one among the initial genes
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discovered to be linked with FTD, for the first time, in 1994, Lynch et al. associated
FTD in an autosomal dominant family to chromosome 17g21.2 (Lynch et al. 1994).
Based on the mutation, there are different categories and sites of frontotemporal
lobar degeneration-tau pathology in neurons and glial cells. Frontotemporal lobar
degeneration-tau pathology is seen if there exists a mutation in mapt exon 10, while
in its absence the 3R and 4R tau are observed in the nerve cells (Ghetti et al. 2015).

Similar to major NDD-associated proteins, tau is also involved in proper cyto-
skeleton assembly and localization. Specifically, it regulates the organization of
microtubules (MT) in neuronal cells, whose activity greatly depends on the
two-way trafficking of cytoplasmic cargo from axonal to dendritic peripheries.
Several biochemical and mutation studies have confirmed that dysregulation of
Tau-MT complex leads to disassembly of microtubules and incongruent cellular
polarity and viability (Brunello et al. 2020). Tau protein is majorly localized in the
axonal region of the neurons; however, it can also be found in other locations
(plasma membrane, nucleus, mitochondria, synapses, and dendrites) at various
timepoints during neuronal development and homeostasis indicating its multifaceted
roles in the cells. Besides, MT regulation, Tau protein has been shown to be involved
in synaptic development and signaling regulation via its interaction with nucleic
acids and membrane receptors respectively (Goedert et al. 2021). Structurally, the
Tau protein consists of three regions: the projection domain (consisting of N1 and
N2 domain), the proline-rich region, and microtubule-binding repeat domains or
MTBD (consisting of R1, R2, R3, and R4 domains). The projection domain is the
N-terminal domain of the protein consisting of 1-150 residues, and is involved in the
modulation of the MTBD—MT interaction (Matsumoto et al. 2015); the mid region is
the proline-rich domain (residue 151-243), which is an intrinsically disordered
region involved in interaction with nucleic acids, and secondary messengers (such
as Src homology-3, Fyn kinase), and neuronal signal transduction (Koren et al. 2020;
Wang et al. 2006). The Proline-rich region is the major region involved in the
secondary functions of the tau protein. Lastly, the C-terminal (residue 244-441)
comprises the MTBD region. The MTBD together with the proline-rich domain is a
major binding hotspot for a variety of NDD-associated protein such as FUS,
presenilin-1, TIA-1, and a-synuclein (Morris et al. 2011). Tau protein is considered
as an intrinsically disordered protein due to its ability to acquire various structural
states, and propensity of aggregate formation. Numerous biophysical studies such as
circular dichroism, NMR, and cryo-EM have been used to unravel the conforma-
tional states of tau in its physiological, pathological, and microtubule-bound states
(Kellogg et al. 2018; Avila et al. 2016).

In pathological conditions, Tau protein is able to aggregate owing to the presence
of two hexapeptide (VQIVYK and VQIINK) regions present in the third and second
MTBD repeats. Both regions are involved in the tau homodimerization process
which acts as a nucleation step for Tau aggregation (Von Bergen et al. 2000;
Fitzpatrick et al. 2017). Other than the hexapeptides, two cysteine residues of R2
and R3 also mediate the aggregation and formation of paired helical filaments of Tau
fibrils (Fitzpatrick et al. 2017). Mutation studies have deciphered the role of the
hexapeptides’ regions and their nearby residues in the stimulation of fibril formation.
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A widely known mutation P301L mutation that promotes tau aggregation has been
found in some FTD patients. Similarly, insertion of proline in the hexapeptides has
been shown to reduce fibril formation via distortion of -sheet structures (Bulic et al.
2010). Similar to these, the critical MT-binding residues (K257, G272, P301, V337,
R460) have been identified with the help of mutation studies (Liu and Gong 2008).

Post-translational modification specially, phosphorylation also plays an important
role in regulation of MT, and other Tau-related signaling processes due to its Ser/
Thr-rich sequences. The phosphorylation mediates the cell signaling capability of
Tau, and the phosphorylated state is tightly regulated via kinases and phosphatases
(Martin et al. 2011). Three types of kinases are mainly involved in the phosphoryla-
tion of the Tau protein namely, proline-directed Ser/Thr kinase (GSK3p, CDKY),
nonproline-directed Ser/Thr kinase (DYRKI1A, PKA, CK1), and Tyr kinases (Fyn,
Src) (Martin et al. 2013; Rawat et al. 2022). Several of these kinases are also
associated with the hyperphosphorylation of Tau and other proteins that are able to
form neurofibrillary tangles. Hyperphosphorylation is one of the major steps in the
deposition of Tau neurofibrillary tangles and reduction of Tau affinity toward MT
(Sotiropoulos et al. 2017). Other than phosphorylation, acetylation at multiple sites
of Tau MTBDs has also been identified as a detrimental modification. MTBDs are
also rich in lysine residues and major Tau residues such as K280, K274, K281 have
been suggested as the site for acetylation leading to progression of NDDs (Min et al.
2015). However, a recent study evaluated the protective role of acetylation of lysine
present with the KXGS motifs (K259, K290, K231, K353) (Xia et al. 2021),
suggesting the dual role of post-translational modification in the management
of NDDs.

The wide spectrum of structural and functional information available for Tau
protein has driven the development of therapies against NDDs. Till date, most of the
therapies developed against FTD and other NDDs have been designed around Tau
and amyloid fibrils. Tau inhibitors include Tau phosphorylation inhibitors, aggrega-
tion inhibitors, immunotherapies, and gene-silencing therapeutics. The current sce-
nario of drug development and therapeutics involving Tau and other FTD-associated
proteins has been comprehensively reviewed by Panza et al. (2020).

3.8.2 Progranulin

The progranulin protein-encoding gene, grn is located on 17q21.31. Progranulin
found in neurons and active microglia acts as a growth regulatory factor that
stimulates signal transduction, and is crucial for the physiological processes like
development, wound repair, and inflammation (He and Bateman 2003). Progranulin
is synthesized by the activated microglial cells, which adheres to sortilin-1 present
on the surface of the neurons, gets internalized, and is transported to the lysosomes.
Inside the neuronal cells, progranulin helps to break down proteins, especially
TDP-43. To this point, there have been more than 100 grn mutations that are
associated with age-related proteinopathy (Moore et al. 2020). Altered grn genes
have been discovered in around 5% of patients with sporadic, and 5-15% of those
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with familial FTD. Although progranulin-mediated FTD is autosomal dominant,
surprisingly 90% of affected people show visible symptoms at the age of 70.
Symptoms start to show up about 67 years after the disease’s initiation (Galimberti
et al. 2018).

Dominant nonsense and frameshift mutations largely affect the grn gene leading
to the generation and degradation of premature mRNA, which suggests that grn
haploinsufficiency is the cause of grn-linked neurodegeneration. A growing number
of grn mutations cause the gene to be deleted. These mutations affect how the gene is
translated, processed, and secreted. People with grn mutation have grn protein
deficiency in their CSF (cerebrospinal fluid) (Fyfe 2020). grn mutation shows a lot
of different phenotypes. The two most frequent disorders in this category are
frontotemporal dementia and nonfluent/agrammatic variant PPA. People who have
a grn mutation are more likely to have clinical signs of mild Parkinsonism,
Alzheimer, and motor neuron disease in their bodies. Most of the time, grn mutations
cause corticobasal syndrome, or progressive supranuclear palsy (Terryn et al. 2021).

Progranulin is also known to mediate neuronal survival and differentiation and
acts as a neurotrophic factor. Clinical studies and assessment of gradual reduction of
CSF in FTD patients with grn mutation, and in vitro studies with recombinant
progranulin and granulin E-peptide have indicated that progranulin promotes the
survival and neurite outgrowth in animal models (Kao et al. 2017). However, the
knowledge of progranulin-associated receptor and its mechanism still remains elu-
sive. Several receptors such as TNF receptors, sortilins, and ephrin type-A receptor
2 (EPHA2) have been identified as potent receptors of progranulin-mediated
neurotrophic responses (Neill et al. 2016; Hu et al. 2010; Tang et al. 2011).
Nevertheless, it has been difficult to reproduce the interactions specifically in case
of TNF receptor using immunochemical assays and sortilins, as TNF receptors being
trafficking receptors and are mainly involved in the anterograde and/or retrograde
endosomal trafficking of progranulin to lysosome. Interestingly, of the three
progranulin-associated receptors, a definite mechanism of neuroprotective effect
for EPHA2 has been proposed recently. The proposed mechanism states that
progranulin binds to the EPHA2, a cell-surface receptor that activates the tyrosine
kinase activity of EPHA2 and its downstream AKT kinases (Neill et al. 2016).

Other than cell surface receptors, progranulins have been reported to form
heterodimers with a functionally similar protein, prosaposin (Nicholson et al.
2016). Similar to progranulins, prosaposins are glycoproteins that are trafficked
through sortilins to lysosome and promote sphingolipid hydrolysis (Zeng et al.
2009). Moreover, similar to progranulins, the loss-of-function mutants of
prosaposins lead to the development of lysosomal storage disease known as
sphingolipidoses. The stark structural and functional similarity of both the proteins
makes them amenable for heterodimer formation, which helps in regulation of
intracellular and extracellular progranulin levels (Chitramuthu et al. 2017). More-
over, prosaposins aid the transportation of progranulins to the lysosome, which is
important for lysosome function and regulation. The localization of progranulins in
lysosome has been linked to the formation of lysosome and cellular proteostasis. For
instance, progranulins are associated with the regulation of TFEB transcription
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factor, which is important for lysosome biogenesis. Similarly, cleaved progranulins
(granulins) impair the degradation of TDP43, an essential factor in several NDDs
(Zeng et al. 2009). The diverse role of progranulins in development and aging has
made it an important therapeutic target. Small molecule inhibitors such as
suberoylanilide hydroxamic acid (SAHA), a histone deacetylase inhibitor is
known to regulate the expression levels of progranulins; however, it is not a highly
reliable treatment methodology as expression levels of progranulins are tightly
regulated by epigenetic modifications. A comprehensive knowledge of progranulin
expression, cleavage, and mechanism of action still needs attention to formulate
precise therapeutic strategies (Terryn et al. 2021).

3.8.3 Valosin-Containing Protein (VCP)

The gene on chromosome 9p13.3 vcp encodes for the valosin-containing protein
(VCP) is a part of the ATPase that is associated with various activities (AAA+)
protein family, and is involved in biological processes such as cell cycle control,
membrane fusion, and the ubiquitin-mediated proteasome degradation cascade (Yeo
and Yu 2016). The first reports of frontotemporal dementia-associated VCP
mutations were linked to a rare illness called inclusion body myopathy with Paget
disease and frontotemporal dementia (IBMPFD). The patients were described as
angry, apathetic, and suffering from anomia, which included frequent visual or aural
hallucinations. Their memory was believed to be unaffected in most cases (Yeo and
Yu 2016). VCP comprises of four structural domains which include highly
conserved amino-terminal (N domain), two ATP-binding domains (D1 and D2),
and a C-terminal region. The regions linking the N domain, D1 and D2 domains are
named as N-D1 linker and D1-D2 linker (Xia et al. 2016) (Fig. 3.8a, b). The
N-domain binds to a variety of substrates and facilitates the ubiquitin-proteasome
degradation cascade, while D1 and D2 domains help in formation of the
homohexameric form, and confer ATPase activity respectively (Fig. 3.8c). Further,
the C-terminal region contains the nuclear localization signaling motif, and interacts
with nuclear localization-specific proteins (Tang and Xia 2016). Under normal
conditions, VCP mediates the degradation of misfolded proteins in the ER by
interacting with various polyubiquitinylated misfolded proteins and arbitrates
proteasomal degradation.

The popularly known interactors of VCP are p47, NPL4 (nuclear protein locali-
zation protein 4) (Fig. 3.8d), UBXD1 (UBX-domain containing protein 1), ubiquitin
ligase gp78, ubiquitin fusion degradation 1L (UFD1), and TDP43 (Joshi et al. 2017,
Guo and Qi 2017). The binding of VCP and its protein interactors prevents aggrega-
tion of misfolded proteins, a major pathological process in neurodegenerative
diseases (Bayraktar et al. 2016). Other than ER proteins, VCP also associates with
proteins present in mitochondria (Lizano et al. 2017; Tang and Xia 2016), by
mediating E3 ligase Parkin-dependent mitophagy-associated degradation of
misfolded protein with the help of its UFD1 and NP14 (Guo et al. 2016). Further
VCP is known to play a crucial role in calcium homeostasis by regulating the
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A. [ substrate binding | [ Oligomerization | [ ATP binding | Nuclear localization |

Fig. 3.8 Structural architecture of VCP protein. (a) Schematic representing the different domains
of VCP protein. (b—d) represent monomeric, hexameric, and N-domain of VCP in bound state with
one of its ligands—NPL4 (pink) (nuclear protein localization protein 4) respectively. The white,
blue, green, and red in the monomeric state (b) represents the N, D1, D2, and linker regions
respectively [PDB IDs: 3HU2, 1R7R, 2JPH]

mitochondrial calcium uptake proteins (MICU) (Patergnani et al. 2011). Through
interactions with a number of ubiquitin adapters, VCP’s major function is ubiquitin
chain conjugation to its substrates and subsequent delivery of these substrates to the
26S proteasome for further degradation, like ER-associated protein degradation
(ERAD) (Lan et al. 2017). IBMPFD-associated VCP mutations affect protein
turnover via the ubiquitin proteasome system of the ER membrane, leading it to
bind to other cofactors thus disrupting the UPS signaling cascade. These findings
might be explained by the altered interactions between the proteins in the ERAD
pathway, which impedes ubiquitinated proteins from being transported from the ER
to the proteasome (Weihl et al. 2006). Furthermore, overexpression of two VCP
mutants, R155H and A232E impairs autophagy by preventing ubiquitin-conjugated
autophagosome maturation, resulting in an increase in autophagosome concentra-
tion, thus contributing to the FTD pathogenesis (Sun and Qiu 2020).
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3.8.4 Chromatin-Modifying Protein 2B

The gene for chromatin-modifying protein 2B (chmp2b), also known as charged
multivesicular body protein 2B (CHMP2B), is found on chromosome 3pl11.2.
CHMP2B is a member of a protein family that contributes to the endosomal sorting
complex, which is essential for ESCRT-III (Endosomal Sorting Complexes required
for Transport) type of transport. This multifaceted conjugate is found in neuronal
cells throughout the brain, particularly in the regions of frontotemporal lobes, the
hippocampus, and the cerebellum. During the creation of multivesicular bodies, it is
considered that the transport-III complex contributes to the autophagic/late endo-
some pathway by degrading proteins of cell membrane receptor (Vandal et al. 2018).

As CHMP2B mutations impair the activity of the ESCRT-III complex, aberrant
protein accumulates in huge cytoplasmic vacuoles. CHMP2B mutations are rather
rare, accounting for less than 1% of all FTD hereditary mutations. The usual
inception age is in the mid-50s, and the condition lasts for 10 years (Isaacs et al.
2011). The CHMP2B was first discovered in a Danish family with FTD linked to
chromosome 3 (called FTD-3). Due to the splice site mutation, two transcripts are
produced, each encoding basically two proteins with a faulty C-terminal:
CHMP2Bintron5 and CHMP2Bdell0. In the first one, the intronic sequence for
both exons 5 and 6 is preserved but only one valine is embedded rather than the full
36 amino acids programmed by exon 6; whereas, in the second secreted ambiguous
10 bp splice site from exon 6 is used. Later, a similar case was found in a Belgian
family with familial FTD-3, with the mutation causing the protein to be truncated,
losing 49 amino acids. The mutations related to amyotrophic lateral sclerosis (ALS)
in CHMP2B, on the other hand, were missense mutations (Ranganathan et al. 2020).

3.8.5 Protein p62

The sqstml gene on 5q35.3 gets translated to protein p62, binds to ubiquitin, and is
important for NF-kB signaling, apoptotic, and autophagic pathway. p62 functions
are carried out by protein—protein interactions, which are aided by a variety of
domains (Miller et al. 2015). Its function as an autophagy receptor is mediated by
two domains namely, the UBA domain which binds to ubiquitinated substrates, and
its LC3-interacting domain that interacts with autophagosome membrane protein
LC3 (LIR). Self-oligomerization is mediated by the PB1 domain of p62, which may
be significant in the degradation of certain substrates via the ubiquitin-proteasome
system (UPS) or macroautophagy (Rea et al. 2014). p62 also modulates signaling
pathways that stimulate the transcription factors Nrf2 and nuclear factor kappa B
(NF-xB), which are critical for brain health. In neurons, the Nrf2 pathway is the
primary response to oxidative stress, and knocking it off makes cells more vulnera-
ble to neurotoxic insults (Arai et al. 2003).

It is worth mentioning that p62 has been occupied in the positive control of
NF-xB. As a result, p62 has a dual function in NF-xB regulation that is either p62
concentration-dependent or temporally regulated. p62 is a multifunctional protein
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with several functional domains, mutations affecting these domains influence
autophagy as well as cell signaling pathways including the Nrf2 and NF-xB, as
well as mitophagy and aggregate/inclusion body formation (Itakura and Mizushima
2011). FTD-associated p62 polymorphisms may therefore contribute to the etiology
by impaired toxic protein degradation, and a reduced capacity to develop an appro-
priate stress response, leaving cells more vulnerable to neurotoxic assault. The
importance of p62 and modifiers like TBK1 in a healthy autophagy lysosome system
is well understood, but further study is required to explore how mutations that impair
mitochondrial turnover and altered NF-B signaling influence neuronal health and
survival (Foster and Rea 2020).

3.8.6 Ubiquilin-2

Ubiquilin-2 is a single exon-encoded 66 kDa protein belonging to Ubiquilin family
of proteins. The protein-coding gene ubgln2 is positioned on Xp11.21 chromosome.
UBQLN?2 protein contains a ubiquitin-like domain (UBL) at the N-terminal that
binds to the 26S proteasome, and a C-terminal ubiquitin-associated domain (UBA)
detecting polyUb chains on ubiquitinated proteins (Walters et al. 2002) (Fig. 3.9a). It
is cytosolic in nature and has been found in the brain, heart, spleen, liver, pancreas,
and other organs. It is responsible for the protein homeostasis by guiding misfolded
or absurd proteins to the proteasome. UBQLN2 is dormant normally, but becomes
active when HSP70 interacts to proteins, exposing a UBQLN2-binding site. When
UBQLN?2 is activated, it binds to the 26S proteasome and forms a degradation-
competent complex. It has also been associated with the protein breakdown in the
endoplasmic reticulum (ER) (Xia et al. 2014). The UBA domain of UBQLN2
interacts with the ER membrane localized ubiquitin regulatory X domain-containing
protein 8 (UbxdS), assisting the transfer of substrate for ERAD to the cytoplasm.
When activated under stress, UBQLN2 may potentially bind to Herp (homocysteine-
induced endoplasmic reticulum membranes protein), which protects the cells by
regulating Ca** homeostasis in ER and preserving the functioning of mitochondria
(Fig. 3.9b) (Kim et al. 2008). Meanwhile UBL domain detects ubiquitinated proteins
and leads them to the 26S proteasome. UBQLN?2 is also able to induce autophagy
through indirect interaction with autophagy-associated proteins such as LC3
(Croona 2020).

Mutated UBQLN2 has recently been discovered as genetic indicators for FTD.
UBQLN?2 mutations are known in 2% of rare autosomal FTD cases. The majority of
the mutations have been found in a region of proline-rich PXX domain of UBQLNZ2;
however, several changes outside of this region have recently been discovered. The
PXX domain is often involved in PPIs. As a result, changes in this domain are likely
to have a significant impact on UBQLN?2 function (Hjerpe et al. 2016). Similar to the
other proteins relevant to FTD, mutations in UBQLN?2, cause aggregation and the
formation of cytoplasmic inclusion bodies in the medulla spinalis and other brain
tissues. These aggregated UBQLN?2 acquires the potential of attaching them with
other proteins like TAR, TDP-43, and FUS (Takada 2015). A detailed purview of
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Fig. 3.9 Schematic representation of (a) UBQLN2 protein architecture, and (b, ¢) mechanism of
interaction of UBQLN?2 with proteasomal degradation and autophagy-associated protein. (Adapted
from Renaud et al. 2019)

UBQLN2-TDP43 interactions has been recently reviewed by Renaud et al. (2019),
and is explained below.

3.8.6.1 TDP43-UBQLN2 Interaction

TDP-43 intrinsically is a nuclear localized protein but in FTD, it is translocated to the
cytoplasm and gets processed by caspases, producing phosphorylated and
ubiquitinylated TDP-43 CTFs. Surprisingly, UBQLN2 mutations result in the accu-
mulation of UBQLN2 and TDP-43 in the inclusion bodies called stress granules.
Nevertheless, UBQLN2 and TDP-43 are often not found in the same inclusion body,
and their degree of coexistence seems to be reliant on the position of the UBQLN2
mutation, with colocalization being prevalent in individuals with UBQLN2
mutations immediately upstream of the PXX domain (Daoud and Rouleau 2011).
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Furthermore, when both UBQLN?2 and carboxy terminal TDP-43 (218414 aa) are
overexpressed in cell culture models, they are copositioned in cytoplasmic
aggregates. While the relevance of these results is unknown, they do imply that
there may be a relationship between UBQLN2 and TDP-43 that merits further
examination (Deng et al. 2011).

3.8.7 TREM2 Protein

TREM?2 (Triggering Receptor Expressed on Myeloid cells 2) are membrane proteins
present in receptor-mediated signaling complex with the TYRO protein (TYROBP)
and are found on chromosome 6p21.2. This complex is involved in immune
response activation, osteoclast and dendritic cell development, and microglial
phagocytosis (N’Diaye et al. 2009). TREM?2 is increased in activated microglia
and plays a role in phagocytosis, survival, chemotaxis, and neuronal damage
response. Homozygous TREM?2 mutations cause Nasu-Hakola illness, a rare condi-
tion linked to early-onset of FTD-like dementia, while homozygous TREM2
mutations are linked to FTD-like disorders without bone involvement (Le Ber
et al. 2014). TREM2 ectodomain is cleaved, releasing a soluble TREM2
(sTREM2) fragment into extracellular space in CSF. Although elevated CSF
STREM?2 levels were first reported in neuroinflammatory illnesses like multiple
sclerosis, the link between sSTREM2 and other disease indicators has lately piqued
attention in neurodegenerative disorders (Woollacott et al. 2018).

3.8.8 Tank-Binding Kinase 1 (TBK1)

Tank-binding kinase 1 (TBK1) is a serine threonine kinase with numerous activities,
including the ubiquitinated cargo clearance as measure of the innate immune
response and selective autophagy. It is found on chromosome 12q14.2 and is
responsible for encoding a kinase to serve a wide range of functions. TBK1
substrates comprise p62 and optineurin, both of them are implicated in autophagy
(Herhaus 2021). ALS and FTD both have been linked to loss-of-function mutations.
Researchers have documented functional impacts of 25 TBK1 missense mutations
discovered in ALS or FTD patients. They concentrate on faulty PPIs and substrate-
definite abnormalities in innate immunity and autophagy processes. Patients having
TBK1-linked FTD manifest clinically as bvFTD, albeit early loss of memory and
bewilderment have been reported in association with the development of behavioral
problems (Ye et al. 2019). The genetic relationship between TBK1 and neurological
disorders is mostly centered on deleterious loss-of-function mutations (including
splicing site or frameshift mutations) that are more prevalent in ALS/FTD patients,
and leads to the lack of expression of one TBK1 gene (Gijselinck et al. 2015).
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3.9 Batten Disease (Neuronal Ceroid Lipofuscinosis)

The neuronal ceroid lipofuscinoses (NCLs) are a cluster of recessive neurological
illnesses defined by the buildup of indigestible ceroid lipofuscin in plentiful cell
types, resulting in advanced neurodegeneration. The NCLs, also called as Batten
disease, are responsible for severe clinical manifestation such as visual loss, motor
and mental deterioration, epilepsy, and early mortality. Despite the fact that Batten
disease affects people of all ages and ethnicities, it is known as the most frequent
type of neurodegeneration among children (Radke et al. 2015).

Due to the general lysosomal buildup of ceroid lipofuscin, NCLs are usually
referred to as lysosomal storage disorders. However, the specific activities of
NCL-related genes and proteins, as well as the molecular and cellular mechanisms
causing NCLs, are still unknown, spurring the development of a range of model
systems to provide insights into the biological processes impacted by NCL-related
gene alterations (Minnis et al. 2020). Early research on patient samples revealed that
altered protein production was involved in NCLs. This is aligned with neural
signaling being dependent on the controlled release of proteins and other chemicals,
and any abnormality or mutation in the gene encoding for these proteins can lead to
the impaired secretion and ultimately cause neurodegeneration. Till date, occurrence
of 13 distinct types of neuronal ceroid lipofuscinosis (knowns as CLNs) caused by
mutation in the lysosomal and ER-associated protein (CLN1-CLN8 and CLN10-
CLN14) have been reported, and are summarized by Butz et al. (2020). Based on the
function of each associated protein, CLNs can be clustered into five groups, NCL
associated (1) lysosomal enzyme deficiencies, (2) soluble lysosomal protein,
(3) lysosomal membrane protein, (4) ER-localized protein, and (5) nonlysosomal
proteins. Although the phenotypic effects of all CLN-associated proteins have been
identified, the exact binding substrate/proteins are only known for some of the CLN
diseases. Various CLN-associated proteins, their known interactors, and their
effects/functions have been summarized in Table 3.5.

3.10 Conclusion

Neurodegeneration is a compounded class of disorders and by the end of the 2050,
estimated around 115 million patients will be affected by at least some type of
neuronal disease. Discrepancy in folding, aggregation, and protein—protein interac-
tion (PPI) involving an array of proteins like amyloid-p, tau, a-synuclein, PrP,
CDKS, cathepsin, and many more leads to this protienopathy. An arena of both
experimental and computational research is ongoing at a rapid pace to decipher the
molecular basis, subvert, and cure this pressing issue. This chapter systematically
described the details of all majorly reported neurodegenerative diseases and behav-
ioral aspects of the associated causal proteins in triggering the pathophysiology. The
data undoubtedly represent the indispensable role of the hampered protein—protein
interaction network, and a conclusive mechanistic idea about the molecular
interactions enabling us to design, generate, and repurpose molecules/drugs
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targeting the underlying protein—protein interaction network. Despite rigorous
research to find PPI interaction blockers of neuropathy, no single molecule/drug/
combination has been approved by the FDA till date. In this context, it is worth
mentioning that a combinatorial reappraisal of two FDA-approved drugs, cromolyn
and ibuprofen has proven to be useful in suppressing off accumulation, inflamma-
tion, and subsequent neuronal death. In adjunct to discovering PPI inhibitors, it is
vital to identify relevant biomarkers for the disease diagnosis and prognosis of
differential neuropathic conditions. Extensive interdisciplinary and profound inves-
tigation are quintessential to develop all-inclusive prevention and cure strategies for
each type of these neurodegenerative disorders.
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4.1 Overview of Inflammation

Inflammation is a biologically conserved event in the complex immunological
response of the human body against any foreign stress, such as infection (pathogens
and irritants) or injury (injured cells). Inflammation acts as the protector, eradicates
the initial cause, and also induces the process of tissue regeneration, which is
considered as the standard response machinery of innate immunity (Abbas et al.
2019). Redness, heat, swelling, pain, and loss of function are the five traditional
insignia of inflammation, though it is not limited to these responses only. The
representative Fig. 4.1 below describes the initiation of an inflammatory reaction
involving various biochemical pathways and protein—protein interactions. Inflam-
mation is a relatively short-lived response that helps the immune system to eradicate
the pathogen or heal a lesion. However, persistent and allergic inflammations are
prevalent and may be dangerous (Hawiger and Zienkiewicz 2019).

An inflammatory response is arbitrated to ascertain the danger created by the
infectious cells. For example, a microbial infection can cause inflammation, which
stimulates specific antimicrobial molecules within the cell; while wound healing
responses can be produced after a skin injury. Although differential cellular
responses arise under variable stress conditions, the inflammatory cell signaling is
primarily controlled by the master regulator NF-xB (Koh and DiPietro 2011).
Inflammation can be broadly categorized as acute and chronic inflammation.
Acute inflammation starts shortly after an injury and lasts for a few days, whereas
the chronic inflammation lasts for months or in some cases, even for years. In
chronic inflammation, macrophages, lymphocytes, and plasma cells predominate,
while neutrophils take precedence in the case of acute inflammation (Hawiger and
Zienkiewicz 2019).

In the process of inflammation, pattern recognition receptor proteins (PRRs)
comprising of toll-like receptors (TLRs), play a significant role in sensing the
external stimulus. TLRs are the group of membrane-bound proteins in which
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Fig. 4.1 Summary of protein—protein interactions and biochemical pathways leading to inflamma-
tion. (Adapted from Maddipati 2020)

dimerization is triggered to sense the distinctive molecular patterns. In case of
pathogenic stress, it recognizes the Pathogen-Associated Molecular Patterns
(PAMPs); whereas, Damage-Associated Molecular Patterns (DAMPs) are sensed
in the case of tissue injury (Tang et al. 2012). Upon sensing the PAMPs and/or
DAMPs, immune cells stimulate the cascade of chemical changes that are initiated
with the production of small messenger proteins called cytokines, which converses
the information of external stimulus to the other immune cells through autocrine,
paracrine or endocrine signaling to eliminate the infection or heal the lesion.
Table 4.1 provides a summary of the key cytokines implicated in the process of
inflammation (Kany et al. 2019).

There are numerous proteins involved in the process of inflammation; nuclear
factor-kappaB (NF-kB) is the most important one among them as mentioned earlier.
NF-«B is a transcription factor that regulates the group of proteins that are crucial for
governing the genes responsible for inflammation and immunity. It triggers the
genes in the cells of innate immunity that are present in macrophages, dendritic
cells, and neutrophils. Apart from this, NF-kB is also observed to be involved in the
adaptive immune response by governing T cell activation and differentiation (Liu
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Table 4.1 List of some essential cytokines that play major role in inflammatory responses

Cytokines | Description References
IL-1 — Proinflammatory cytokine produced by stimulated Gabay et al.
macrophages, monocytes, and keratinocytes. (2010)

— Thymocyte proliferation is stimulated by IL-1 alpha, as
is B cell proliferation and maturation.

IL-6 — Generated by activated T cells, macrophages, Tanaka et al.
endothelial cells, fibroblasts, and osteoblasts. (2014)
— IL-6 stimulates cells by soluble IL-6R serpentine
receptor.

— Along with B cell differentiation and immunoglobulin
synthesis, it also promotes hybridoma proliferation.

IL-8 — Endothelial cells and monocytes produce CXCLS. Ghasemi et al.
— IL-8 attracts neutrophils, T cells, and basophils through | (2011)
the CXCR1 and CXCR2 receptors.

IL-10 — Initially referred as CSIF (cytokine synthesis inhibiting | Boonpiyathad
factor). T cells, mast cells, B cells, and macrophages all secrete | et al. (2019)
IL-10.
—  TNF-a, IL-1, IL-2, IL-3, and IL-8 are among the
proinflammatory cytokines that IL-10 inhibits.

1L-33 — Endothelial venules generate IL-33 in tonsils, Peyer’s Di Salvo et al.
patches, and mesenteric lymph nodes. (2018)
— IL-33 inhibits T helper 2 (Th2) cell cytokine production
by binding to the receptors of ST2 and toll-interleukin 1 (IL-1).

TNF-a — Generated by the macrophages, T and B lymphocytes, Zelova and
stimulated monocytes, and fibroblasts. Hosek (2013)
— TNF-a stimulates the transcription factor NF-kappa B,
induces cell death in several cancerous cell, and promotes cell
growth.
— TNF-a involved in inflammation, septic shock,
autoimmune diseases, and in the case of chronic RA.

et al. 2017). In physiological conditions, NF-kB stays inactive in the cytoplasm due
to its association with inhibitor kappa B alpha (IkBa). In response to an external
stress or inflammatory cytokine-like tumor necrosis factor alpha (TNF-a), IkBa is
cleaved and destroyed by proteolytic activity, in turn releasing the NF-kB that
migrates to the nucleus and promotes the transcription of genes that are responsible
for the initiation and maintenance of inflammation (Mussbacher et al. 2019). A
bunch of other proteins associated with major inflammatory cell lines like
neutrophils, monocytes, and macrophages orchestrate diverse inflammatory
disorders on interacting with each other in unregulated manner (Chaplin 2010).

An immune system performing correctly will only be activated upon the intro-
duction of an actual threat, and upon removal of the stimulus, the inflammatory
response would be terminated. Conversely, immune system can also induce inflam-
mation against nonharmful elements and in some cases, it fails to differentiate
between the self and the foreign elements and generates response against self,
which is termed as autoimmune inflammation. If this stimulus is persistent, it may
lead to symptoms of many chronic pathophysiological conditions like cardiovascular
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disorders, autoimmune diseases, and neurodegenerative disorders like Alzheimer’s.
For instance, abnormality in the NF-kB signaling is established to be the signature
symptoms of immune disorders that include rheumatoid arthritis (RA), inflammatory
bowel disease (IBD), multiple sclerosis, atherosclerosis, type I diabetes, and asthma.
Owing to the fact that NF-«B is the principal controller of inflammation involved in
the activation of numerous proteins governing the phenomenon of innate immunity,
aberration in the activity of these proteins may lead to the perturbed immune
response (Liu et al. 2017). The NF-xB, associated proteins, and its multifaceted
network of molecular interactions exhibit a pivotal function in triggering immune
responses and are distinctively involved in the onset and progression of various
immune diseases. Targeting the NF-kB and associated protein—protein interaction
interfaces can be a potent therapeutic approach, regulating or reversing the chronic
state of the inflammation (Hsu and Katelaris 2009).

4.2 Types of Immune Disorders

In general, any dysfunction in the immune system is implied as immune disorders.
Immune disorders can be classified on the basis of any immune condition being
congenital or acquired; and also, it can be categorized based upon the constituents of
immune system that are much affected considering the fact that immune system can
be underactive or overactive. There are various immune disorders and these can be
broadly classified into three major categories that include; hypersensitivity disorders,
immunodeficiency disorders, and autoimmune disorders (Zeher and Szegedi 2007).

4.2.1 Hypersensitivity Disorders

In the physiological conditions, hypersensitivity can be defined as the unwanted
response of the immune system. Hypersensitivity reactions are immune responses to
harmless antigens that result in symptomatic reactions when reexposed. If this occurs
often enough, they may lead to hypersensitivity disorders. Hypersensitivity is a term
used to describe a condition of increased responsiveness to antigen and the
associated disorders can be categorized into four classes as type I-IV (Gell and
Coomb’s classification) hypersensitivity as described in Table 4.2 (Uzzaman and
Cho 2012).

4.2.2 Immunodeficiency Disorders

The compromised activity of the immune system leads to the reduction in its
capacity to protect the body against infectious pathogens as it fails to neutralize
the invading foreign stresses including bacteria, virus, and fungus inducing the
development and reoccurrence of a severe infection that stays for longer period,
thus leading to disorders known as immunodeficiency disorders (Table 4.3). These
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Table 4.2 Gell and Coombs classification of hypersensitivity
Immune cells Examples of
Type Name involved diseases References
Type-1 Anaphylactic IgE — Hay fever Abbas et al.
hypersensitivity — Asthma (2021)
— Anaphylactic
shock
Type-1I Cytotoxic IgM, IgG, and — Transfusion Dispenza
hypersensitivity complement reaction (2019)
system — Hemolytic
diseases of newborn
(HDN)
Type-111 Complex- IgG — Alveolitis Usman and
hypersensitivity | mediated —  Serum Annamaraju
sickness (2021)
Type-1V Delayed-type Sensitized — Mantoux Marwa and
hypersensitivity | hypersensitivity CD4+ T reaction Kondamudi
(DTH) lymphocyte — Contact (2021)

hypersensitivity

disorders can also be a resultant of prolonged use of any drug or due to life
threatening diseases like cancer. In some cases, these disorders are established to
be inherited also. Broadly, the immunodeficiency disorders can either be primary as
observed in Burton’s diseases or secondary, like the one that is induced by the HIV
infections (Justiz Vaillant and Qurie 2018). Primary deficiency is caused by starva-
tion, which inhibits cell-mediated immunity and phagocytosis. Though the ingestion
of foreign organisms is not affected, but the ability of phagocytic cells to eliminate
intracellular organisms is impaired (McCusker et al. 2018). On contrary, secondary
immunodeficiency is induced by the drugs like steroids, cyclophosphamide, azathi-
oprine, mycophenolate, methotrexate, leflunomide, ciclosporin, tacrolimus,
rapamycin, etc. Moreover, viruses are also reported to induce secondary immunode-
ficiency; in the case of HIV infection, when virus impaired the activity of CD4+ T
cells and suppresses cellular immune responses, it facilitates the opportunistic
infections that are deleterious to the human health (Zicari et al. 2019).

4.2.3 Autoimmune Disorders

Autoimmunity can be defined as a physiological aberration where the immune
system starts acting abnormal and targeting its own cells. Autoimmune disorders
have a complicated origin, with active participation of genetic, hormonal, and
environmental variables (Chen et al. 2016). In autoimmune disorders, an aberrant
response to self-antigen identification at the cellular level manifests itself in a broad
range of clinical manifestations, wherein most of them are severe and have a
considerable effect on the quality of life (Ngo et al. 2014). Disease categorization
in the case of autoimmune disease is very ambiguous, as there is the lack of thorough
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Table 4.3 Type of immunodeficiency, its cause, and major disorders associated

Types of
ID Cause Example of disorders References
Primary B cell deficiency Bruton disease Hernandez-
Trujillo et al.
(2014)
IgA deficiency Recurrent sinus and lung Moschese et al.
infections (2019)
T cell deficiency DiGeorge syndrome Lambert et al.
(2018)
Chronic mucocutaneous Carey et al. (2019)
candidiasis
Deficiency of both Severe combined Chinn and Shearer
T-cell and B-cell immunodeficiency disease (2015)
Wiskott-Aldrich syndrome Byrme et al. (2018)
Bare leukocyte syndrome Aluri et al. (2018)
Complement system Hereditary angioedema Kirschfink and
deficiency Mollnes (2003)
SLE Dosanjh (2015)
Phagocyte deficiency Chronic granulomatous disease Zhou et al. (2018)
(CGD)
Leukocyte adhesion deficiency De Rose et al.
syndrome (2018)
Secondary | Use of drugs (steroids) | Multiple disorders induced by B Ocon et al. (2017)

cell and T cell deficiency

Rehman et al.
(2017)

Justiz Vaillant and
Qurie (2018)
Tchatchouang

et al. (2019)

Nutrient deficiencies Antibody and cytokine production
is impaired

Obesity Compromised NK cell-promoted
disorders

Acquired immune

deficiency syndrome

Impaired T cell-induced disorders

knowledge of the underlying processes. Broadly, based on the affected organs, it can
be classified in two types: those in which autoimmunity is expressed only in certain
organs of the body (“organ-specific”), and those in which multiple tissues of the
body are harmed are known as systemic autoimmune disorders. Table 4.4 below
describes the categorization of the major diseases under each category (Janeway
et al. 2001).

4.3  Multiple Sclerosis

Multiple sclerosis (MS) is an ailment of CNS that can have a deleterious impact on
both the brain and the spinal cord. MS has a pathobiology that involves autoimmu-
nity damaging the myelin sheath of nerves, thus disrupting the communication
between the brain and other body components (Fig. 4.2) (Islam et al. 2019). MS
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Table 4.4 Types of autoimmune disorder with pathological manifestations

Types of autoimmune
disorder
Organ-specific
autoimmune disorder

Systemic autoimmune
disorder

Diseases

Multiple sclerosis

Type 1 diabetes

Inflammatory bowel
disease

— Crohn disease

— Ulcerative colitis

Ankylosing spondylitis

Systemic lupus

erythematosus (SLE)

Sjogren syndrome

Sarcoidosis

Rheumatoid arthritis

Celiac disease

Pathological
characteristics

— Cognitive
impairment

— Optic neuritis
— Cerebellar
syndromes

Hyperglycemia

— Polyuria

— Polydipsia

— Fistulas

— Erythema
nodosum

— Pyoderma
gangrenosum

—  Ulcer

—  Acro-iliac
joint tenderness

— Peripheral
arthritis

— Lupus
nephritis
Photosensitivity

— Serositis

— Malar rash

Xerophthalmia
— Xerostomia

— Dermatologic
aberration

— Cardiac
manifestation

— Neurological
disorders

— Synovial
inflammation

— Amyloidosis

— Systemic
vasculitis

— Diarrhea

Malabsorption of
food
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has a very unpredictable and diverse course, in most patients, the disease begins with
reversible neurological impairments, which are frequently followed by gradual
neurological deterioration over time (Goldenberg 2012). MS is a complicated
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Fig. 4.2 Demyelination of myelin sheath in MS diseases

ailment in which a number of genes, along with a numerous precise environmental
factor such as vitamin D or ultraviolet-B light (UV-B) exposure, Epstein—Barr virus
(EBV) infection, obesity, and smoking, all contribute to disease vulnerability
(Palacios et al. 2011). The occurrence of MS is typical but not restricted to the
people amid the ages of 20 to 45, with chances of occurrence in infancy and late
middle life as well (Dobson and Giovannoni 2019). Multiple sclerosis has a highly
varied natural history, with symptoms that may come, vanish, recur, or worsen along
with the time. In spite of this diversity, the disease can be broadly categorized into
relapsing and progressing which are further subdivided into RRMS (Relapsing
remitting multiple sclerosis) and CIS (Clinically Isolated Syndrome), and PPMS
(Primary Progressive Multiple Sclerosis) and SPMS (Secondary Progressive Multi-
ple Sclerosis) respectively (Leary et al. 2005).

Multiple sclerosis is assumed to be caused by diverse factors that include
environmental and genetic mutations in dozens of genes, though, the exact cause
remains unclear. The strongest genetic risk factors for this ailment are alteration in
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the HLA-DRB1 gene, HLA classes I and II, T-cell receptor, CTLA4, ICAM1, and
SH2D2A (Sadovnick 2012). Alteration in the IL7R gene, as well as environmental
factors like Epstein-Barr virus exposure, low vitamin D levels, and smoking, have all
been linked to an increased chance of developing multiple sclerosis. Vitamin D also
has a critical participation in the MS causative chain. This includes evidence of a
gene—environment interaction between vitamin D and the major MS-linked
HLA-DRB1*1501 allele, and an indication that vitamin D levels in MS patients
are substantially lower than in controls (Handunnetthi et al. 2010). As, HLA-DRBI1
and IL-7R genes are pivotally involved in the immune system, any alterations in
either of the genes could be linked to the autoimmune response that destroys the

myelin sheath and nerve cells, resulting in multiple sclerosis signs and symptoms
(Brynedal et al. 2007).

4.3.1 Myelin Basic Protein (MBP) and Peptidylarginine Deiminases
(PADs)

Myelin basic protein (MBP) is one of the significant proteins of myelin sheath,
synthesized by oligodendroglial cells and is responsible for maintaining its stability.
MBP is believed to interact with the negatively charged lipids at the surface of
cytoplasm, thereby, inducing the regulatory surface adhesion for the myelin sheath
condensation (Hu et al. 2004). MBP proteins go through post-translational
modifications which, govern their structural and functional aspects, simultaneously
regulating their affinity to any ligand. Citrullination, a PTM occurs in MBP protein
catalyzed by the enzyme peptidylarginine deiminases (PADs, EC 3.5.3.15) that
induces the conversion of arginine to citrulline upon loss of a positive charge and
release of ammonia. Citrullination in its vital state is a crucial element for regulating
the gene expression, cell death, and flexibility of CNS. However, unusual
citrullination leads to a new paradigm of cellular physiology, which, in turn, is
responsible for the commencement and development of multiple sclerosis (Yang
et al. 2016). Citrullination of MBP not only distresses the packaging of myelin
sheath, but also induces T cells to work against the brain tissues (Moscarello et al.
2007). The T cell response to citrullinated MBP is observed to be enhanced and is
reported to induce the MS development by breaching the Blood—Brain Barrier
(BBB) and aiding in infiltration of the immune cells into the CNS. Moreover,
MBP-reactive T cell-induced proinflammatory cytokines activate the immune cells
such as macrophages and microglia to facilitate the disruption of axon. Through the
process of neurodegeneration, matrix metalloproteinase-arbitrated exposure of
immunodominant MBP epitopes triggers the MBP-specific T cell clone develop-
ment, which assists the shift from acute to chronic neuropathic pain (Liu et al. 2012).

Inhibition of the MBP/PAD interface promotes the reversal of inflammatory
condition, and can be a probable therapeutic approach for the treatment of conditions
like MS. Researchers have studied the effect of mitotic inhibitor paclitaxel (toxol) on
PAD and are reported to trigger the remyelination of previously damaged axons
(Mastronardi et al. 2007). Similarly, 2-chloroacetamidine (2CA) can also be a
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promising inhibitor of MBP/PAD interface. As hypercitrullination of MBP is one of
the hallmarks of MS, 2CA in mouse model is described to act against the process of
citrullination promoting the reduction of citrullinated proteins from the region of
brain and spinal cord as well. Further, this promotes the clamping down of T cell
autoreactivity against brain cells, and in turn facilitates the clearance of infiltrates
from the CNS and remyelination of myelin sheath (Moscarello et al. 2013). These
findings indicate the beneficial aspects of PAD inhibitors in the process of MS
treatment and promote the development of highly efficient PAD inhibitors.

4.3.2 Fatty Acid-Binding Proteins (FABPs)

FABPs are the group of small proteins, having the molecular weight in the range of
14—15 kDa that act as the lipid chaperone to control the transportation of long chain
fatty acid. All the 12 species of FABPs are tissue-specific proteins, among them
FABPS5/7 are expressed in the brain cells (Veerkamp et al. 1991). FABPS is reported
to be involved in the regulation of N-acylethanolamine (NAE) pathways. NAE are
the vital signaling lipids that are responsible for the activation of cannabinoid
receptors (CB), oleoylethanolamide (OEA), and palmitoylethanolamide (PEA)
receptors, which arbitrate the signaling cascade through nuclear peroxisome
proliferator-activated receptor (PPAR) (Cheng et al. 2021). In due course of process,
FABPs facilitate the transportation of extracellular NAE from the cytoplasmic region
to the fatty acid-amide hydrolase (FAAH) enzyme that hydrolyzes the lipid NAE,
and subsequently activates the aforementioned receptors, which in turn induces the
signaling cascade responsible for the initiation and development of MS (Shinoda
et al. 2020). Consequently, it is evident that the pharmacological inhibition of FABP
can be a potential strategy for the treatment of MS. Many small-molecule inhibitors
have been reported to bind to the lipid binding site of the FABP 5/7 and inhibit its
activity of lipid transportation. For instance, FABP ligand 6 (MF6) is demonstrated
to have both the immune inhibition and oligodendrocyte protection (Cheng et al.
2021). In a recent computational study, Zhou et al. reported the compounds R,
R-STK-15, and R,S-STK-15 that bind with FABP5 with high affinity and lead to its
functional inhibition (Zhou et al. 2019).

4.3.3 Proteolipid Protein (PLP)

Proteolipid protein is an integral membrane lipid protein that is hydrophobic in
nature and accounts for 50% of the proteins associated with adult CNS myelin. The
PLP gene produces a polypeptide of 276-amino acid that is organized in five
membrane-spanning domains having hydrophobic characteristics that bind to the
lipid bilayer of myelin and aid in the creation of dense myelin comprised of multiple
lamellar regions. PLP has a molecular weight ~ 30 kDa, and the PLP codon
sequences are substantially conserved in humans, rats, and mice (Inoue 2005).
Many PLP encephalitogenic peptides have been shown to cause experimental
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autoimmune encephalomyelitis (EAE), based on which, it has been postulated that
PLP might be crucially involved in MS. When EAE is induced in SJL/J mice, the
main response of T cell is focused against PLP139-151, and epitope dispersion to
PLP178-191 occurs during disease relapse (Vanderlugt and Miller 2002).
Thl-induced immune response is developed upon injecting PLP peptides in mice
and rats. This response leads to the infiltration of T cell in the region of spinal cord
and initiates paralytic responses of varying degrees. The PLP peptides PLP104-117,
PLP142-153, and PLP190-209 are the epitopes of immunological significance that
interact with HLA-DR?2 protein associated with pathogenesis of MS in humans, and
are encephalitogenic peptides in animals (Greer et al. 1997).

44  Systemic Lupus Erythematosus (SLE)

Systemic lupus erythematosus (SLE) is a disorder of immune system distinguished
by the generation of antibodies against the self-antigens and is mostly observed in
the circulatory system. Upon manifestation of SLE, both the innate and adaptive
immune system is in a compromised state that promotes the targeting of self-antigen.
Aggregation of antigen-antibody complex takes place in the vital organs including
liver, heart, kidney, and infrequently in the joints as well. In majority of the cases,
SLE progresses toward its chronic condition described as lupus nephritis
(LN) (Nikpour et al. 2014). Considering the involvement of multiple factors (genetic
and/or environmental) in the progression of SLE, the etiology of SLE is tough to
understand. The co-occurrence of SLE is reported in the identical twins that direct
toward the robust genetic contribution in SLE, yet the exact inheritance pattern is not
fully explained yet (Deng and Tsao 2014). Moreover, environmental factors and use
of drugs like procainamide and hydralazine are established to be SLE inducing either
by causing the demethylation of DNA or/and by modifying the self-antigen (Solhjoo
et al. 2021). Pathogenesis of SLE is a multifaceted phenomenon that is periodically
evolving.

Activation of the immune system against self-antigen due to infection and
environmental factors results in the instigation of T cell and B cell-specific immune
responses. Apart from these, it also facilitates the modulation of immunological
factor including release of cytokines, activation of complement system, and produc-
tion of antibody (Justiz Vaillant and Qurie 2018). An abnormal tolerance for
autoantigens and upregulated neutrophil-mediated apoptosis are the key etiological
factors of SLE. Antigen-presenting cells (APCs) like dendritic cells modulate the
autoantigens and present them on to the surface, which is sensed by the T-cells and is
followed by activation of the B cell for generating functional antibodies. These
antigen-antibody complexes are deposited in the glomerular region of the kidney,
and promote kidney damaging (Qi et al. 2018). In addition to this, proteins like heat
shock protein (HSP), chemokines, calreticulin (CRT) form a protein—protein
interactome with their cognate protein partners including heat shock factor (HSF),
GPCRs, and TRIM2 protein respectively, and facilitate the activation of undesirable
immune response that leads to the pathophysiological manifestation of SLE.
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4.4.1 Heat Shock Protein (HSP)

HSP is a well-known stress-related protein involved in cytoprotection of oligomeric
proteins tending in its folding, assembling, and transmigration in the intracellular
region. HSPs are universally expressed proteins that are classified based upon their
molecular weight (for instance 90 kDa; HSP90) (Shukla and Pitha 2012). HSP
proteins are the molecular chaperones that govern the process of protein refolding,
and prevent the proteins from degrading and creating a subcellular distress. Under
physiological conditions, HSPs are controlled through its interaction with a tran-
scription factor called heat shock factor (HSF), whereas, in stressful conditions, the
protein—protein complex of HSP-HSF dissociates, and HSP migrates to nuclear
region and upsurges the expression of HSPs (Pockley 2002).

According to the previous studies, antibodies against HSPs, specifically HSP9O,
are reported to be overexpressed in the plasma of patient with SLE manifestation
(Mackern-Oberti et al. 2015; Shukla and Pitha 2012). In the stress conditions,
HSP90 translocated to the nucleus and may interact with the dsDNA. At the time
of necrosis, this DNA-bound HSP90 is discharged in the extracellular region
initiating the generation of IFN-a, which further induces the proinflammatory
responses (Ripley et al. 2001). Reduction of HSP90 in the extracellular region due
to the immune activity leads to the downregulation of IFN-a production. On the
contrary, in SLE patients, IFN-a production is unregulated and overexpressed that
promotes the onset of lupus (Saito et al. 2015). Furthermore, HSP90 is primarily
essential for the activation of client proteins that are obligatorily involved in the
numerous signaling pathways regulating the cellular functioning. Considering this,
extracellular HSP90 is reported to interact with protein kinase B (AKT) and
facilitating its association with GSK3p. AKT/GSK3p complex is shown to activate
the proliferation of lymphocytes, thus inducing the symptoms of SLE. These
findings indicate that extracellular HSP90 is crucial for the development and pro-
gression of SLE, and inhibiting HSP90 could be a potential therapeutic strategy
(Hong et al. 2020).

In recent studies, HSP90 has been explored as a target of inhibitor molecules for
the treatment of SLE. In line with this, STA9090/ganetespib, a resorcinolic
triazolone inhibitor has been studied against the autoimmune mice and it showed
equal efficacy in comparison to the standard immunosuppressive cyclophospha-
mide. Moreover, the synergic effect of STA9090/ganetespib and cyclophosphamide
in a periodic manner has shown to be having maximum disease control efficiency
rather than the individual compounds (Proia et al. 2011). Hence, inhibitors like
STA9090/ganetespib and 17-AAG restrict the HSP90 interaction with AKT, thus the
formation of AKT/GSK3p protein complex and allied signaling cascade gets
blocked eventually, thus providing the first-line evidence of HSP90 inhibitors as
therapeutic agents for SLE (Daneri Becerra and Galigniana 2016).
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4.4.2 Chemokines

Chemokines are the small chemotactic proteins of cytokine family having molecular
weight in the range of 8—15 kDa. Chemokines function by interacting with the
GPCRs expressed majorly over the surface of the leukocytes (Poluri 2014). Upon
association with the receptors, chemokines arbitrate the signal transduction via
various kinase proteins present inside the cells. Chemokines are classified into C,
CC, CXC, CX3C depending upon the positioning of the cysteine residues in the
structure (Tripathi and Poluri 2020). Being an integral part of the immune response
machinery, chemokines are very crucial in the development and advancement of the
autoimmune disorders like SLE as described below.

CXCL13, amember of CXC family is observed to be highly expressed in the case
of SLE. Cells like B-Lymphocytes and CD4+ T cells express the receptor CXCRS5
that facilitates the binding of CXCL13 and induces immune response. Along with
the chemoattractant activity, CXCL13 is significantly involved in the production of
proinflammatory molecules by instigating the renal podocytes. Preliminary data
suggested that the CXCL13/CXCRS5 interface can be a promising site for therapeutic
agents (Schiffer et al. 2015). Similarly, CXCL12 is also reported to be responsible
for the pathogenesis of SLE by facilitating the infiltration of leukocytes. In the
chronic case of LN, accumulation of the immune B cells occurs, which is promoted
by CXCL12/CXCR4 signaling cascade (Hanaoka et al. 2015). A reduction in the
pathobiological aspects of SLE is observed on administration of anti-CXCL12-
neutralizing antibody. Thereby, the use of antagonist that limits the activity of
CXCL12/CXCR4 interface can be a promising strategy (Balabanian et al. 2003).

CXCL9 is another CXC chemokine that arbitrates SLE pathogenesis upon
interacting with its cognate receptor CXCR3. CXCR3 is a major G-protein-coupled
receptor (GPCR) that is expressed over the immune cells like T-cells, B-cells, and
NK-cells. These immune cells are activated when chemokine CXCL9 binds to its
receptor, and facilitates the transmigration of these immune cells in the kidney
(Clement et al. 2015). Steinmetz et al. have reported that the mice deficient of
CXCR3 receptor has a low infiltration rate of immune cells (macrophages and T
cells) in the glomerular region of the kidney, indicating reduction in the pathology
indices (Steinmetz et al. 2009). Yu et al. have summarized the involvement of
chemokines and their cognate receptors in the pathogenetic aspect of SLE
(Yu et al. 2012), as shown in Fig. 4.3. These studies evidenced that targeting the
specific protein—protein interactions between the chemokines and their cognate
receptors involved in SLE disorders can be a potential strategy for formulating
next generation drugs.

4.4.3 Calreticulin (CRT)

Calreticulin is an ER residential multifaceted soluble protein that is established to
have numerous functions on both inside as well as outside of ER (Williams 2006).
Along with its role in the Ca** homeostasis, studies indicate that CRT is also
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involved in the pathogenesis of SLE through epitope spreading, inactivation of
complement system, and instigation of mediators that facilitate the process of
inflammation. Enhanced expression of CRT has been observed in the serum samples
collected from the patients of SLE, which is in correlation with the indices of disease
progression. Researchers have also proposed that the upregulation of CRT promotes
organ damage (Wang et al. 2017). CRT interacts with proteins like E3-Ubiquitin
ligase TRIM21 (a nucleoprotein) and cyclophilin B. Further, it also specifically
binds to the endoplasmic reticulum-resident protein 57 (ERp57) and glucocorticoid
receptor resulting in a series of protein interactome that promotes the initiation and
development of SLE. These advocate for the use of CRT inhibitors to target the
aforementioned interface that limit/revert the pathogenesis of SLE (Varricchio et al.
2017).

4,5 Inflammatory Bowel Disease (IBD)

Inflammatory Bowel Disease (IBD) is an offshoot of recurring sessions of gastroin-
testinal tract inflammation caused by an abnormal immune response to gut
microorganisms. Inflammatory bowel disease is a term used to describe two types
of idiopathic intestinal diseases that vary in their location and degree of gut wall
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involvement (McDowell and Haseeb 2017). Ulcerative colitis (UC), and Crohn’s
disease (CD) are the two most predominant inflammatory bowel diseases; both
induce digestive issues as well as inflammation in the gastrointestinal system.
Symptoms of CD and UC include diarrhea, stomach discomfort, rectal bleeding,
and weight loss. Both the disease type is common in adolescents as well as in adults.
CD may manifest itself in a variety of phenotypes across the gastrointestinal system,
from moderate ileitis to structuring disease to perianal fistulizing sickness. UC, on
the other hand, has less phenotypic variation and, by definition, only encompasses
the colon (Zhang and Li 2014). To serve the purpose of diagnosis, transmural or
superficial patchy granulomatous infiltration and/or acute inflammatory cells are
utilized. Both UC and CD have extraintestinal symptoms, but only UC has
hematochezia with mucus or pus passing. Fistulas, perianal disease, colonic, and
small intestine impairments are common in CD. Both UC and CD feature cryptitis
and crypt abscesses, but UC’s crypt architecture is more distorted (Baumgart and
Sandborn 2007; Yewale et al. 2021). Details of the proteopathic basis of
manifestations of IBD are described as follows.

Crohn’s Disease (CD)

Crohn’s disease is a lingering ailment of the gastrointestinal tract that predominantly
affects the terminal ileum, cecum, perianal region, and colon. A weakened immune
system, an unbalanced microbiome, genetic predisposition, and environmental
elements have all been linked to the initiation and progression of Crohn’s disease
(Roda et al. 2020). As per the involvement of immune cells are concerned, CD is a
disorder characterized by Th1 cells. Patients of CD are reported to have upsurge in
levels of proinflammatory cytokines including interferon-gamma (IFN-y) and
IL-17A in their small intestinal inflammation (synthesized by Thl and Th17 cells,
respectively) (Fuss et al. 1996). Furthermore, the Th17 channel (driven by IL-17
generated by Th17 cells) modulates the Th-1 activity (Kolls and Lindén 2004). The
IL-17 pathway is activated by innate immune cells and APCs releasing IL-6, IL-23,
and transforming growth factor-beta (TGF-f). Thl cell differentiation is promoted
by the expression of transcription factors (STAT4 and T-bet) and cytokine receptors
(IL-12R2), which is one of the distinguished features of injured lamina propria in CD
patients. Stimulated APCs derived from IL-12 are responsible for activating T-bet, a
Th1 master transcription factor (Sartor 2006). Similarly, the expression of IL-23 by
ileal dendritic cells promotes the expression intensity of IL-17, resulting in enhanced
levels of both IL-17 and IL-23 in the case of CD. As a result, both Th-1 and Th17
pathways are associated in the advancement of CD. Pneumonia and malignancies of
the biliary tract, lymphoid, and hematological organs are the major causes of death in
CD (Jussila et al. 2014).

Ulcerative Colitis (UC)

Ulcerative colitis is a chronic, idiopathic inflammatory ailment of the colon that most
typically causes impairment to the individuals between the ages of 30 and 40. It is
marked by recurrent and remitting inflammation in the mucosal region that starts in
the rectum and spreads till the proximal regions of the colon (Ungaro et al. 2019).
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Patients having UC have upsurge in the chance of acquiring colorectal cancer, which
is majorly observed in males as compared to females, predominantly in patients
detected with the UC and severe colitis at very young age (Pabla and Schwartz
2020). As per the involvement of immune cells are concerned, UC is mediated by
IL-13 which is generated by Th2 cells and nonclassical natural killer T cells (NKT
cells) as it works in tandem with TNF-« to control the expression of genes involved
in the establishment of tight junction between enteroepithelial cells. Membrane
proteins are also disrupted by the IL-13 through accelerated cell death (which is
accelerated by TNF-a) and influence the constituent protein of tight junctions
(Tindemans et al. 2020).

When commensal microbiota (nonpathogenic bacteria) is detected by TLRs
specifically TLR2 and TLR4, it leads to the stimulation of APC (macrophages and
dendritic cell). Subsequently, stimulated APCs trigger naive CD4+ T-cells to evolve
into diverse subtypes of effector T helper cells including Th2, Th9, and regulatory T
cells (Treg) (Ungaro et al. 2016). In the lamina propria of UC patients, the activation
of Th2-specific cytokine IL-4 is overshadowed by additional Th2-associated
cytokines like IL-5 and IL-13, as well as the Th2 master transcription factor
GATA-binding protein 3 (GATA3). As a result, UC is principally a Th2-mediated
immunological disease, although given the low levels of IL-4 production, the
significance of Th2 cells all together in UC remain unclear. Th9 cells that produce
IL-9 are linked to UC because they inhibit mucosal wound healing and disturb the
mucus layer’s defensive abilities (Nalleweg et al. 2015). Enhanced infiltration of
gut-associated lymphocytes to functional gastrointestinal tract and areas of inflam-
mation are caused by high amount of mucosal addressin cell attached molecule-1
(MAdCAM-1), thereby, conforming its plausible involvement in the pathophysiol-
ogy of IBD. Elevated MAdCAM-1 expression in colon endothelium of diseased rats
generated by peptidoglycan-polysaccharide, and consequent mitigation of colitis by
anti-MAdCAM-1 antibody, suggest that these molecules are crucially involved in
the establishment of colitis (Hokari et al. 2001). Moreover, MAdCAM-1 is observed
to be having a significant role in both, UC and CD manifestation. The venules of
MAAdCAM-1 are substantially more common in the deeper layers of intestinal tissue
of CD patients than UC patients, which may explain CD’s characteristic transmural
inflammation (Arihiro et al. 2002). Apart from these, some other important protein—
protein interfaces involved in IBD progression which are discussed below, and some
are demonstrated in Chap. 5 as well.

4.5.1 Myeloid-Related Protein 8/14 (MRP8/14) and TLR

Myeloid-related proteins (MRPs), also called as calgranulins are a group of small
proteins expressed on the myeloid cells; these proteins are crucial component of
innate immune system. Among this group of protein, MRP8 and MRP14 are more
prominently responsible for exhibiting the immune response. MRP8 and MRP14 are
observed to form a heterodimer that activates them to perform their biological
functions (Vogl et al. 2007). In case of inflammatory disorders, Mrp8/14 expression
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is linked to the disease activity, most notably inflammatory bowel disease. MRP8/14
is responsible for the deployment of inflammatory cells at the location of injury,
along with that an increased expression is also observed after infection (Foell et al.
2007). With the advancement in the modern pathological techniques, MRP8/14
complex has been established as a potent biomarker for the diagnosis of IBD.

MRPS8/14 dimer is described to be activating the pathogenesis by modulating the
lipopolysaccharide (LPS)-induced secretion of TNF-a. MRP8/14 interacts with
other immune TLR proteins, specifically TLR4 and facilitates the lethal endotoxin
triggered shocks (Vogl et al. 2007). MRP8 is the component of higher significance in
the complex, as it instigates the transmigration of myeloid differentiation factor
88 (Myd88), that in sequence activates the IL-1 receptor-associated kinase-1 (IRAK-
1) and NF-kB leading to the upsurge in the expression of immune component TNF-o
(Manitz et al. 2003). Considering the fact of high level MRP8/14 intervention in the
immune response, targeting/disrupting this complex can be an effective strategy for
preventing an unregulated inflammatory response as observed in IBD. Inhibiting the
secretion of these inflammatory mediators might be a viable treatment opportunity.
On the other hand, inducing a condition of immune tolerance to future inflammatory
stimuli by introducing a low dose of MRP8 can be another feasible approach as
shown with the TLR4 agonist LPS (Coveney et al. 2015).

4.5.2 NF-E2-Related Factor 2/Kelch-Like ECH-Associated Protein-1

NF-E2-related factor 2 (Nrf2) is a transcription factor that is demonstrated to have
the anti-inflammatory and cytoprotective features. Nrf2 binds to the antioxidant
responsive element (ARE) region of the particular detoxification and antioxidant
genes leading to their upregulation and induction of cellular defense machinery
(Aleksunes and Manautou 2007). The activity of Nrf2 is tightly regulated by
Kelch-like ECH-associated protein-1 (Keapl). Under basal condition, Keap1 binds
to Nrf2 and mediates its ubiquitination, which leads to negative functional regulation
of Nrf2. Due to the interaction between Nrf2 and Keapl, the redundant activation of
Nrf2 is regulated under normal conditions, whereas, under stress conditions, the
disproportionate oxidative agents promote mutations and henceforth the conforma-
tional changes in the Keapl protein. Under such scenario, Nrf2 expresses continu-
ously, thus inducing inflammatory response (Fig. 4.4). Nrf2-mediated protective
responses are well reported in the colon region, moreover, it helps to maintain the
integrity of intestine by regulating the proinflammatory cytokines and detoxifying
enzyme (Lu et al. 2016). Oxidative stress is reported to be the driving force in colitis,
the upsurge in the ROS causes damage to the RNA, DNA (nuclear and mitochon-
drial), lipid, and proteins, which lead to the uncontrolled mutation, unregulated cell
growth, and cell death in worst case. Through animal-based experiments, it is
validated that the absence of Nrf2 promotes the pathological aspects of colitis
(Jena et al. 2012). Defense system of the colonic mucosa is demonstrated to maintain
the redox homeostasis and prevents the ROS-induced damage to the colon. Conse-
quently, Nrf2 activation can be a potential strategy to employ the therapeutic effects
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on colitis, considering this, various Nrf2 activators and Nrf2-Keap!1 inhibitors have
been developed (Abed et al. 2015). For example, compound CPUY192002,
CPUY 192018, peptide-based inhibitors, and various other molecules as discussed
in Chap. 7 in detail have been reported to bind at the interface between Nrf2 and
Keapl inhibiting their association, allowing Nrf2 to remain activated and exert
protection against colitis (Lu et al. 2016).

4,5.3 Haptoglobin (Hp)

As the name suggests (Hapto; to bind, globins), haptoglobin is a hemoglobin-
binding protein, a part of acute phase proteins family. It interacts with the freely
available hemoglobin and inactivates it by generating a stoichiometrically stable
composite. It makes the circulation devoid of the free radicals thus detoxifying the
plasma, and reducing the chances of kidney damage due to inflammation (di Masi
et al. 2020). Human Hp is an acute phase a’-sialoglycoprotein. Proinflammatory
cytokines including IL-1, IL-6, and TNFa boost its synthesis, particularly in
hepatocytes. The three basic Hp phenotypes are Hp 1-1, Hp 2-1, and Hp 2-2.
Molecular size and structures define Hp phenotypes along with its biological
characteristics. The central role of Hp is to bind hemoglobin (Hb). It creates a
soluble Hb molecule that bypasses the kidneys, and is broken down in the liver,
thereby, saving the kidneys (Buehler and Schaer 2020). Hp also decreases
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inflammation by lowering prostaglandins, leukotrienes, and cathepsin B synthesis. It
lowers iron-derived reactive oxygen stress, which is coupled to free Hb synthesis.
Hp passes through various pathways in its due course of regulating the immune cells
as shown in Fig. 4.5.

Due to its polymeric composition, Hp 2-2 has the least antioxidant and anti-
inflammatory activity. As HP is a protein that modulates the immune reaction and
decreases oxidative stress, its participation in the inflammatory processes engaged in
IBD and other immunological disorders such as arthritis may be critical (Levy et al.
2010). Marquez et al. reported that, Hp protein plays a protective role in the intestine.
It has been examined that Hp knockout mice developed severe symptoms of IBD,
specifically due to the upregulation in the concentration of IL-17. It is also worth
mentioning that the concentration of Hp2 is higher in the serum of IBD infected
model in comparison to that of a healthy group (Marquez et al. 2012).

4,54 Ring Finger Protein 5/S100A8

Ring finger protein 5 (RNF5) is a ubiquitin ligase that is associated with the
endoplasmic reticulum. This protein is one of the key players in the removal of
misfolded proteins by Endoplasmic Reticulum-Associated Degradation (ERAD) for
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a sustained protein homeostasis in the cell. As a matter of function, RNFS5 identifies
the misfolded proteins and instigates the process of ubiquitination, which facilitate
the proteasome-dependent degradation of these misfolded proteins (Tcherpakov
et al. 2009). S100A8, an interactor of RNF5 belongs to the S100 protein family
that is majorly expressed in the neutrophils and monocytes. SIO0AS are the damage-
associated molecular patterns (DAMPs) which are released at the time of tissue
damage, and they interact with the pattern recognition receptors (PRRs) located on
the immune cells to prompt the inflammatory response. It is worth mentioning that
S100AS is crucially involved in the pathogenesis of IBD (Boyapati et al. 2016).
RNF5 is reported to limit inflammation in the intestine by regulating the stability of
S100AS8 protein. Moreover, RNF5/S100A8 complex is also observed to control
microbial (viral and/or bacterial) contamination by governing the immune sensing
machinery (Fujita et al. 2018). Owing to the crucial pathological role of RFNS5/
S100AS interface in development and progression of IBD, it can be a promising
therapeutic target in the treatment of ulcerative colitis.

4.6 Type-1 Diabetes (T1D)

Type-1 diabetes (T1D) is a multifaceted autoimmune disorder initiated by genetic
and environmental factors leading to the irregularity in the expression and function-
ing (insulin production) of pancreatic {3 cells. T1D can be diagnosed by analyzing the
serum autoantibody produced against the pancreatic 3 cell antigens (Atkinson 2012).
International Diabetes Federation (IDF) has predicted that, on a global scale by the
year 2030, approximately 550 million people will have T1D (Saeedi et al. 2019). It is
well evidenced that both innate and adaptive immune responses are involved in the
pathogenesis of T1D; T-cell-mediated degradation of pancreatic f§ cell is one of the
distinguished features of T1D. Cells that are majorly involved in the destruction of f§
cells include T cells (CD4+ and CD8+), B cells, DC, NK cells, and antigen-
presenting cells (Tai et al. 2016). Interestingly, along with the endocrine pancreatic
cells, exocrine pancreatic cells are also affected in the due course of disease initiation
and development (Campbell-Thompson et al. 2016). In the initial days of T1D
research it was believed that, due to the abnormal functioning of the immune system,
f cells completely lose their ability to produce insulin, although the functioning of
pancreatic B cells remains intact up to 40% (Leete et al. 2016). The involvement of
more than 50 loci supports the initiative of using the proteins and their associated
interaction- interfaces as the target for the treatment of this disease (Pociot and
Lernmark 2016). Currently, the strategy of suppressing the unwanted immune
response is being explored. By targeting these proteins and their interactions, not
only one can downregulate the immune response, but also can promote proper
functioning of f cells (Atkinson et al. 2019). Some of these major proteins involved
are explained below.
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4.6.1 Protein Tyrosine Phosphatase (PTPs)

Protein tyrosine phosphorylation is a crucial regulatory mechanism that is involved
in multiple aspects of cellular functioning (Tonks 2013). This process is catalyzed by
the enzyme protein tyrosine phosphatases that are involved in the reversal of protein
tyrosine kinase activity by dephosphorylating the tyrosine residue of the proteins.
Dysregulation in the functioning of this enzyme is described in various diseases
apart from autoimmune disorders that include cancer and neurological diseases
(He et al. 2014). Upon association with the IFN receptors expressed on pancreatic
B cell, tyrosine kinase JAK1 and JAK2 is activated which sequentially leads to the
phosphorylation of STATI1. The STATI in its phosphorylated state forms a dimer
and is transmigrated to the nucleus, where it stimulates the production of chemokines
along with the proapoptotic molecules (Thomas et al. 2009). Owing to the fact of
PTPs involved in the activation of various protein—protein interfaces, researchers
have shown that inhibiting these proteins stands a potential approach for the treat-
ment of T1D. A very low dose of streptozotocin that targets the STAT1 and leads to
its disruption, defends the f cells from the unwanted immune cells activated against
it (Gysemans et al. 2005).

4.6.2 Peroxisome Proliferator-Activated Receptors (PPARs)

Glucose and lipid metabolism are undoubtedly crucial cellular activities, arbitrated
by a transcription factor peroxisome proliferator-activated receptor (PPARs). PPARs
are ubiquitously expressed on all the cells including pancreatic p cells and other
immune cells that are responsible for the secretion of insulin and in regulating the
differentiation of T cells (Holm et al. 2020). Upon interaction with its ligands
(polyunsaturated long-chain fatty acids and arachidonic acid derivatives), PPARs
migrate to the nucleus and bind to the retinoid X receptor (RXR). Subsequently,
PPAR-RXR complex forms a protein—protein interactome with peroxisome
proliferator hormone response elements (PPRES), arbitrates the expression of target
genes that are crucial for the glucose/lipid metabolism and activation/survival of T
cells, and significantly facilitates the T1D disease management (Christofides et al.
2021; Hong et al. 2018). PPARs are expressed in three isoforms namely, PPARa,
PPARP/S, and PPARY; out of which, polymorphism in PPARB/6 and PPARY is
described to be crucial for pathogenesis of T1D and induction of chronic response
(Holm et al. 2018). Owing to the facts discussed, inhibition of PPARs-RAR-PPREs
protein—protein interactome can be an effective therapeutic against T1D. Use of
antagonists that bind PPARs instead of the corresponding ligands to hinder the
activity of the transcription is much explored nowadays. For example, Troglitazone,
an agonist of PPARY has been described in improving the function of pancreatic 3
cells by preventing the alterations in the mitochondrial functioning (Jia and Otsuki
2002). Similarly, the agonist of PPARP/S that includes GW501516 has also been
established to improve the functioning of {3 cells and the tolerance for glucose and
glucose-stimulated insulin-secretion (GSIS) (Tang et al. 2013).
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4.6.3 Sodium Glucose Transporter (SGLTs)

SGLTs are the sodium-dependent glucose transporter membrane proteins that are
majorly expressed in the kidney and are entailed in the transmigration of glucose,
amino acids, and other essentials through the membrane of epithelium of intestine
and renal tubules (Dellepiane et al. 2018). SGLTs possess very high capacity of
membrane transportation of glucose, but lack affinity resulting in the transportation
of vitamins and inositol as well (Scheepers et al. 2004). Glucose is reabsorbed in the
kidney through the SGLTs, specifically, SGLT2 (an isoform out of six) is responsi-
ble for up to 90% of the reabsorbed glucose making it a potential point of treatment
of TID (Zinman et al. 2015). The activity of the SGLT2 protein is observed to be
positively regulated through its interaction to the protein called membrane-
associated protein (MAP17). SGLT2-MAP17 complex leads to the activation of
SGLT?2 protein, and is also demonstrated to be associated with the pathogenesis of
T1D (Coady et al. 2017). Numerous drug molecules have been explored which can
inhibit the activity of SGLTs, and are known as SGLTi. These molecules can be used
as supplementary to insulin and facilitate the improvement in the glycemic control.
Phlorizin was the first SGLTi, discovered in nineteenth century, but has not been
approved to be used on humans yet (Ehrenkranz et al. 2005). Recently, Sotagliflozin
has been reported to have inhibitory activity against SGLT2, that directs improved
glycemic control in the treated mice with condensed menace of hypoglycemia
(Powell et al. 2015). In addition to this, Empagliflozin and Canagliflozin, inhibitors
of SGLT are also in the clinical trial phase for the treatment of T1D (Dellepiane et al.
2018).

4.7 Psoriasis

Psoriasis is a chronic multifaceted autoimmune ailment affecting 2—5% of the global
human population. This is an inflamed skin condition specifically distinguished by
the scaly patches of skin (Dogra and Mahajan 2016). The condition of psoriasis is
induced by the hyperproliferative epidermal cells which result from immature
generation of keratinocytes along with the incomplete salvation of the nucleus in
the outermost layer of the skin (Wikramanayake et al. 2014). An alteration in the
basal cell division is observed in comparison to the normal cells. It has been reported
that psoriasis induces and/or coexists with diseases like diabetes, hypertension,
coronary heart diseases, neurological disorders, gastrointestinal disorders, chronic
obstructive pulmonary disorders (COPD), etc. (Srivastava et al. 2021). Psoriasis
pathology is characterized by the extensive growth of keratinocytes, which promotes
the thickening of epidermal layer and aggregation of inflammatory exudates like
neutrophils, macrophages, T cells (CD4+ and CD8+) in the dermis region that is
crucial for the initiation and progression of psoriasis. Dendritic cells (DC) are
reported to be significantly involved in the initiation of psoriasis (Lowes et al.
2007). Further, the driving element for the psoriatic inflammation majorly consists
of Th17 cells and Thl cells. Functioning of these cells are arbitrated by cytokines
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Fig. 4.6 Immune cells involved in the pathogenesis of psoriasis. (Adapted from Rendon and
Schikel 2019)

like IL-23, IL-17, and TNF-a (Rendon and Schikel 2019). IL17 cytokine has six
members, IL-17A-F, out of which only IL-17A and IL-17F have significance in the
pathogenesis of psoriasis. These variants of IL-17 are described to activate the
kinase-mediated intracellular signaling cascades that include MAPK, extracellular
signaling-regulated kinases (ERK), I-kappa B kinase (IKK), and JAK-STAT
pathways (Lee et al. 2015). Furthermore, various immune cells are also responsible
for the psoriatic pathogenesis as diagrammatically represented in Fig. 4.6. The
machinery of cell cycle is governed by numerous proteins expressed in the living
cells. On this note, there are structural and functional proteins, and their interacting
protein partners accountable for the differentiation and proliferation of epidermal
keratinocytes, which regulate the host immune response. These proteins include,
TNF-like weak inducer of apoptosis (TWEAK), Aquaporin-3 (AQP3), and
CARDI14/CARMA?2 (Yadav et al. 2018). Drugs targeting these proteins, or their
interaction interfaces can be a prospective treatment strategy for the different aspects
of psoriasis.

4.7.1 TNF-Like Weak Inducer of Apoptosis/Fibroblast Growth

Factor-Inducible 14

TNF-like weak inducer of apoptosis (TWEAK) is a protein that comes under the
TNF superfamily. It is crucial for the appropriate cellular functioning through its
specific association with the fibroblast growth factor-inducible 14 (Fn14) receptor.
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Fnl14/TWEAK signaling cascade is reported to be highly expressed in the psoriatic
patients that facilitate the differentiation of keratinocytes (Sabour Alaoui et al. 2012).
Bilgic et al. established in his research about the increased expression of TWEAK
along with the other immune proteins including IL-23, IL-06, TNF-a, it is also
observed that these chemokines are in synergy with the TWEAK and helps in the
advancement of psoriatic pathogenesis. Furthermore, TWEAK is also involved in
IL17 singling cascade (Bilgic et al. 2016). Owing to these findings, inhibition of
TWEAK can be an effective strategy in the treatment of psoriasis, as FN14 receptor
is not expressed on the T and B cells. Such strategy is very promising, as it will not
interfere with the standard immune responses (Xia et al. 2011).

4.7.2 Aquaporin-3 (AQP3)

Aquaporins (AQPs) are the intrinsic proteins which are responsible for the water
channeling through the membrane. There are 13 different AQPs reported in
mammals till date, most of which are reported to be located in the kidney (Nielsen
et al. 2002). Aquaglycoprotein 3 (AQP3) is the most studied aquaporin in psoriasis.
AQP3 is majorly related to the functioning of the epidermal cells of the skin that
facilitate the transportation of water and glycerol, the activity of AQP3 is reported to
be regulated by the histone deacetylase (HDAC). HDAC regulates the activity of
AQP3 through acetylation, and also by controlling the transcriptional activity of p53
and associated members (Hara et al. 2002). In various studies, it has been established
that any aberration in this protein promotes the skin impairments and delayed wound
healing. Moreover, AQP3/HDAC protein axis is also observed to be desirable in the
differentiation and proliferation of keratinocytes (Hara-Chikuma and Verkman
2008). AQP3 has been explored, as it is widely expressed in the skin cells, and
reported that its concentration decreases in the psoriasis patients (Lee et al. 2012).
These evidences indicate that, targeting the malfunctioning of AQP3, and enhancing
its expression can be an effective approach for reducing the symptoms of psoriasis
(Yadav et al. 2018).

4,7.3 Caspase Recruitment Domain/Caspase-Recruited
Membrane-Associated Protein

Caspase-recruited membrane-associated protein (CARMA proteins) belongs to the
superfamily of scaffold molecules that are significantly involved in the regulation of
immune cell recruitment at the site of inflammation. CARMA proteins are also
involved in tissue homeostasis and alteration in the GPCR signaling cascade
(Blonska and Lin 2011). These proteins are caspase recruitment domain (CARD)
containing proteins that exist in three isoforms: CARD11/CARMAI, CARDI14/
CARMAZ2, and CARD10/CARMA3 (Zotti et al. 2018). On the premise, CARD14/
CARMAZ2 performs its signaling function through CBM complex comprising of
CARD14/CARMA2, BCL10, and MALT1, where BCL10 acts as an adapter protein
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and MALT]1 as a protease. Therefore, it is legitimate to speculate that CBM complex
produces the molecules facilitating the activation of NF-kp (Afonina et al. 2016).
Mutation in CARD14/CARMA?2 upregulates the inflammatory transcript in
keratinocytes that include CXCL8, CCL20, and IL6. CARD14/CARMA?2 also
induces signaling through IL-23/IL-17 axis that promotes the establishment of
psoriasis symptoms. Inhibitors of CARD14/CARMA?2 and associated proteins
(BCL10 and MALTI) can be accounted as effective drug molecules are able to
reduce inflammatory responses and alleviate psoriatic ailments (Lee et al. 2018).

4.8 Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a lingering autoimmune disorder, reported in approxi-
mately 1% of the total world population and is principally observed in females more
than in males. This condition typically occurs between the 35-60 years of age, with
phases of abstinence and relapse. Juvenile RA (JRA), similar to RA, affects the
young children of 16 year or younger but the rheumatoid factor is not present in the
JRA (Guo et al. 2018). Some of the prevalent characteristics of RA include,
prolonged morning stiffness, exhaustion, fever, loss of weight, sensitive, inflamed,
and warmed joints, nodules of rheumatoid under the skin (Bullock et al. 2018). It
was also well distinguished by bone and cartilage destruction above joints, as well as
knocking off the joint and rigidity (Nithyashree and Deveswaran 2020). In the
advanced case of the disease, synovial membrane is invaded by the immune cells
that leads to the formation of pannus (tissue granules), thereby, leading to systemic
inflammation of the joints, persistent synovitis, tissue impairment, and inflammation
because of an imbalance between the autoimmune cells (Girdler et al. 2020). There
appears to be a significant interaction amongst the components of both adaptive as
well as innate immune system in the case of RA. Apart from rheumatoid arthritis
synovial fluid (RASF), immune cells like B and T lymphocytes, mast cells,
neutrophils are also triggered in the case of RA (Scherer et al. 2020). Numerous
complicated interplays take place between the proteins that are not well studied and
this lack of information about the pathogenesis of RA is the main obstruction in the
path of therapeutic developments (Kim et al. 2006). In the sections below, different
proteins involved in the RA pathogenesis and their interacting partners along with
their pathological aspects have been presented.

4.8.1 Galectins (GL)

Galectins are the carbohydrate (-galactoside)-binding proteins that are evolutionary
preserved in animals. There are 15 members of galectin reported till date that are
categorized into three sub groups namely: prototype galectin (GL-1, -2, -5, -7, -10,
-11, -13, -14, and -15), tandem repeats type galectin (GL-4, -6, -8, -9, -12), and
chimera galectins (GL-3) that are ubiquitously expressed in almost all the immune
cells (Salamanna et al. 2019). Galectin, through its cognate receptor arbitrates
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intra- as well as extracellular signaling cascades, and also regulates the interaction
between a cell and the extracellular matrix (ECM) (He and Baum 2006). There are
piles of evidences which support the fact that galectins (GL-1, -2, -3, -8, and -9)
regulate the pathophysiology of RA in both negative and positive manner; GL-1, -9,
and -2 have anti-inflammatory effects and are negative regulator of inflammation,
whereas, GL-3 and GL-8 are proinflammatory galectins (Li et al. 2013). Galectins
are secreted in the inflamed synovial region, owing to the upsurge in the concentra-
tion of proinflammatory galectin, it mediates the initiation and progression of RA
(Toscano et al. 2018). In accordance with their role, either the derivatives of anti-
inflammatory galectins or inhibitors of proinflammatory galectins can be potential
therapeutic approaches for the treatment of RA.

GL-9 is the major galectin involved in the pathogenesis of RA. GL-9 interacts
with the glycosylated co-stimulatory transmembrane receptor called 4-1BB and
induces signaling cascade for the clonal expansion and generation of CD4+ and
CDS8+ T cells along with the cytokines in RA (Nielsen et al. 2016). Many attempts
have been made to inhibit the signaling arbitrated through this axis. Recently Nielsen
et al. have reported the use of GL-3 as the competitive binder of 4-1BB that exerts no
RA pathogenesis upon complex formation and reverts the reactions observed by
Gal-9 (Nielsen et al. 2022). In contrast, the involvement of GL-3 and its cognate
GL-3-binding protein (GL3BP) in the pathogenesis of RA has been also reported
(Mendez-Huergo et al. 2019). Considering their complex roles, galectins, and their
cognate-binding proteins in RA, they can be considered as potential therapeutic
targets for exerting the health-promoting effects.

4.8.2 Connective Tissue Growth Factors (CTGF)

Connective tissue growth factors are the proteins of cellular communication network
(CCN) family also called as CCN2. This protein is synthesized by the endothelial
cells that are crucially involved in numerous processes of cellular functioning that
include angiogenesis, inflammation, wound healing, etc. (Ramazani et al. 2018). Till
date, no specific receptor for the CTGF has been reported, but it directly interacts
with the integrins and other proteins of extracellular matrix to exert its biological
functions. Transforming growth factor beta (TGF-f) is the very first identified
binding protein of CTGF which induces its expression. Further, CTGF is also
reported to interact with the cell surface integrins and initiate the process of cell
adhesion, migration, and other intracellular signaling cascades (Arnott et al. 2011). It
is evident that CTGF is responsible for the induction of inflammation in the person
having RA. For the very first time, Nozawa et al. (2009) reported the presence of
CTGF in the sera of RA patients, later, this fact was also supported by the work of
Ding et al. (2016). Further, the findings of Yang et al. (2017) have demonstrated that
the serum of RA patient is approximately 90% sensitive, hence it can be a potential
marker for the diagnosis of RA. In RA patients, the production of CTGF in
synovium is reported to be triggered by TGF-p. CTGF having the characteristics
of cytokines, interacts with membrane proteins and acts as the regulator of TGF-f
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(Auréal et al. 2020). In addition, the process of osteoclastogenesis is also triggered
by the CTGF; in a mice-based experiment it has been shown that, by neutralizing the
antibody generated against CTGF, the effect of abnormal osteoclastogenesis can be
regulated (Nozawa et al. 2013). However, the protein interactome background of this
conclusion is still to be explored.

4.8.3 Calreticulin (CRT)

Calreticulin is calcium-binding protein widely expressed in all cell types. It was
initially reported to be resident of endoplasmic reticulum and has the features of
molecular chaperons. A handful of evidences from recent studies have established
the fact that CRT synthesized extracellularly is involved in the signaling cascade,
arbitrating the process of apoptosis, immune response, and adhesion of cells (Gold
et al. 2010). As discussed by Tarr et al., the upsurge in the concentration of CRT has
been observed in the RA patients. CRT interacts to the Fas ligand (FasL), an
extracellular inducer of apoptosis, and inhibits the apoptotic activity of FasL and
mediates the degradation of the Jurkat T cells, thereby, facilitating the infiltration of
proinflammatory immune cells in the joints of RA patients (Tarr et al. 2010). The
autoantibodies generated against CRT, hamper the interaction between CRT and
FasL and neutralize the apoptosis of immune cells in the RA. Hence, interface
between the CRT and transmembrane FasL protein can be a potential therapeutic
target to neutralize the inflammatory responses.

49 Conclusions

Autoimmunity, a situation where the body stops recognizing its own cells/tissues
and initiates inflammatory signals to eradicate the same, paves the basis of autoim-
mune diseases. A handful of PPI interaction networks are available in the literature
carrying out the autoimmune reactions culminating in the plethora of cytokines
instigating the inflammatory responses. The current chapter described most of the
proteins involved in the protein—protein network associated with the majority of
what is currently known as autoimmune diseases. Multiple overexpressed proteins in
proteomics study have been identified and can be further explored to gain knowledge
about sensitive biomarkers for better prognosis of varied autoimmune diseases.
Utilizing the information of molecular mechanism of these protein—protein
interactions, attempts can be made to target the PPI networks involving proteins
such as T-cell receptor, CTLA4, ICAMI1, MHCs, myelin basic protein,
peptidylarginine deiminases, Nrf2, TWEAK, etc. Our understanding of the involve-
ment of autoimmune diseases has been getting enriched over the years, consolidating
the expectations of constructing a better treatment and diagnosis regimen in the near
future by targeting the associated PPIs.
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5.1 Introduction to PPIs in Host-Pathogen Interactions

Human body is a home to various microbial populations having both positive and
negative impacts on the host. In the past few centuries, several diseases have
emerged as deadly and disease-causing pathogens such as bacteria, viruses, fungus,
and parasites have been known to participate in this havoc now and then. Thus,
investigating pathogen-associated protein—protein interactions (PPI) and molecular
networks are of great interest in defining the causality and cure for the infectious
diseases. Modern techniques such as whole-genome sequencing, proteomics, and
metabolomics have been of immense help in understanding molecular changes at the
gene level. The effect, survival, and host defense mechanisms against microbes all
together rely on the interaction of host and microbe with each other. These
interactions determine the sustenance of microorganisms in a host body and are
defined as Host—Pathogen interactions (HPIs). The HPIs are spectacular and have
been studied at various levels ranging from molecular to population level in order to
describe the mechanisms behind pathogenicity. The spread and severity of infections
majorly depend on the extent of HPIs. From invasion, proliferation to disarming host
defense mechanisms, every process involves protein—protein interaction between
host and pathogen (Casadevall and Pirofski 2001). Host—Pathogen interactions can
be divided into four stages: (a) pathogen invasion; (b) evasion; (c) proliferation; and
(d) host immune response. As each microorganism has its distinct characteristics and
a piece of different machinery at various levels, the action and reaction of the
associated pathogen and the host are unique, and sometimes discontinuous
(Southwood and Ranganathan 2019).

Moreover, from the evolutionary perspective, studying HPIs has aided in
analyzing the fundamental nature of microorganisms, and how they evolve into
novel strains. In recent years, the world has come across deadly epidemics resulting
from zoonotic jumps, multiresistant strains of pathogens, especially viruses and
bacteria, and to some extent the lifestyle choices (Sen et al. 2016). These novel
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pathogenic strains are often a product of the ever-evolving evolutionary arms race
between the host defense and the pathogenesis. Elucidating PPIs involved in Host—
Pathogen interactions provides an insightful understanding of disease progression
and reciprocation by the host (Ryan and Matthews 2005). Several databases and
bioinformatics tools have been developed to provide a cohesive library of all the
pathways and biological networks involved in infections (Zhou et al. 2020). Overall,
investigating the protein interactome associated with disease progression has pro-
moted the development of effective diagnostic and treatment methods; and in
understanding the knits and grits of how natural selection is responsible in elevating
the specificity and sensitivity of hosts and pathogens toward each other (Zhang and
Cheng 2022). Due to the unique nature of pathogenesis, host—pathogen PPIs are
critical targets in development of drugs, vaccines, and diagnostic kits (Vasala et al.
2020). Investigating host—pathogen interactions also gives a precise purview of the
molecular mechanisms involved in immune responses and enhances the therapeutic
efficacy. This chapter aims to provide a brief account of proteins and HPIs involved
in various microbial infections, and their relevance in the disease austerity.

5.2  Microbial Pathophysiology

Both pathogen and host physiology are culpable for the pathogenesis and develop-
ment of disease. As mentioned earlier, the human body is a reservoir of microflora,
and a disease originates only if a microorganism is able to disrupt the homeostasis of
human physiology. The pathways and interaction involved in various stages as
mentioned above overlap, as the host immune response and disease progression
are simultaneous processes (Wolfe et al. 2007). Further due to similarity in the
structure of several pathogens and presence of a variety of strains, the protein—
protein interactions involved in host—pathogen interactions are broadly studied and
targeted according to these stages. A brief information of the mechanisms involved
in the four stages with examples is discussed as follows.

5.2.1 Adhesion and Invasion of Host System

The entry of a microbe into the human body is hindered by anatomical barriers such
as skin, hair, and mucosal glands. However, several opportunistic bacteria and other
pathogens invade the human body when there is a breach in any barrier, then start
multiplying and growing exponentially. For a successful infection, the microbe must
follow three rules: (a) first is adherence to tissue, (b) second is the secretion of toxins,
and (c) the last is blending virulence factors into the host cell milieu (Lee and
Schneewind 2001). Each pathogen invades hosts in a distinct manner and at a
specific location in the human body. For example, the bacterial pathogen, Vibrio
cholerae, adheres to intestinal epithelial cells with the help of surface adhesin called
TCP pili and secretes toxins (Lee and Schneewind 2001). Fungal and bacterial
pathogens adhere to host tissue and use effector proteins, secretion systems, and
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toxins to create an optimal growth environment. While viral pathogens use the
process of lysogeny, lysis, and endosome formation with the help of membrane
fusion proteins to invade host cells. In comparison to bacteria and fungi, the viral
invasion machinery is much simpler. The fusion proteins interact with the host cell
membrane and commence the transfection of viral genetic material into the host cell,
while fungal and bacterial entry involves effector protein complexes. However,
rather than being injected into the host cells, the fungal effector proteins are located
on the hyphal surface of pathogen and are presented to host cell receptors that induce
modifications in the cell milieu (Southwood and Ranganathan 2019).

The mechanics involved in pathogenic invasions primarily depend on the inter-
action of membrane proteins of the host and pathogen. Hence, several post-
translational modifications play a significant role in host—pathogen interactions.
One of the extensively studied post-translational modifications involving HPIs is
glycosylation (Lin et al. 2020). As host membrane proteins are heavily glycosylated,
several bacterial pathogens often target membrane glycoproteins. The extremity of
pathogenicity is also affected by degree of glycosylation (Lin et al. 2020). The
invasion process in various bacteria and viruses takes advantage of adhesin-host
glycan interactions for adhesion of pathogens. For instance, interaction between
FimH adhesin (uropathogenic E. coli) and uroplakins, an a-p-mannosylated glyco-
protein leads to initiation of urinary tract infections (UTIs) (Foroogh et al. 2021).
Similarly, tetraspannins such as CD151 and CD81 are involved papillomavirus,
E. coli, S. typhi, and L. monocytogenes infections respectively (Scheffer et al.
2014; Karam et al. 2020).

5.2.2 Evasion of Host System

Upon entering the host system, the pivotal focus of the pathogen is to dodge the host
immune system to proliferate. The mechanisms employed for bypassing the immune
system are more or less same for all infectious agents. This includes calibrating the
surroundings and quorum sensing, impeding macrophage activity, subversion of
defense activity (Lachmann 2002), impair molecular crosstalk, and autoimmune
responses. Some of the most studied evasion mechanisms for pathogens including,
bacterial, parasitic, and viral infections are attacking the NF-kB pathway (Bouayad
2020), inhibition of hub proteins, and IL (interleukin) production as discussed below
(Leseigneur et al. 2020; Sen et al. 2016).

The first and foremost action taken by pathogens, after intrusion, is to alter the turf
for ambient growth. This alteration is bought about by modifying the extracellular as
well as intracellular physiological conditions by secreting endo/exotoxins. Staphy-
lococcus aureus, a gram-positive bacterium, releases two kinds of exotoxins namely,
pyrogenic toxin superantigens (PTSAg) and hemolysins, which are involved in toxic
shock syndrome and food poisoning (Hu et al. 2017; Dietrich et al. 2021). Similarly,
Clostridium botulinum produces a class of neurotoxins known as botulinum toxins
under anaerobic conditions that causes food poisoning and inhibits the secretion of
acetylcholine by cleaving synaptic vesicle fusion proteins like syntaxin and
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synaptobrevin, leading to paralysis (Hanson and Stevens 2000; Zhang et al. 2017).
Botulinum toxins are also used for treating muscular diseases and for cosmetic
applications (Zhang et al. 2017). Bacteria such as Listeria monocytogenes, Clostrid-
ium, and Staphylococcus aureus, utilize toxins to subvert phagocytic activity,
molecular crosstalk, and use macrophage as a vehicle to move from one part of
the host to another (Leseigneur et al. 2020).

Another strategy of bacterial subversion/evasion from phagocytic immune cell is
capsule formation. The capsules are made up of polysaccharides and lipids, which
encapsulate and protect the bacterial population from opsonization by making them
invisible to the host immune system. Quorum sensing and biofilm formation play a
vital role in this process. For instance, in Salmonella species, the PhoP/PhoQ sensor
system alters lipid A and downregulates the TLR4 activation and NF-kB expression
(Finlay and McFadden 2006). Similarly, AHL-based quorum sensing (QS) systems
of Pseudomonas aeruginosa evade immune response by biofilm formation and
excreting out the antimicrobial components (Alhede et al. 2014). Another trick
used by bacteria to steer clear of immune response is antigenic variation. Antigenic
variation is one of the vastly studied mechanisms of deceiving the host immune
system and is a major factor in the emergence of novel strains of pathogens. These
variations are an outcome of point mutations and evolutionary mechanisms adopted
by microorganisms for their sustenance (Deitsch et al. 2009). The molecular
mechanisms behind antigenic variations involve varied sub-populations of an anti-
gen, polygenic expression, and variable regions/epitopes present on antigen
surfaces. The best-studied cases of antigenic variation and its impact on host—
pathogen interaction have been observed in Gonorrhea, Neisseria-mediated menin-
gitis, and tuberculosis (Palmer et al. 2016; Ernst 2017).

The viral machinery exploits similar pathways and phenomenon for evasion as
bacteria. However, the mechanistic properties of the process are marginally different
compared to bacterial evasion mechanisms. For instance, while bacteria modulate its
niche with the aid of toxins and proteases, the viral pathogens are aided with cell
surface proteins that mimic the host receptor or ligand functions. In a similar fashion,
the subversion of phagocytic activity by virus targets and kills lymphocyte cells such
as macrophages and NK cells or stimulates autoimmune responses rather than
escaping the phagosomal fusion. Nonetheless, both bacteria and viruses subvert
phagocytes via interaction with inflammatory proteins such as interleukins (ILs)
for blocking the inflammatory pathways (Sarantis and Grinstein 2012). Other
pathogens such as fungi, protozoa, and helminths also follow the similar evasion
mechanisms. For example, the hyphal form of Candida albicans, a fungal pathogen,
prevents phagocytosis as it is not internalized efficiently. Further Candida
neoformans are resistant to phagocytosis due to the large polyploid cell size called
Titan or giant cells (Collette and Lorenz 2011). Another immunomodulatory mech-
anism which is employed by most of the pathogens is the subversion of the
complement system. The complement system recognizes microbial membrane
proteins and enhances the antigen presentation for effective phagocytosis and
degradation. However, pathogens have evolved several ways to subvert complement
systems. For example, helminths and retroviruses acquire host coating, while viral



5.2 Microbial Pathophysiology 211

and protozoal pathogens exhibit antigenic variations to destabilize the complement
system (Lachmann 2002). The mechanisms of abovementioned and several other
escape methods adapted by bacterial, viral, and other pathogens are elaborated in
later sections.

5.2.3 Microbial Proliferation in Host

The extent and process of proliferation vary between pathogens and define the
intensity of infection. Considering the nanoscopic size and concise genome of
pathogens, they exploit the host replication machinery and other protein factors in
several ways. Pathogens such as viruses commandeer host cells for growth and share
a highly dependent relationship with the host than other pathogens. The entire host
replication machinery and cellular components are at the virus’ disposal; and
unknowingly, the host also acts as a vector for gene t