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Abstract In recent years, many studies have focused on understanding the effects of
genetic and epigenetic mechanisms on carcinogenesis, diagnosing the disease at an
early stage, and determining personalized treatment strategies. Epigenetic and
genetic alterations are effective in the initiation and progression of cancer, the second
most common cause of death worldwide. Epigenetics is defined as heritable changes
in gene expression without DNA sequence alterations. Epigenetic mechanisms
include DNA methylation, histone modifications, and non-coding RNAs. Disruption
of the balance in epigenetic processes, which are necessary for the normal mainte-
nance of tissue-specific gene expression, may cause cancer formation and progres-
sion. The reversibility of epigenetic abnormalities is a promising feature for
epigenetic cancer therapy studies. This chapter aims to summarize information
about epigenetic mechanisms, their role in cancer initiation and progression, and
their potential use in cancer therapy.
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AML Acute myeloid leukemia

APAF1 Peptidase activating factor 1

BC Bladder cancer

BER Base excision repair

CGI CpG islands

CHK2 Checkpoint kinase 2

CLL Chronic lymphocytic leukemia
CTCF CCCTC binding factor

DGCRS DiGeorge syndrome critical region gene 8
DMRs Differentially methylated regions
DNMTs DNA methyltransferases

DSB Double-strand break

DUSP1 Dual specificity phosphatase 1 gene
El Ubiquitin-activating enzyme 1

E2 Ubiquitin-conjugating enzyme 2
EMT Epithelial-mesenchymal transition
FOXOl1 Fork-headed Box Protein Ol
GENIE Genomics Evidence Neoplasia Information Exchange
H2Bubl H2B monoubiquitination

HATSs Histone acetyltransferases

HDACs Histone deacetylases

HIF1 Hypoxia-inducible factor 1

HMG High mobility group

HPla Heterochromatin protein 1o

hTERT Telomerase reverse transcriptase
ICRs Imprinting control regions

ISWI Imitation switch

JAK2 Janus kinase 2

KATs Lysine acetyltransferases

KDMs Lysine demethylases

KMTs Lysine methyltransferases

LINEs Long interspaced nuclear elements
LOI Loss of imprinting

MAGE Melanoma antigen gene

MBD Methyl-CpG binding domains
MBD2 Methyl-CpG-binding domain protein 2
MeCP Methyl-CpG binding domain protein
MeCP2 Methyl-CpG-binding protein 2

MET Mesenchymal-to-epithelial transition
MGMT 06-methylguanine methyltransferase
miRISC miRNA-induced silencing complex
miRNA microRNA

MLL1 Mixed lineage leukemia 1

ncRNAs Non-coding RNAs
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PLCD1 Phospholipase C deltal

PMDs Partially methylated domains

PRMTs Arginine methyltransferases

PTPRR ERK phosphatases protein tyrosine phosphatase receptor type R
RAN Ras-related nuclear protein

S Serine

SAM S-adenosyl methionine

SCLC Small-cell lung cancers

SRA SET- and RING-associated

SUMO Small ubiquitin-like modifier

SWI/SNF Switching defective/sucrosenon-fermenting complex
T Threonine

TCGA The Cancer Genome Atlas

TDG Thymine DNA glycosylase

TET proteins  Ten-eleven translocation methylcytosine dioxygenases
TMZ Temozolomide

TNBC Triple-negative breast cancer

Ub Ubiquitin

USPs Ubiquitin-specific peptidases

Y Tyrosine
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3.1 Introduction

Cancer is the second leading cause of death in the world behind cardiovascular
disease, understanding its etiology and identifying cancer hallmarks is of significant
experimental and clinical importance. Although the process of carcinogenesis and
the distinguishing features of cancer, mostly based on gene mutations, have been
relatively detailed and some treatment approaches have been discovered, the number
of cancer-related deaths is still increasing annually (Liang et al. 2019). The under-
lying reasons for this are the limitations of targeted clinical therapies due to intra-
tumoral heterogeneity, plasticity, epigenomic structure and dormancy in tumor cells,
and the inability to overcome the main obstacles to long-term therapeutic efficacy. In
addition, the molecular pathologies involved in the metastatic progression of the
tumor have yet to be fully elucidated (Marusyk et al. 2020; Hanahan 2022). It has
been determined in the last decade that the epigenomic structure is significantly
affected by the changes in the tumor microenvironment, leading to deregulation in
gene expression control. Moreover, dormant cells are sustained by epigenetic mech-
anisms (Basu et al. 2021; Robinson et al. 2020). Since dormancy for cancer cells is
essential to acquire new mutations, initiate metastasis, adapt to and survive in a new
environment, develop resistance to cancer therapy, and avoid immune damage,
understanding the mechanisms of dormancy cell cycle arrest is important for devel-
oping new targeted therapeutics (Recasens and Munoz 2019). In line with these
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developments, Hanahan (2022) has expanded cancer hallmarks by including cellular
plasticity, non-mutational epigenetic reprogramming, and polymorphic variations in
the tissue/organ microbiome. Since the number of cancer-related deaths is increasing
annually, each newly discovered cancer feature is vital for understanding cancer
development and metastatic progression mechanisms. These developments are also
essential because of their potential to reflect on treatment (Liang et al. 2019).

Tumors consist of millions of cancer cells with neoplastic disruptions, which are
embedded in a microenvironment. The startling molecular and cellular heterogeneity
in tumors and tumor microenvironment heterogeneity are significantly correlated
with the progression of the disease and development of resistance to therapy,
consequently, clinical outcome.

The heterogeneity of cellular phenotype in tumors is a complicated and multi-
factorial phenomenon that combines environmental, epigenetic, and genetic fea-
tures. Even though the genetic heterogeneity aspect of intratumoral heterogeneity
has been studied in detail and understood well, there are still inadequacies in its
reflection on clinical medicine (McGranahan and Swanton 2017; Marusyk et al.
2020).

In spite of improvements in understanding the complex molecular pathology of
cancer, gene mutations continue to be at the center of molecular oncology, and Bert
Vogelstein’s famous statement would remain valid for many researchers: “The
revolution in cancer research can be summed up in a single sentence: cancer is, in
essence, a genetic disease” (Vogelstein and Kinzler 2004). The primary goal of
cancer research over the past few decades has been identifying tumor-associated
genetic alterations and evaluating their functional and clinical implications
(Garraway and Lander 2013; Cheng et al. 2021; Marei et al. 2021; Vogelstein
et al. 2013). Thanks to molecular technology improvements, DNA sequencing
technology has revealed intratumor genetic heterogeneity, surprisingly. In addition,
while the morphological and functional features of each normal cell form its own
cellular identity, the observation of deviations in cellular identities in tumor cells
without DNA-based mutations helped us to understand that not only gene mutations
but also changes in epigenetic regulatory mechanisms are common in the process of
carcinogenesis (Liang et al. 2019; Klemm et al. 2019).

It is generally accepted that human cancer cells have epigenetic abnormalities,
which is the main topic of this chapter, and that global and/or focal epigenetic
alterations may play a key role in the initiation and progression of tumorigenesis
(Jones and Baylin 2007; Hassler and Egger 2012; Lafave et al. 2022; Bond et al.
2020). Significant changes in different epigenetic regulatory mechanisms character-
ize the cancer epigenome. In the process of tumor formation, genetic and epigenetic
mechanisms are intertwined and mutually benefit from each other. Genetic muta-
tions in epigenetic regulators can cause alterations in the cancer epigenome, while
changes in epigenetic processes can result in genetic mutations (You and Jones
2012).
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3.1.1 History of Epigenetics

The fundamental concepts of genetics and heredity were established by Mendel’s
theories in 1865, the isolation of the DNA molecule in 1869, and the discovery of the
double helix structure of DNA almost a century later, in 1959. Conrad
H. Waddington, a developmental biologist, created the term “epigenetics” to
describe a novel biology area focusing on the connections between gene and protein
expression (Waddington 2012). In 1957, Waddington put forth the renowned epi-
genetic landscape, in which a rough surface (which represents extra- and intracellu-
lar environmental factors) allows a ball, representing a cell, to travel in various
directions (Goldberg et al. 2007). The discovery of the high mobility group (HMG)
proteins in the mid-1970s and early 1980s helped us realize that specific proteins,
besides the histones, may play an architectural function in chromatin and affect how
phenotypes are expressed. Even though the overall structure of DNA was roughly
recognized relatively early in the twentieth century, the field of epigenetics could
take off until the discovery of specific enzymes acting as writers and erasers of
epigenetic marks in the 1990s and 2000s. The well-known markers, including DNA
methylation and post-translational histone modifications, were quickly found after
understanding the DNA-double helix structure. DNA methylation was first observed
in 1965. Histone modifications, such as methylation, acetylation, ubiquitylation, and
phosphorylation, were documented from 1962 to 1977 (Peixoto et al. 2020).

Although Waddington’s definition initially concerned the interpretation of the
involvement of epigenetics in embryonic development and the link between geno-
type and phenotype, the definition of “epigenetics’ has changed accordingly over the
last 80 years and has been redefined multiple times. Understanding how a fertilized
egg may develop into an organism made up of hundreds of different types of
specialized cells, each of which expresses a specific set of genes with the same
genetic material, has long been a goal of researchers. It is now widely acknowledged
that specific gene expression patterns determine cellular identity. Establishing and
maintaining this expression pattern is necessary. The coordinated action of hundreds
of transcription factors, which bind to specific DNA sequences to activate or inhibit
the transcription of cell lineage genes, is crucial for maintaining the pluripotency of
the initial cell and establishing different cell types. The establishment of this phase
concerns the mechanisms by which the genotype produces the phenotype during
development, similar to Waddington’s first definition of epigenetics. In the mainte-
nance phase, non-DNA sequence-specific chromatin cofactors are involved in set-
ting up and maintaining the chromatin states throughout cell division and for
extended periods, even in the lack of transcription factors. This stage is similar to
Nanney’s original definition of epigenetics as the meiotic/mitotic inheritance of
alternate chromatin states without changes in DNA sequence. This definition was
later expanded upon by Riggs and Holliday and further changed by Bird and others
(Felsenfeld 2014; Peixoto et al. 2020; Cavalli and Heard 2019).
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3.1.2 Epigenetics and Epigenome

Although all body cells have essentially the same genetic material and hence the
same genes, they are categorized into about 200 cell types depending on morpho-
logical and functional features. A highly controlled arrangement of DNA into
chromatin is necessary to access the fundamental data of the DNA sequence and
establish cell type-specific gene expression profiles that are tightly regulated, both
temporally and spatially.

It is well known that chromatin, a macromolecular complex made up of DNA and
histone proteins, serves as the scaffold for packing the genome into microscopic
nuclei. The ability of genes to be silenced or activated is significantly related to the
arrangement of the genome into the compact structure. Although there are various
factors affecting both local and global chromatin architecture, the covalent modifi-
cations of DNA and histones are mainly involved in the coordination of this process.
Since specific combinations of genes are expressed in corresponding cell types, cell
type has its own distinctive feature known as cell identity. Cellular identity is formed
during embryogenesis by constraining the developmental potential of embryonic
cells toward tissue-specific stem cells and specialized cell types with differentiation
programs. These dynamic events take place in cells that have the same genetic
information. In normal cells, the genes having roles in the function of a particular
cell type are maintained in an accessible state, while the genes without functions are
silenced through epigenetic mechanisms.

The epigenetic mechanisms restrict each cell type’s potential; thus, the cell’s fate
depends on the epigenetic regulation of the genetic code. Therefore, epigenetic
mechanisms determine each cell type’s potential and play vital roles in mammalian
development, differentiation, and homeostasis. The complex interplay between these
systems is stable during cell division to preserve cellular identity. However, they also
respond to intrinsic cellular signals during development or extrinsic ones for
adapting to environmental cues through epigenomic features.

The epigenome combines cellular information encoded in the genome with
molecular/chemical information of extracellular and environmental origin. The
epigenome and the genome establish their unique gene expression program to define
the functional identity unique to each cell type, developmental, or disease process.
At the same time, the epigenome plays a role in the development of the organism’s
ability to respond to environmental stimuli in some cases. Therefore, unlike the fixed
genome, the epigenome exhibits dynamic and variable behavior in its response to
intracellular and extracellular stimuli.

As a result, while epigenetics is concerned with the processes that control when
and how specific genes are activated or silenced, epigenomics deals with the analysis
of epigenetic alterations across multiple genes in a cell or an entire organism,
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3.2 Epigenetic Machinery

Epigenetic modifications provide chromatin organization by creating inherited tran-
scription conditions responsible for maintaining cellular function, i.e., epigenetic
regulation occurs through chromatin modifications, which are formed by the pack-
aging of histone and histone-binding proteins with DNA. Epigenetic machinery is
composed of four main groups: DNA methylation, histone post-translational mod-
ifications, non-coding RNAs (ncRNAs), and chromatin remodeling (Fig. 3.1). How-
ever, many subgroups within each main group, together with chromatin
rearrangement complexes, regulate gene transcription by controlling chromatin
organization. These are cytosine methylation and, recently detailed,
hydroxymethylation-induced DNA  modifications, ~ATP-based chromatin
rearrangement, and non-coding RNA-mediated pathways, including microRNA
and long non-coding RNA.

Previously, these mechanisms have been extensively reviewed elsewhere, we will
summarize them in normal cells and then their roles in the carcinogenesis process in
detail.

+ Global DNA hypomethylation
* Focal DNA hypermethylation

- DHA demethylation
DNMTs, TETs
DNA
methylation
Nucleosome Gene expression Histone
remodeling p medifications
On / Off ﬁ
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Fig. 3.1 The epigenetic machinery. A collection of related components that work in concert to
control both transcriptional and post-transcriptional levels of gene expression make up the epige-
netic machinery
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3.2.1 DNA Methylation

DNA methylation is the most extensively studied chemical modification in mam-
mals and is now well-known to play a significant regulatory role in the regulation of
epigenetic gene expression, developmental processes, cellular differentiation, cell
identity establishment, and tissue homeostasis. It alters the functional state of the
regulatory areas but has no effect on the cytosine Watson-Crick base pairing rule.
Therefore, it exhibits the traditional “epigenetic” signature and has fundamental
functions in numerous stable epigenetic suppression mechanisms, including geno-
mic imprinting, X-chromosome inactivation, tissue-specific gene expression, chro-
mosome stability, repression of transposable elements, and aging (Turpin and
Salbert 2022; Tucci et al. 2019; Anvar et al. 2021; Cavalli and Heard 2019; Neidhart
2015; Eden et al. 2003; Karpf and Matsui 2005; Smith and Meissner 2013).

The chemical mechanism underlying DNA methylation is the covalent transfer of
a methyl (CH3) group from S’Adenosyl methionine to the fifth carbon of the
pyrimidine ring of the cytosine (C) base (5-methylcytosine, 5mC) in the CpG
dinucleotide under the catalytic action of DNA methyltransferases (DNMTs)
(Schiibeler 2015; Turpin and Salbert 2022; Ross and Bogdanovic 2019).

However, CpG dinucleotide content of the human genome is not equally distrib-
uted throughout the genome. CpG dinucleotides are concentrated in areas with large
repetitive genomic sequences scattered all over the genome, such as centromeric
repeats, intergenic regions, and retrotransposon elements, and they are generally
methylated (70-80%) (Deaton and Bird 2011; Turpin and Salbert 2022). The
hypermethylation of large repetitive genomic regions such as pericentromeric,
centromeric, and telomeric areas is crucial for maintaining chromosome stability
and proper chromosome division, as well as the restriction of the production of
transposable elements, such as LINE-1 by hypermethylation (Ortiz-Barahona et al.
2020; Sharma et al. 2010; Roberti et al. 2019; Neidhart 2015). In contrast, less than
10% of total CpGs are found at the 5’ ends of many human genes as CpG-rich DNA
stretches called “CpG islands” (CGI). While transcription is facilitated by the
chromatin structure adjacent to CGI promoters, transcription and, consequently,
gene expression is inhibited if CpG islands are methylated. The amount of methyl-
ation varies across the genome, and substantially methylated regions typically have
lower transcriptional activity (Neidhart 2015). The majority of CGIs usually remain
unmethylated during development and in differentiated tissues. Nearly 60% of CGIs
in normal somatic cells are mainly localized in gene promoters and the first exon
regions, primarily housekeeping genes (Deaton and Bird 2011). However, CGI
promoters of some genes that should be transcriptionally silent for a long term
during normal development become hypermethylated, such as imprinted genes,
the genes located on inactive X-chromosomes, or genes that are exclusively
expressed in germ cells but not appropriate to their expressions in somatic cells
(Jones and Baylin 2007; Sharma et al. 2010). Besides, CGI hypermethylation in
primarily developmentally significant, tissue-specific genes has also been reported
(Handy et al. 2011; Roberti et al. 2019).
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The genome-wide analyses of the methylome have shown that the methylation
position in the transcriptional unit affects gene regulation. Previous studies revealed
that although hypermethylation of CGI promoters is blocking the initiation of
transcription, gene body methylation may even enhance the elongation of transcrip-
tion for prevention of the intragenic promoters transcriptions and be involved in
alternative splicing regulation (Bond et al. 2020; Neri et al. 2017; Ortiz-Barahona
et al. 2020).

On the other hand, DNA methylation alterations occur not only in CGIs and
promoters but also in the sequences up to 2 kb from CGIs, which are called CGI
“shores.” The methylation of CpG shores is associated with transcriptional repres-
sion, and methylation patterns in these zones have been reported as tissue-specific,
indicating that they play a role in tissue differentiation. Moreover, CGI “shelves,”
which are located 2 kb upstream and downstream of the CGI shores, have also been
identified in the DNA methylation studies. The DNA methylations in different
regions and the GC content of these regions have different effects on gene expres-
sions (Nishiyama and Nakanishi 2021; Jones and Baylin 2007).

3.2.1.1 DNA Methyltransferases

During the epigenetic tags incorporation, writers add the marks to chromatin/DNA,
whereas readers mediate transcriptional consequences of epigenetic alterations, and
finally, erasers remove the added tags.

DNA methyltransferases (DNMTs) are the enzymes responsible for adding the
methyl group from S-adenosyl-L-methionine (Ross and Bogdanovic 2019) to cyto-
sine, i.e., DNMTs are DNA methylation “writers.” The family comprises five
members: DNMT1, DNMT2, DNMT3a, DNMT3b, and DNMT3L. DNA methyla-
tion involves three key stages; establishment (de novo methylation), maintenance of
methylation, and demethylation. Of DNMT family members, DNMT3A and
DNMT3B in combination with DNMT3L are regarded as de novo methylation
enzymes targeting unmethylated CpG dinucleotides and establishing new DNA
methylation patterns. DNMT3L serves as an accessory partner to the de novo
methylation activity of DNMT3A. DNMT3A and DNMT3B play vital roles during
early development, and the inactivation of these enzymes results in early embryonic
lethality. DNMT1 enzyme recognizes the hemimethylated DNA strands and is
responsible for maintaining the methylation process during replication by binding
to hemimethylated parental DNA and copying the methylation pattern to fully
methylated daughter strands. In the case of aberrant DNA methylation, DNMTs
play critical roles. Overexpression of DNMT1, DNMT3a, and DNMT3b has been
reported in various solid tumors, such as glioblastoma, gastric, colorectal, pancreatic,
hepatic, and lung cancers. In cervical cancers, higher DNMT1 expression was
reported in about 70% of the cells, linking to a worse prognosis (Neidhart 2015;
Schiibeler 2015; Jones and Baylin 2007; Lafave et al. 2022).
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3.2.1.2 Methyl-CpG Recognition Proteins

Gene transcription may be impacted by DNA methylation in two different ways:
First, DNA methylation itself may physically prevent transcriptional proteins from
attaching to the gene. Transcription factors, such as AP-2, c-Myc, E2F, and NF-kB,
may be prevented from binding to promoter sites by DNA methylation (Kulis and
Esteller 2010). Second, and perhaps more crucially, the established methylated DNA
sequences can be read by methyl-CpG binding domain protein (MeCP) families,
which then enlist histone deacetylases, a family of enzymes responsible for repres-
sive epigenetic alterations that suppress gene expression and preserve genome
integrity (Clouaire and Stancheva 2008; Cheng et al. 2021). MBDI1, MBD?2,
MBD4, and MeCP2 are among the proteins with methyl-CpG binding domains
(MBD) and are involved in gene transcription regulation through the cooperation
of other proteins. Histone deacetylases and other chromatin remodeling proteins that
can change histones are subsequently recruited to the locus by MBDs, resulting in
the formation of compact, inactive chromatin known as heterochromatin (Jones and
Baylin 2007). It is crucial to understand the relationship between DNA methylation
and chromatin structure. Methyl-CpG-binding domain protein 2 (MBD2) regulates
the transcriptional silence of hypermethylated genes in cancer, and the lack of
methyl-CpG-binding protein 2 (MeCP2) has been linked to Rett syndrome. In
contrast to the other four family members, MBD?3 attaches to hydroxymethylated
DNA rather than methylated DNA (Yildirim et al. 2011). The other family which
able to bind 5-mC consists of the ubiquitin-like proteins UHRF1 and UHREF2
(containing PHD and RING fingers domains 1 and 2), which are SET- and RING
finger-associated (SRA) domain-containing proteins (Vaughan et al. 2018). Many of
these proteins are known to insert repressive histone marks (such as lysine
deacetylation and histone lysine/arginine methylation) at their binding sites, either
directly or by uptake of proteins that catalyze reactions. Thus, the process of
nucleosome remodeling, chromatin compaction, and complex chromatin modifica-
tions occur, resulting in transcriptional repression due to the limited access of
transcription factors to the promoter.

As previously mentioned, DNMT1 recognizes the hemimethylated DNA for
copying the methylated parental DNA strand to form a fully methylated DNA double
helix. Therefore, it is responsible for maintaining the methylation process during the
replication. The versatile protein UHRF1 is a crucial cofactor for DNMT1 in the
process of DNA maintenance methylation (Sharif et al. 2007). The multi-domain
protein UHRFI controls epigenetic changes and mediates between DNA methyla-
tion and histone modifications. Through its central SET- and RING-associated
(SRA) and C-terminal really fascinating new gene domains, UHRF1 preferentially
recognizes hemimethylated DNA and exchanges it by methylating cytosines via its
SRA domain at the replication fork. DNMT1 is attracted to its target sites on the
freshly synthesized DNA strand by this base-flipping mechanism during the S phase,
exposing the unaltered cytosine to DNMT1 (Qin et al. 2015; Berkyurek et al. 2014).
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The results of MBD?2 inhibition on colon and lung cancer carcinogenesis inhibi-
tion seem encouraging. MBD3 interacts with other proteins, including MBD2 and
HDAC, to control the methylation process even though it does not directly bind to
DNA that has been methylated. MBD4 mutations have been reported in colorectal
cancer, endometrial carcinoma, and pancreatic cancers. Additionally, this mutation
unexpectedly influences not just CpG sites but also the stability of the entire genome.
Because of the interaction between MBD4 and MMR, MBD4 can potentially be
crucial for DNA damage repair. In contrast, MeCP2 and the UHRF family seem to
stimulate tumor growth when expressed (Mudbhary et al. 2014; Cheng et al. 2021;
Cheng et al. 2019).

3.2.1.3 5-Hydroxymethyl Cytosine and TET Enzymes

The enzyme family of 2-oxoglutarate-dependent dioxygenases (2-OGDD) gained a
new member in 2009, named Ten-eleven translocation methylcytosine dioxygenases
(TET proteins). The ten-eleven translocation (t(10;11)(q22;q23)), which is rarely
seen in acute myeloid and lymphocytic leukemia cases, inspired the name of the TET
proteins. This structural chromosome aberration caused the fusion of TETI gene
located on chromosome 10922 with the mixed lineage leukemia 1 (MLLI) gene on
chromosome 11q23. TET1 is a Fe(ll) and 2-keto glutarate-dependent
enzyme involved in the conversion of 5-methyl cytosine dioxygenase to
5-hydroxymethylcytosine (hmC) (Tahiliani et al. 2009). Subsequently, the other
members of the TET family, TET2 and TET3, were identified in humans and were
shown to possess similar catalytic activity. It is known that the hydroxylation of the
5mC substrate at the CpG dinucleotides to ShmC can be followed by the sequential
oxidation of ShmC to 5-formyl cytosine (5fC) and to 5-carboxyl cytosine (5caC) by
the catalytic activity of the TET enzymes (Ito et al. 2011). For the completion of
DNA demethylation, DNA repair enzyme thymine DNA glycosylase (TDG) enzyme
recognizes any of these base changes from the genome, which results in the creation
of an abasic site. DNA repair mechanisms in the cell (Base excision repair BER)
recognize the abasic sites and restore the cytosine in the 5-mC locus (He et al.
2011b).

The TET enzymes are the only recognized “methylation editors” because they
catalyze the repetitive oxidation of 5-mC, leading to the demethylation of 5-mC.
Because of the demethylation activity of TETSs, they can activate transcription and
so, they have vital roles in various cellular processes, including embryogenesis, cell
differentiation, and tumorigenesis (Ross and Bogdanovic 2019).

3.2.1.4 TET Proteins and DNA Demethylation

As a 2-oxoglutarate/Fe(I)-dependent oxygenase (20G oxygenase), TETs are iron/
ketoglutarate (Fe(I)/KG) dependent dioxygenases. The double-stranded p-helix
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Fig. 3.2 DNA methylation and demethylation mechanisms. DNMT proteins carry out the meth-
ylation of cytosines in DNA. The most crucial methylation regulators are DNMT3A/B, while
DNMT1 is principally responsible for protecting the SmC mark during DNA replication. Since
DNMT]1 does not recognize 5-hmC, it may represent an intermediary in passive demethylation by
replication. Two active demethylation mechanisms have recently been identified. The majority of
the data points to a route in which TET (Ten-eleven translocation) dioxygenases, which use
a-ketoglutarate (a-KG) and iron as cofactors, undergo three consecutive oxidation processes to
change SmC into 5ShmC, 5fC, and 5caC. TDG (thymine DNA glycosylase) proteins then identify
5fC and 5caC, activating the base excision repair (BER) process. Additionally, there is evidence for
a mechanism in which TDG-mediated BER comes after AID/APOBEC proteins, a group of
cytidine deaminases, deaminate ShmC to ShmU

(DSBH) and the cysteine-rich domain are at the core catalytic domain at the carboxyl
terminus. While the cysteine-rich domain wraps around the DSBH core for stabiliz-
ing the overall structure and TET-DNA interaction, the DSBH domain with con-
served residues brings Fe(II), KG, and 5SmC together for oxidation. Since the methyl
group is not involved in the TET-DNA interface, TET can accept various cytosine
modifications (Ito et al. 2011; Kao et al. 2016). TET1 and TET3 have a CXXC-type
zinc-binding domain, distinguishing methylated and unmethylated DNA at their
amino terminus. However, TET2 does not encode a CXXC domain, instead, it is
located close to the IDAX gene, directly interacting with TET2 and coding a CXCC
domain similar to that of other TETs (Pastor et al. 2013).

There are two mechanisms for 5-mC demethylation: passive and active (Fig. 3.2).
These mechanisms differ from each other according to whether they are replication
dependent or not. Passive demethylation is a replication-dependent mechanism in
which modified 5SmC tags dilute through consecutive cell divisions in the lack of
DNMT1-mediated methylation maintenance, and consequently gradually declining
degree of methylation. In contrast, the active demethylation mechanism corresponds
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to a replication-independent mechanism in which methylated Cs are eliminated and
replaced with unmodified cytosines through enzymatic activities (Wu and Zhang
2017).

When 5mC is oxidized to 5fC or 5caC, TDG-mediated excision of 5fC or 5caC
and BER-dependent repairment of the abasic site can restore unmodified cytosine
through the TDG-BER pathway (He et al. 2011b; Wu and Zhang 2017). This process
is defined as active modification—active removal (AM—-AR) and is independent of
DNA replication (Kohli and Zhang 2013). On the other hand, DNA replication can
result in the dilution of the oxidized 5SmC in restoring the unmodified cytosine
pathway; this time, the mechanism is known as active modification-passive dilution.
Hemi-modified CpG dyads are produced during DNA replication when unmodified
cytosine is integrated into the freshly generated strand. UHRF1 detects a SmC: C
dyad, which aids in bringing DNMT 1 to the hemi-5mC location. A CpG site that has
been changed with ShmC, 5fC, or 5caC may become demethylated during several
cycles of DNA replication (Wu and Zhang 2017). In regulating the active
TET-mediated DNA demethylation, all genes involved can be regulated at the
transcriptional, post-transcriptional, and post-translational levels. Moreover, factors
belonging to specific genomic regions at which the demethylation process is targeted
may also be effective.

The 2-Oxoglutarate (2-OG), also known as a-ketoglutarate (a-KG) and
vitamin C, regulates the activity of TET enzymes. In the TET-mediated oxidation
processes, oxygen and a-KG are needed as substrates, while Fe(II) is necessary as a
cofactor to produce CO, and succinate (Kohli and Zhang 2013). Isocitrate dehydro-
genase 1 (IDH1), IDH2, and IDH3 are the enzymes responsible for producing a-KG
from isocitrate in the Krebs cycle (Losman and Kaelin 2013; Shekhawat et al. 2021).
IDH1 or IDH2 overexpression promotes ShmC synthesis in cells (Waitkus et al.
2015). Howeyver, as seen in melanoma and glial tumors, the decreased ShmC level is
linked to IDH2 downregulation (Fig. 3.3). In addition, cancer-related /DH mutations
cause inhibition of TET activity through the production of 2hydroxyglutarate (2HG)
instead of a-KG. The mutant product 2HG is an oncometabolite that challenges
o-KG for binding to TET (Xu et al. 2011).

Preimplantation and primordial germ cell development, stem cell differentiation
and maintenance, and neuronal functions are biological processes with a global
hypomethylation condition that is maintained by 5-hmC through active DNA
demethylation. Abnormal DNA demethylation is one of the primary cancer epige-
netics subjects and the relation between TET and 5-hmC levels with clinical out-
comes in different cancers will be discussed later.

3.2.2 Abnormal Epigenomic Reprogramming in Cancer

Tumor biology is a complex process involving many different mechanisms. Geno-
mic and epigenetic anomalies play a role in the initiation and development of cancer.
The genetic and epigenetic basis of cancer has been studied over the past 10 years,
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Fig. 3.3 Schematic overview of a cell related to the involvement of IDHI and IDH?2 mutations and
the resulting loss of TET2 protein demethylation ability in the DNA demethylation process

and the presence of high-frequency changes in numerous epigenetic regulators has
clearly demonstrated the crucial role of epigenetic dysregulation in carcinogenesis.
During tumorigenesis, the epigenome undergoes many changes, including genome-
wide loss of DNA methylation, especially along the repetitive sequences of the
genome, regional hypermethylation, mainly in CpG promoter islands of tumor
suppressor genes, global changes in histone modification marks, and alterations in
networks involving ncRNAs.

Comprehensive investigations of the human cancer genomes have shown that
various cancer types have mutations in many key players in the epigenetic control of
gene expression, DNA repair, and DNA replication. Cancer initiation and progres-
sion frequently result from mutations in epigenetic writers, readers, and editors, as
well as components involving chromatin remodeling complex.

3.2.2.1 Cancer-Specific DNA Methylation Alterations

A diagram summarizing the most significant DNA methylation alterations seen in
human malignancies is given in Fig. 3.4. These occurrences include DNA
hypermethylation at gene promoters, frequently occurring on CpG islands and
rendering the afflicted gene silencing. Hypomethylation, or loss of DNA
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Fig. 3.4 A schematic diagram representing the most significant DNA methylation alterations seen
in normal and tumor genomes and genome-scale consequences of methylation alterations.
Unmethylated CpG sites are shown by white circles, while methylated CpG sites are shown by
red circles. The transcription start location and ongoing loss of transcription following DNA
methylation are indicated by the arrows. Exons are demonstrated with green boxes, while the
location of repetitive sequences and regulated regions is indicated by the blue rectangle

methylation, affects the entire genome and is frequently found in repeated areas of
the genome.

3.2.2.2 Global DNA Hypomethylation

The genome-wide DNA hypomethylation is one of the epigenetics-related hallmarks
of cancer and occurs in various genomic regions, including repetitive sequences and
regulatory regions. It results in abnormal gene expression, derepression of imprinted
genes and retrotransposons, and chromosomal instability (Berdasco and Esteller
2010; Li et al. 2023; Mazloumi et al. 2022; Lozano-Urefia et al. 2021). As already
mentioned, hypermethylated pericentromeric, centromeric, and telomeric sequences,
preserving chromosomal stability and proper cell division in normal cells, are
hypomethylated in tumor cells. Although the majority of CpGs in the genome are
known to be 80% methylated, CpG methylation levels in cancer are typically
between 40% and 60% (Baylin and Jones 2016). Loss of hypermethylation leads
to cell division errors, disrupted chromosome stability, and increased mutation
events during multistage carcinogenesis, all classical hallmarks of cancer. The
presence of a high frequency of numerical and complex structural chromosome
abnormalities are examples seen in tumors (Mazloumi et al. 2022; Pappalardo and
Barra 2021). Retrotransposons that are repressed in healthy cells, such as LINEs
(long interspaced nuclear elements) and Alu sequences, can be reactivated in cancer
cells due to global hypomethylation (Ortiz-Barahona et al. 2020). Studies indicate
that up to 50% of cancerous tumors may exhibit retrotransposition activation, which
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frequently results in structural and copy number changes as well as the induction of
oncogene activity. Since the silencing of repetitive genomic regions is through the
DNA methylation and repressive chromatin mark, histone H3 lysine 9 (H3K9)
methylation, the hypomethylation probably allows the gene expression activation
at these repetitive regions (Pfeifer 2018). In most cancer types, including bladder
cancer, hepatocellular carcinoma, gastrointestinal stromal tumor, colon cancer,
extra-hepatic cholangiocarcinoma, chronic lymphocytic leukemia, ovarian carci-
noma, and lung carcinoma, LINE-1 hypomethylation is highly recurrent and tightly
correlated with global hypomethylation. It is interesting to note that LINE-1
hypomethylation frequently increases along with the tumor’s histological grade
and a poor prognosis, particularly in gastrointestinal malignancies (Zheng et al.
2019; Igarashi et al. 2010; Ikeda et al. 2013; Zhang et al. 2020; Baba et al. 2018).

Furthermore, abnormal hypomethylation is also seen in regulatory DNA regions
that are normally methylated and repressed. These sequences become
hypomethylated in cancer, which can interfere with the repression of normally
silenced genes and cellular functions, leading to active transcription of proto-
oncogenes, genomic instability, tumorigenesis, and metastasis (Mazloumi et al.
2022).

Through genome-wide sequencing studies, it has been revealed that DNA
hypomethylation occurs specifically in DNA blocks called partially methylated
domains (PMDs) (Nishiyama and Nakanishi 2021; Hansen et al. 2014). PMDs
comprise about half of the genome, usually located in gene-sparse genomic loca-
tions, and coincide with nuclear lamina-associated domains and late replication sites
(Berman et al. 2012; Hon et al. 2012). They represent a repressive chromatin
structure associated with a high somatic mutation rate (Brinkman et al. 2019).
Despite this general trend, their location shows some degree of cell type specificity
(Schroeder et al. 2011). The enriched genomic regulatory features, which often
include promoters and insulators, containing or defined by CTCF regions, are in
the boundaries of PMDs (Salhab et al. 2018; Decato et al. 2020).

The gene-specific promoter DNA hypomethylation can also be involved in
carcinogenesis. A subset of genes that fall into the germline-specific genes category
is activated in cancers as a result of loss of DNA methylation at their promoter
regions. Although the information related to the oncogenic potential remains limited,
the group of genes, so-called cancer-germline genes, whose expressions are only
active during spermatogenesis, can become activated in tumors through promoter
hypomethylation. These genes were first identified in melanoma tumors as cytotoxic
T lymphocyte antigens, and some of them are known as MAGE (melanoma antigen
gene). These genes have an appropriate biomarker potential for malignancy diagno-
sis and prospective therapeutic targets since they are not expressed in normal somatic
tissues but show unique cancer-specific expression patterns. About 250 cancer-
germline genes have been identified and although the localizations are dispersed
on different chromosomes, X-chromosome hosts many of these genes. The MAGE
family, which has more than 50 family members and is evolutionary conserved, is a
significant group of these genes. These genes produce ubiquitin ligases, which play a
role in reproductive organ germ cell development. Several MAGE proteins can bind
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to and inhibit well-known tumor suppressor proteins such as TP53 and Retinoblas-
toma (De Souza et al. 2013) (Ladelfa et al. 2012). Activation of MAGEAII is
frequently observed in prostate cancer and has been associated with increased
tumor cell growth. Besides activation of MAGEB?2, another MAGE family member,
has been reported in various tumors, such as lung carcinoma, and head and neck
carcinoma (Van Tongelen et al. 2017). The BORIS/CTCFL gene family, which
codes for a homolog of the insulator protein CCCTC binding factor (CTCF), is one
intriguing member of the cancer-testis gene family. The encoded protein BORIS/
CTCFL causes an increase in telomerase reverse transcriptase (W'TERT) gene expres-
sion, encouraging cell immortalization and elevated expression revealed in testicular
and ovarian cancers (Renaud et al. 2011).

The overexpression of c-MYC has been determined in various cancer types. The
hypomethylated condition of the c-MYC promoter is correlated with its oncogenic
potential and resulted from the hypomethylation-related reactivation of the transcrip-
tionally silent retrotransposons (Fatma et al. 2020). The c-MYC promoter
hypomethylation and aggressive cancer development correlation has been revealed
in about 86,4% of gastric adenocarcinoma samples (De Souza et al. 2013)

Genomic imprinting is an epigenetic marking process that causes the monoallelic
gene expression depending on parental origin. As is well known, imprinting patterns
vary between tissues. They are regulated by imprinting control regions (ICRs),
which are differentially methylated regions (DMRs), to form the parental-specific
methylation pattern (Ferguson-Smith 2011). DNA methylation is the most crucial
mechanism to govern imprinted gene expression in coordination with other epige-
netic mechanisms, including H3K27me3 modification. They play crucial roles in
various biological processes, including embryonic and placental growth, fetal devel-
opment, and adult metabolism. Deletion of these sequences results in loss of
imprinting (LOI), which leads to changes in the expression of imprinted genes in
the cluster. LOI affects physiological functions and is the cause of the development
of imprinting syndromes, including Angelman, Prader-Willi, and Beckwith-
Wiedemann syndromes. Furthermore, the dysregulation of the imprinting pattern
or the LOI has been described as the most common and early event in different
tumors such as esophageal or colorectal cancer, or gliomas, meningiomas, and
chronic myeloid leukemia (Jelinic and Shaw 2007). H19, the first reported imprinted
gene in humans, and the other IGF2 imprinted gene are both growth regulatory genes
that frequently regulate reciprocally. Zhang et al. (2018) and Yang et al. (2021) have
reported the role of H19 overexpression in the promotion of leukemogenesis of
AML (Zhang et al. 2018; Yang et al. 2021). The loss of the IGF2 imprint gene,
related to the Beckwith—Wiedemann syndrome, is also a risk factor for cancer, e.g.,
colorectal cancer or development of Wilms tumor. The dysregulated expressions of
maternally expressed CDKNIC (pS7KIP2), H19, MEG3 or paternally expressed
IGF2, PEG3, Contactin 3 (CNTN3), and DLK] imprinted genes have been reported
as biomarkers associated with the development of high-grade glial tumors and/or
prediction of overall survival of patients (Lozano-Urena et al. 2021). Recent studies
highlight the potential roles of epigenetic instability of imprinted domains in human
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cancers and suggest further studies necessary to determine potential use as cancer
biomarkers (Bildik et al. 2022; Kim et al. 2015).

3.2.2.2.1 DNA Methyltransferases (DNMTs) and DNA Methylation

The hypomethylation of CpG sites of the genome typically results in the activation
of gene expression, whereas the hypermethylation of the sites in enhancers or
promoters results in transcriptional silencing (Morgan et al. 2018). DNA
methyltransferases (DNMTs), as was previously discussed, are crucial for DNA
methylation in the genome. DNMTs regulate the dynamic DNA methylation patterns
of embryonic and adult cells in mammals in conjunction with other factors. On the
other hand, cancer is typically identified by the abnormal function of DNMTs. As
can be expected, there is a close relationship between the aberrant functions of
DNMTs and cancer, as well. Common somatic mutations across tumors have been
reported by recent large-scale cancer genomics consortia, including The Cancer
Genome Atlas (TCGA) and the Genomics Evidence Neoplasia Information
Exchange (GENIE). Although many somatic mutations exist in epigenetic regula-
tors, relatively few mutations have been detected in DNMT enzymes (Han et al.
2019). A limited percentage of colon cancer patients have DNMT1 mutations;
contrarily, a significant incidence of DNMT3A somatic mutations is seen in patients
with acute myeloid leukemia (AML) (Hajkova et al. 2012; Lee and Kim 2021).

Focal increases in DNA methylation associated with extensive hypomethylation
are hallmarks of cancer genomes. A recent study by Lopez-Mayodo et al. showed a
tight correlation between loss of TET function and cancer, as well as the interaction
between DNMT3A and TET2 mutations in hematological malignancies. They
emphasized that the distinctive pattern of global hypomethylation paired with
localized hypermethylation reported in various cancer genomes may be primarily
due to loss of TET function (Lépez-Moyado et al. 2019).

3.2.2.2.2 Focal DNA Hypermethylation and Tumor Suppressor Genes

The aberrant hypermethylation of CpG islands (CGI) in the 5’ regions of cancer-
related genes is a well-documented DNA methylation alteration in cancer. An
alternate pathway to mutation for the deactivation of genes with tumor suppressor
activity is this alteration, which can be intimately linked to transcriptional silencing.
Accordingly, 60% of all gene promoters contain CpG islands, most of which are
unmethylated throughout healthy development or adult cell renewal processes.
Therefore, the more open chromatin states and active or ready to be activated, the
expression status of these genes is fundamentally dependent on this unmethylated
status. Contrarily, methylated CpG island promoters are so common in malignancies
(5—10% of CGI genes) and are known to contribute to carcinogenesis directly. These
cancer-specific features of the genes have opened up new options for epigenetic
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therapy, which targets epigenetic modifications for therapeutic reversal (Baylin and
Jones 2016).

In order for malignant cells to maintain their uncontrolled development, cancer-
related hypermethylation of CpG islands at promoter regions affects genes impli-
cated in all regulatory circuits that control cell proliferation and homeostasis. At
every stage of cancer development, hypermethylation events can occur and interact
with both other epigenetic mechanisms and genomic abnormalities. Tumor-
associated epigenetic lesions are far more common than genetic mutations,
according to studies of DNA sequencing and genome-wide methylation data
(Vogelstein et al. 2013). Between 5 and 10% of CpG island-containing promoters
may be hypermethylated due to cancer.

Genome-wide CGI hypermethylation is evident not only in the majority of
primary and metastatic tumors (Costello et al. 2000). However, it is also present in
premalignant lesions, such as actinic keratosis lesions of the skin (Rodriguez-
Paredes et al. 2018) and early stages of lung cancer (Vrba and Futscher 2019). It
makes the most sense to explain a tumor-causing role for a hypermethylated gene in
cancer when the methylation event impacts regulatory gene sequences like
enhancers or promoter regions. The role of DNA methylation in these situations is
typically blocking the related gene expression.

It should be emphasized that SmC frequently exists in the gene body of active
genes, and its effects here may frequently be the opposite of those they have in
promoters. At least on a global scale, gene body or transcribed region
hypermethylation is linked to increased gene expression levels, and it may encour-
age carcinogenesis by activating oncogenes if this condition occurs in genes with
oncogenic characteristics (Liang and Weisenberger 2017). Nevertheless, CpG island
hypermethylation more frequently will result in gene silencing when it affects pro-
moters. If the impacted genes are involved in functional pathways, including cell
proliferation control, genomic stability, activation of apoptosis or senescence, DNA
repairing, and invasion and metastasis, then methylation-induced silencing events
may have a tumor-promoting effect (Pfeifer 2018).

The role of promoter hypermethylation in the repression of gene expression was
initially discovered in the retinoblastoma tumor suppressor gene (RB1) promoter
region in patients with retinoblastoma (Greger et al. 1989), and then several tumor
suppressor genes whose gene expression is repressed by DNA hypermethylation
have been found in tumor tissues. Similar to germline mutation in familial malig-
nancies, DNA hypermethylation in these genes is in a tissue-specific manner
(Li et al. 2021a).

3.2.2.2.3 Roles of DNA Methylation Aberrations in Cell Proliferation

Cells need external stimuli such as growth factors, mitogens, and hormones for
proliferation. Compared to normal cells, tumor cells use different ways to maintain
these proliferative signals. They can activate proliferative pathways by deregulating
downstream mediators, stimulating cells from the tumor microenvironment to
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provide them with mitogens (paracrine signaling), or producing their own mitogens
(autocrine signaling). An essential component of growth control systems is the
restriction of signaling pathways that promote proliferative processes. An important
family of protein kinases called cyclin-dependent kinases (CDKSs) controls the cell
cycle. For CDKs to engage in their kinase activity, they need to be bound to the
cyclins. In addition to cyclins, CDK inhibitors (CDKi) also control CDK activity.
Cyclins and CDKi, together, are responsive to the stimuli through signal transduc-
tion pathways for dividing or staying quiescent of cells. Evading antiproliferative
signaling at the different cell cycle checkpoints through epigenetic mechanisms is a
characteristic feature of cancer cells. For instance, CDK inhibitor protein-coding
genes, including cyclin-dependent kinase inhibitor 2A (CDKN2A), also known as
pl6INK4a, and a related gene CDKN2B (p15INK4a), located next to the CDKN2A
locus, are involved in the regulation of cell cycle progression. The suppression of
these genes by promoter hypermethylation has been reported in various cancer types.
An essential mechanism for controlling cell proliferation is cell cycle-promoting
kinase inhibition, and it is predicted that inactivating this mechanism may enhance
cell growth. Breast, lung, head and neck cancers, gliomas, and melanomas are
tumors associated with the inactivation of CDKN2A through promoter
hypermethylation. Importantly, base substitution mutations, loss of homozygosity,
promoter methylation, and other mutually exclusive events can all inactivate
CDKN2A (Ortiz-Barahona et al. 2020; Pfeifer 2018).

In the mitogen-activated protein kinase (MAPK) pathway, a serial set of protein
kinase cascades are involved, which is activated through the binding of mitogen to
membrane receptors. The protein kinase cascades involved in the mitogen-activated
protein kinase (MAPK) pathway are triggered by mitogen binding to membrane
receptors, which then activate transcription factors to promote gene expression. Both
activating mutations in signaling molecules and modifications to membrane recep-
tors have the ability to constitutively activate the MAPK pathway. For example, a
valine to glutamic acid alteration (V600E) in the B-RAF (B-Raf serine/threonine)
gene gives rise to constitutive kinase activation, and this substitution is primarily
seen in melanomas. Additionally, promoter hypermethylation-related inactivation of
the PTPRR (ERK phosphatases protein tyrosine phosphatase receptor type R) and
DUSPI (dual specificity phosphatase 1 gene) genes have been reported in colon
cancer (Laczmanska et al. 2013) and oral cavity carcinomas, respectively, meaning
leading to MAPK cascade activation (Khor et al. 2013).

In the recent study by Xiang et al., they suggested that the tumor-specific reduced
protein expression of PLCD1 (phospholipase C deltal) resulting from promoter
hypermethylation could be used as a novel biomarker for early detection and
prognostic prediction in colorectal cancers. They also reported that the gene plays
important roles in proliferation, migration, invasion, cell cycle progression, and
epithelial-mesenchymal transition. The PLCD1 is a negative regulator of the
phosphatidylinositol 3-kinase (PI3K)-AKT pathway, another example of a
dysregulated proliferative pathway in cancer (Xiang et al. 2019).

The familial cancer syndrome adenomatous polyposis coli is linked to germline
mutations of the tumor suppressor gene adenomatous polyposis coli (APC), which
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predisposes its carriers to early-onset colorectal cancer. APC is a negative regulator
of the Wingless/Int (WNT) signaling pathway. The other growth-promoting module,
the WNT pathway, is especially relevant for intestinal stem cells and their malig-
nancies. Epigenetic alterations in this pathway often result in higher fB-catenin
expression. Not only in colon cancer, but also APC promoter hypermethylation
has been reported in breast, pancreatic, lung, and gastric cancers (Liu et al. 2021a;
Zhou et al. 2020; Liang et al. 2017).

3.2.2.2.4 Role of DNA Methylation Changes in Evasion of Apoptosis

Success in tumor development depends not only on maintaining active cell prolif-
eration but also on preventing the programmed cell death that would occur if the
pathways were to become dysregulated. A high number of proliferative signals,
significant DNA damage caused by the proliferation itself, hypoxia, or externally
harmful substances can all cause apoptosis. The primary DNA damage sensor, p53
(TP53), directly controls the transcription of growth arrest genes when it activates in
response to significant DNA damage. By epigenetically suppressing p53 targets like
stratifin (SFN), tumoral cells can continue the cell cycle despite pS3 activity. Stratifin
is an important G2/M cell cycle checkpoint regulator and is expressed in response to
DNA damage stress via a p53-dependent mechanism. SFN promoter
hypermethylation is seen in various tumor types, including small-cell lung cancer
(SCLC), prostate, endometrial, and breast cancers (Chauhan et al. 2021).

In normal tissues, if cells are unable to repair DNA damage, p53 activates
the intrinsic apoptotic pathway, in which the pro- and anti-apoptotic members of
the Bcl-2 family of regulatory proteins take roles in regulation. This route results in
the release of cytochrome C and the creation of apoptosomes. The suppression of
proapoptotic Bcl-2 family members (BCL2-Associated X Protein (BAX)), BIM
(BCL2L11), BCL2 Binding Component 3 or PUMA (BBC3) or silencing of apo-
ptotic peptidase activating factor 1 (APAF1) are examples of cancer-associated
epigenetic dysregulation that prevents the development of this cascade (Ortiz-
Barahona et al. 2020; Neophytou et al. 2021).

One of the hallmarks of cancer is the evasion of apoptosis. Many pro-apoptotic
genes have been discovered to be silenced by methylation in malignant tumors.
Death-associated protein kinase (DAPK), an example of hypermethylation-related
silenced pro-apoptotic genes, has been revealed in many cancer types as well as in
B-cell malignancies. Similarly, neuroblastomas and other malignancies have been
shown to have methylation of the caspase 8 gene (CASPS), which encodes a cysteine
protease controlled in a death-receptor-dependent and independent way. The
paralogue of the well-known tumor suppressor TP53, TP73, has the ability to induce
apoptosis. The TP73 promoter is methylated in some malignancies, including
neuroblastomas and melanomas (Pfeifer 2018; Ortiz-Barahona et al. 2020).

The hippo signaling pathway is a route that manages cell proliferation and death
to govern organ growth. The Hippo signaling pathway is important in inducing
apoptosis and limiting cell proliferation. This signaling pathway has grown in
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importance in human cancer research, as unregulated cell division is a hallmark of
many malignancies. MST1 and MST2 (Mammalian sterile 20-like kinases 1 and 2)
are present in the pathway’s core kinase cassette. Soft tissue sarcomas have been
shown to have methylated MST1 and MST2 promoters (Pfeifer 2018). The Ras
association domain family (RASSF) of proteins is one of the few positive regulators
of MST kinases discovered. The hypermethylation of the RASSF family member,
RASSFI1A, is practically seen in all human cancers and is mostly already methylated
in early preneoplastic lesions. Through the MST1/2 kinases, RASSF1A positively
regulates the Hippo growth control system, including its pro-apoptotic output
(Motavalli et al. 2021; Malpeli et al. 2019).

3.2.2.2.5 Promotion of Genome Instability by DNA Methylation Alterations

As aforementioned, in addition to a global loss of DNA methylation at repeated
sequences in the genome resulting in chromosomal instability, impaired genomic
maintenance machinery results in the greater mutability of malignant cells. Changes
to this machinery could occur at the DNA damage detection level or at the repairing
mechanism itself. Any of these inactive levels make identifying and repairing
genetic mistakes more difficult, which may speed up cell division and prevent
apoptosis. Either inactivating mutations or promoter hypermethylation-related
silencing can result in the loss of these functionalities. Consequently, both levels
of DNA methylation can exhibit abnormalities. The hypermethylated Ataxia telan-
giectasia mutated promoter has been discovered in glioma, breast, and colorectal
cancers (Begam et al. 2017). The DNA double-strand break (DSB) sensor ATM
phosphorylates multiple important proteins in response to damage, which can result
in cell cycle arrest, DNA repair, or apoptosis. The checkpoint kinase 2 (CHK?2), a
serine-threonine kinase, is also hypermethylated and silent in gliomas (Wang et al.
2010). The DNA repair apparatus is extensive and tailored to diverse forms of
damage, from recombination mechanisms for double-strand breaks (DSBs) to mech-
anisms for single base or nucleotide damage

Depending on which repair mechanisms have been impaired, the inactivation of
DNA repair function will probably lead to an increase in the frequency of mutations,
either at the single base level or the chromosomal level. Tumors have impaired DNA
repair mechanisms, most notably because of mutations in the germline. Xeroderma
pigmentosum gene variants, for instance, can induce errors in nucleotide excision
repair (e.g., XPA, XPC, and XPF). The mutations in DNA mismatch repair genes
cause a hypermutator phenotype that frequently shows up as microsatellite instabil-
ity. Base excision repair impairment is less frequently linked to cancer. Mutations in
BRCAI, BRCA2, and RADS5I genes impair DNA double-strand break repair and
recombination repair processes. Both sporadic cancers and familial cancer predis-
position syndromes, particularly colorectal malignancies with microsatellite insta-
bility, have been linked to mutations in DNA mismatch repair genes. Although
Lynch syndrome is due to inherited mutations in DNA mismatch repair genes,
including MSH2, MLHI, MSH6, or PMS?2, a majority of mismatch repair deficient
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sporadic colorectal tumors do not contain mutations; instead, the promoter of the
MLH] gene is frequently hypermethylated, and biallelic methylation-mediated inac-
tivation causes the loss of protein production. The inactivation of MLHI is a
convincing illustration of a driver methylation event in carcinogenesis because of
causes the loss of function similar to gene mutation (Keum and Giovannucci 2019).

The MGMT (O6-methylguanine methyltransferase) is a DNA repair gene,
encoding a DNA repair protein that removes mutagenic and cytotoxic alkyl groups
from the O6 position of guanine and restores the guanine to its original state, i.e.,
repairs O6-alkylated guanine residues in genomic DNA. By pairing thymine instead
of cytosine during DNA replication, guanine-O6 methylation creates a methylated
nucleotide with impaired base pairing potential, which encourages G:C to A:T
mutations. The promoter of the gene is CpG rich and is epigenetically inactivated
through DNA methylation, and consequently, methylation silencing of MGMT
diminishes its O6-alkylguanine repairing efficiency. The epigenetically inactivated
MGMT is seen in colorectal, gastric, non-small-cell lung cancers, head, and neck
squamous cell carcinomas, and significantly in gliomas (Uddin et al. 2020). How-
ever, alkylating agents such as Temozolomide (TMZ) are among the most used
chemotherapeutic drugs in cancer treatment and are known to cause cell cycle arrest
at G2/M, which ultimately leads to apoptosis. Adding methyl groups at the N7 and
06 sites on guanines and the O3 site on adenines in genomic DNA is the mechanism
through which TMZ causes cytotoxicity. When the O6 site on guanine is alkylated, a
thymine rather than a cytosine match opposite the methylguanine during the follow-
ing DNA replication, and DNA mismatch errors occur. The mismatches of methyl-
ated DNA can be repaired by base excision or DNA mismatch repair pathways
through the involvement of a DNA glycosylase like alkylpurine-DNA-N-
glycosylase (APNG) or a demethylating enzyme like MGMT. Thus, DNA mismatch
repair by active MGMT causes the development of a resistance mechanism against
TMZ. In contrast, epigenetically silenced MGMT sensitizes the tumor to TMZ.
Glioma patients with a methylated MGMT gene have been shown to have a higher
survival rate when treated with the alkylating agent TMZ compared to patients with
an unmethylated promoter, possibly due to increased cell killing by the chemother-
apy agent (Kukreja et al. 2021; Sledziriska et al. 2021).

3.2.3 Histon Modifications in Cancer

Histone proteins are essential for nucleosome components. In eukaryotes, chromatin
is organized into nucleosomes, each formed of a histone octamer and a fragment of
surrounding DNA. There are six histones: H1, H2A, H2B, H3, H4, and HS5, highly
rich in lysine and arginine, two positively charged amino acids (Neganova et al.
2022; Zhao et al. 2021). Since Vincent Allfrey’s pioneering work in 1964, it has
been known that histones are post-translationally modified (PMTs) (Allfrey et al.
1964). Histon proteins’ amino and carboxy termini can undergo transcription-
regulating changes, including methylation, acetylation, phosphorylation,
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sumoylation, ubiquitination, and ADP-ribosylation. They may also act as recogni-
tion modules for specific binding proteins (Audia and Campbell 2016).

Histone alterations are classified as active or repressive based on their effects on
gene expression. The steady-state cell maintains a balance between particular mod-
ifications and modifiers to preserve chromatin structure, execute the correct gene
expression program, and regulate the biological outcome. Disruption of this balance
in the cell may change the phenotype, leading to the disease’s formation and
progression (Zhao and Shilatifard 2019; Markouli et al. 2021). Deregulation of
these mechanisms results in the development and progression of cancer due to the
increased activation of oncogenes or the inhibition of tumor suppressor activity.

3.2.3.1 Histone Acetylation

Histone acetyltransferases (HATs) and histone deacetylases (HDACs) regulate
acetylation, a reversible modification of the e-amino group on lysine residues.
HATs transfer the acetyl group of acetyl coenzyme A to the terminal of histone
amino acid. Acetylation of the histone tails neutralizes the positively charged
lysines, disrupting the connection between the tail and the negatively charged
nucleosomal DNA to facilitate chromatin opening and enhance active transcription
by making DNA accessible to transcription factors. The lysine residues of
non-histone proteins are known to be acetylated such as p53, Rb, and MYC.
Therefore, these enzymes are also called lysine acetyltransferases (KATs). In con-
trast, HDACs remove the terminal acetyl group of histone lysine, resulting in a
compact chromatin structure that inhibits transcription (Neganova et al. 2022; Audia
and Campbell 2016) (Fig. 3.5).

Acetylated lysines might provide a unique signal for regulatory factors or chro-
matin remodeling complexes to target specific domains. Bromodomains were dis-
covered to function as acetyl-lysine recognition modules, guiding enzymes with

Deacetylation Acetylation

Condensed Chromatin Relaxed Chromatin

Fig. 3.5 Schematic mechanism of histone acetylation and deacetylation
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these domains to specific locations on chromosomes. In addition to transcriptional
regulation, new functions for histone acetylation have been identified, including
nucleosome assembly, chromatin folding, heterochromatic silencing, DNA damage
repair, and replication (Cohen et al. 2011; Zhang et al. 2015).

Numerous studies have shown that aberrant expression or activity of HATs and
HDAC:S significantly affects the cancer acetylome (Li et al. 2019). Depending on the
target genes (e.g., tumor suppressor and proto-oncogenes), hyperacetylation and
hypoacetylation may disrupt the normal cell cycle, prevent or reverse differentiation,
block apoptosis, and enhance cell proliferation, contributing to the formation and
metastasis of a cancer phenotype (Di Cerbo and Schneider 2013). Alterations in
global histone acetylation, specifically acetylation of H4 at lysine (K)16, have been
associated with various cancers and may have predictive significance in some cases
(Seligson et al. 2009; Fraga et al. 2005).

Several studies have suggested the dual roles of HATs as oncogenes and tumor
suppressors. HAT mutations and altered expression without DNA mutation have
been detected in multiple cancers (Chen et al. 2013; Di Cerbo and Schneider 2013).

Well-studied human HAT families are GNAT (HAT1, GCNS, PCAF), MYST
(Tip60, MOF, MOZ, MORF, HBO1), and p300/CBP. p300/CBP includes the HAT
domain, the bromodomain (BRD), and three cysteine and histidine-rich domains.
Germline mutation of CBP causes Rubinstein-Taybi syndrome and increased sus-
ceptibility to childhood cancers, probably due to loss of the second allele. p300 has
also been linked to hematological malignancies (Cheng et al. 2019; Di Cerbo and
Schneider 2013). CBP- and p300-null chimeric mice developed hematological
malignancies (Rebel et al. 2002). Several p300 missense mutations have been
detected in colorectal adenocarcinoma, gastric adenocarcinoma, and breast cancer
(Gayther et al. 2000; Cheng et al. 2019). Small-cell lung cancers and non-Hodgkin
B-cell lymphomas have been shown to have mutations close to the HAT catalytic
domain that lead to a loss of enzymatic activity (Peifer et al. 2012; Pasqualucci et al.
2011). However, impaired activation of HATs, which are also responsible for the
acetylation of tumor suppressor genes such as p53 and Rb, can induce
tumorigenesis.

On the other hand, oncogenic effects may result from abnormal activation or
localization of p300/CBP. MLL-CBP t(11;16)(q23;p13), MLL-p300 t(11;22)(q23;
ql13), MOZ-CBP t(8;16)(p11;p13), and MOZ-p300 t(8;22)(p11;q13) have been
identified in acute myeloid leukemia (AML), myeloid/lymphoid, or mixed lineage
leukemia (MLL) (Cohen et al. 2011). In addition, it has been shown that p300 can
modulate some fusion protein activity by acetylation, such as AMLI-ETO t(8;21)
(q22;q22), which is the most common fusion protein in AMLs. Depletion of p300
impaired its ability to promote leukemic transformation by inhibiting acetylation of
AMLI-ETO (Wang et al. 2011). The relationship between histone alterations and
malignancy in hematological cancers has been broadly studied compared to solid
tumors. High p300 expression has been related to poor prognosis in laryngeal
squamous cell carcinoma and small-cell lung cancer (Chen et al. 2013; Gao et al.
2014).
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Histone acetyltransferase TIP60 regulates apoptosis and DNA damage repair by
acetylation of some tumor suppressor genes in addition to histones. Mutations of the
human TIP60 gene have been identified in head and neck squamous carcinomas,
ductal breast carcinomas, and low-grade B-cell lymphomas (Di Cerbo and Schneider
2013). Low TIP60 mRNA expression was associated with poor overall survival and
recurrence-free survival in breast cancer (McGuire et al. 2019). It has also been
found that TIP60 can inhibit viability and invasion of lung cancer cells through
downregulation of the AKT signaling pathway (Yang et al. 2017). Another
acetyltransferase, GCNS, has been shown to regulate gene transcription by catalyz-
ing the acetylation of lysine residues on multiple histones, including H2b, H3, and
H4, in addition to transcription factors such as FBP1 and N-Myc. GCN5 mRNA is
upregulated in some cancers (Yin et al. 2015).

HDACs are divided into four groups classes I, II, III, and IV. HDAC
overexpression has been reported in solid and hematological cancers and is associ-
ated with advanced disease and poor patient outcomes. Therefore, HDACs have
become promising therapeutic targets (Hosseini and Minucci 2018).

High expression of HDACI1 and 2 is associated with reduced patient survival in
colorectal carcinomas. The overexpression of HDACI, 2, and 6 and HDAC, 2, and
3 have been described in diffuse large B-cell lymphomas (DLBCL)/peripheral T-cell
lymphomas and classical Hodgkin lymphomas, respectively (Dell’Aversana et al.
2012). HDAC6 and HDACI10 have been downregulated in human hepatocellular
carcinoma (HCC) tissues and in patients with lung and stomach cancer, respectively,
and associated with poor prognosis (Li and Seto 2016). It has been observed that
HDACH4 is critical for regulating chromosome structure, while low HDAC4 expres-
sion is associated with chromosomal instabilities in high-grade glioma (Cheng et al.
2015). Class III HDACs, known as sirtuins, which play essential roles in regulating
gene expression, apoptosis, autophagy, DNA damage repair and, genome stability,
have been studied broadly. Increased or decreased class IIl HDAC expression levels
have been detected in myeloid leukemia, prostate and ovarian carcinoma, gliomas,
gastric carcinomas, non-melanoma, and melanoma skin cancers (Benedetti et al.
2015).

In addition to alterations in the expression level of HDACs, their enzymatic
activity also contributes to cancer development. Some HDACSs have been reported
to be attracted to target genes by oncogenic proteins such as aberrant HDACI, 2, or
3 recruitment by AMLI1-ETO fusion protein. Recruitment of HDACs prevents
myeloid differentiation and results in cellular transformation by suppressing
AMLI target genes (Falkenberg and Johnstone 2014). Somatic HDAC1 mutations
and homozygous HDAC4 deletions have been detected in liposarcomas and mela-
nomas. Also, HDAC2 loss-of-function mutations have been observed in sporadic
carcinomas with microsatellite instability and hereditary non-polyposis colorectal
cancer syndrome (Hosseini and Minucci 2018; Ropero et al. 2006).

HDAC:s affect the expression of many cell cycle regulators and also may directly
interact with proteins implicated in tumor development, migration, and metastasis.
HDACI and 2 suppress the expression of the cell cycle inhibitors p21 and p27.
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HDAC2 knocked down cells have shown an increase in p21<P"WAF! expression
independent of p53 in colorectal cancer cells (Huang et al. 2005).

Protein readers play an important role in histone post-translational modifications
as well as HATs and HDACs. Readers identify particular locations, attract transcrip-
tion factors or chromatin-associated protein complexes, and bind to histones to
facilitate the localization of enzymes to specific targets (Liu et al. 2021b). The
functional protein domains known as bromodomains (BRDS) can identify acetylated
lysine residues in histones and other non-histone proteins. Additionally, they can
serve as transcription factors and transcriptional coregulators. Another important
family, Bromodomain and the extra-terminal domain-containing proteins (BET)
include four family members: BRD2, BRD3, BRD4, and BRDT. These proteins
play crucial functions as gene transcription activity mediators.

Genetic rearrangements of BRD-containing proteins have been associated with
some aggressive tumor types. Nuclear protein midline carcinoma (NMC) of the testis
is a highly aggressive tumor associated with translocations involving the NUT
protein. BRD4-NUT rearrangements are observed in two-thirds of cases. BRD—
NUT blocks cellular differentiation. BRD4-NUT stimulates CBP/p300 HAT activ-
ity and inactivation of p53. With recent studies, BET proteins have become potential
therapeutic targets against testicular carcinoma, multiple myeloma, lymphoma, lung
cancer, and neuroblastoma (Muller et al. 2011; Neganova et al. 2022; Cheng et al.
2019).

The reversible nature of epigenetic modifications has provided the basis for the
development of anti-cancer strategies for the regulation of cancer epigenetics.
HDAC inhibitors (HDACi) continue to be explored as promising anti-cancer drugs
by modulating histone and non-histone proteins, regulating processes such as
inhibiting cancer cell invasion, inducing apoptosis, and immunogenicity. Vorinostat,
belinostat, Panobinostat, and romidepsin are FDA-approved HDAC inhibitors
(Roberti et al. 2019; Karagiannis and Rampias 2021). BET inhibitors (iBETs) that
bind reversibly to the bromodomain of BET proteins continue to be studied to
suppress oncogenic networks.

3.2.3.2 Histone Methylation

The methylation of histones is a process that occurs mainly at lysines (K) and
arginines (R) and plays essential functions in differentiation and development.
Dynamic methylation processes require methyl transferases as “‘writers,”
demethylases as “erasers,” and effector proteins as ‘“readers.” Lysine
methyltransferases (KMTs) and arginine methyltransferases (PRMTs) are enzymes
that transfer methyl groups from S-adenosyl methionine (SAM). Lysine
demethylases (KDMs) remove methyl groups from histone lysine residues (Fig. 3.6).

The effects of methylation on histones can be correlated with various gene
expression statuses. For instance, methylation of H3K9, H3K27, and H4K?20 inhibits
gene expression, whereas methylation of H3K4, H3K36, and H3K79 stimulates
gene expression but the final effect on chromatin is affected by the interaction of
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Fig. 3.6 Methylation sites in histone 3 and the enzymes (KMTs and KDMs) involved in process

several histone modifications known as histone crosstalk. The same modification
may have distinct functional effects depending on the methylation status (e.g.,
H3K4me2 and H3K4me3) and chromosomal position (Izzo and Schneider 2010).
The involvement of histone methylation in transcriptional regulation is associated
with chromatin structure, recruitment of transcriptional factors, interactions with
initiation and elongation factors, and effects on RNA processing (Zhao and
Shilatifard 2019).

Although methylation and demethylation processes’ role in cancer development/
progression remains unclear, it is known that abnormalities in the methylation of
various lysine residues by histone lysine methyl transferases can alter gene expres-
sion specific to certain neoplastic and normal cell types (Neganova et al. 2022). As
expected, misregulation of KMTs has been associated with numerous cancers, such
as EZH2 overexpression has been detected in breast, bladder, and prostate malig-
nancies, and NSD2 has been associated with tumor aggressiveness and poor prog-
nosis in various types of cancer (Albert and Helin 2010).

All KMTs have SET (Suppressor of variegation, Enhancer of Zeste, Trithorax)
domain for their catalytic activity, except disruptor of telomeric silencing 1-like
(DOTI1L) methyltransferase. The human genome encodes 48 proteins containing
SET domains. KMTs also methylate lysines in non-histone proteins. SET7/9, for
instance, can stabilize the tumor suppressor p53 by methylating K372 (Chuikov
et al. 2004; Cheng et al. 2019; Albert and Helin 2010).

MLLI1 (KMT2A), which specifically methylates histone H3 lysine 4, is impli-
cated in various forms of cancer with loss of function and rearrangement. Leuke-
mogenesis can be induced by MLL fusion proteins that alter the proliferation and
differentiation of hematopoietic cells. HOXAY transcriptional regulation is disrupted
due to an increase in H3K4me3 elicited by MLLI translocation in myeloid and
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lymphoid leukemias. More than 50 MLL fusion proteins have been identified in
AML, ALL, and MLLs (Audia and Campbell 2016; Neganova et al. 2022).

Methyltransferase DOTIL catalyzes H3K79 methylation, which occurs in the
core of histone H3 rather than on its N-terminal tail and is thought to increase gene
expression. H3K79 methylation regulates chromatin structure, transcription, DNA
damage response, and cell cycle processes. Misregulation of these mechanisms via
aberrant DOT 1L function and defects in H3K79 methylation can lead to aneuploidy,
telomere elongation, and disturbances in cell proliferation (Ljungman et al. 2019;
Guppy et al. 2017). The identification of abnormal upregulation of H3K79 methyl-
ation in leukemia led to the development of the DOTIL inhibitor (Zhao and
Shilatifard 2019). DOT1L is recruited by MLL fusion partners, resulting in aberrant
H3K79 methylation that leads to increased transcription of MLL fusion target genes.
DOTIL also has an effect on the development and progression of some solid tumors
such as breast, lung, and ovarian cancers (Neganova et al. 2022; Song et al. 2020).

Enhancer of zeste homolog 2 (EZH2), one of the best-studied HMT enzymes
involved in oncogenesis, is responsible for the di- and trimethylation of H3K27
(H3K27me?2 and -me3). The members of the enhancer of zeste homolog family are
the catalytic components of polycomb repressor complexes (PRCs) responsible for
gene silencing (Cohen et al. 2011). EZH2 has the potential to function as an
oncogene by playing a role in the H3K27me3-mediated aberrant silencing of the
promoters of some tumor suppressor genes. EZH2 overexpression and gain-of-
function mutations have been associated with many types of cancer. Overexpression
of EZH2 has been linked to some solid tumors such as prostate, bladder, colon, and
breast cancers and is also associated with aggressive and metastatic disease in
prostate cancer (Chase and Cross 2011). B-cell lymphoma cell lines and lymphoma
samples with heterozygous EZH2Y®*' mutations have exhibited elevated
H3K27me3 (Yap et al. 2011). Dysregulation of EZH2 in cancer may occur with
the effect of multiple microRNAs. For example, targeting EZH2, miR-101 also
regulates cell proliferation, invasion, and tumor growth. Loss of miR-101 has been
shown in prostate cancer to lead to overexpression of EZH2 (Varambally et al.
2008). EZH2 loss-of-function mutations have also demonstrated a potential tumor
suppressor role in hematologic malignancies (Khan et al. 2013).

H3K9 mono-, di-, or trimethylation is associated with different chromatin states,
aberrantly regulated in multiple cancers. For example, H3K9me3 correlates with
transcriptionally inactive chromatin and acts as a specific binding platform for
heterochromatin protein 1 (HP1). The SUV39H1 and SUV39H?2 enzymes preferen-
tially trimethylate H3K9 and are crucial in forming constitutive heterochromatin,
primarily pericentric heterochromatin (Lachner et al. 2001; Cohen et al. 2011).
Dysregulation of members of the H3K9 methyltransferase family has been demon-
strated in numerous cancers. KMT1A/SUV39H1 has been overexpressed in breast
cancer but has not been correlated with disease progression (Patani et al. 2011).

Histone demethylases can be classified into two groups: The lysine-specific
demethylases (LSDs) and Jumonji C (JmjC) domain-containing histone
demethylases (KDM2—-8) (Cheng et al. 2019). The first reported lysine demethylase
specific for residues H3K4 and H3K9 is LSD1 (KDM1A), which has been identified
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as overexpressed in several cancer types. Non-histone proteins such as p53, E2F1,
and HIF-1 are also demethylated by KDMI1A (Sterling et al. 2021). For example,
LSDI1 has been shown to suppress pS3 function by inhibiting the interaction of p53
with p53-binding protein 1 (53BP1) (Huang et al. 2007).

KDM?2A promotes tumor growth and invasion in lung cancer by increasing
ERK1/2 and JNK1/2 activities through H3K36 demethylation at the DUSP3 pro-
moter (Wagner et al. 2013). KDM2B is thought to function as an oncogene and plays
a critical role in the development and maintenance of leukemia cells (He et al.
2011a). Similarly, KDM3 enzymes are overexpressed in various tumors and impli-
cated in oncogenic processes. KDM3A has been demonstrated to control the inva-
sion and apoptosis of breast cancer cells and maintain myeloma cells’ survival
(D’oto et al. 2016). KDM4B and KDMA4C catalyze the demethylation of
H3K9me3/me2 mark and have been shown that amplified in medulloblastoma,
malignant peripheral nerve sheath tumors, and squamous cell carcinoma. KDM4B
also plays an important role in the regulation of the N-Myc pathway in neuroblas-
toma. Glioblastoma stem cells exhibit lower levels of H3K9me3/me2 and
H3K27me3/me?2 than differentiated cells (Mallm et al. 2020; Yang et al. 2015).

KDMS subfamily catalyzes only H3K4me3/me2, gene activating marks. KDM5
family members may be involved in the downregulation of tumor suppressors and
oncogenes (Sterling et al. 2021). KDMS5A is overexpressed in several cancer types.
For instance, KDM5A-mediated-H3K4me3  demethylation results in
downregulation of the expression of genes encoding the tumor suppressor proteins
p16 and p27 in breast cancer (Yang et al. 2019). Furthermore, KDM5B inhibits their
oncogenic potential by reducing H3K4me3/me2 on oncogenes such as Hox/Meis in
leukemia stem cells (Wong et al. 2015). It has been reported that low KDMS5C levels
in renal cancer cells trigger genomic instability and are associated with poor prog-
nosis in patients (Rondinelli et al. 2015). Disruption of the histone demethylase
KDMBG6A, the first reported mutation in cancers, leads to cell cycle dysregulation. The
roles of KDM6 enzymes appear context-dependent in cancer. Tumor suppressor and
oncogenic effects have been observed in different studies (D’oto et al. 2016).

3.2.3.3 Histone Ubiquitination

Ubiquitin (Ub) is a highly conserved, 76-amino acid regulatory protein. In 1977,
Gold Knopf et al. identified histone ubiquitination that is involved in many cellular
processes, including transcription, DNA repair, and genome stability. Ubiquitination
is a modification that tags substrate proteins with Ub and involves a multi-step
enzymatic process, including ubiquitin-activating enzyme (El), ubiquitin-
conjugating enzyme (E2), and ubiquitin-protein ligase to attach to the substrate. In
this enzymatic process, Ub is adenosine triphosphate-dependently activated and
transferred to E2. Finally, a ubiquitin ligase binds ubiquitin to the specific lysine
residue. Deubiquitinating enzymes (DUB, also known as ubiquitin-specific pepti-
dases (USPs)) remove ubiquitin (Ub) from target proteins (Fig. 3.7). Considering its
cellular functions, it is not surprising that aberrant ubiquitination induces
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Fig. 3.7 Schematic illustration of the ubiquitination process

oncogenesis by altering the expression of oncogenes and promoting cancer cell
proliferation as with other PMTs (Jeusset and McManus 2019; Deng et al. 2020).

Although polyubiquitination of canonical protein is a mark for proteasome-
mediated degradation, histone ubiquitination has been associated with controlling
various pathways and activities rather than degradation. H2A and H2B are the most
abundant ubiquitinated proteins in the nucleus. Although HI1, H3, and H4
ubiquitination have been reported, the biological function of these modifications
has yet to be fully elucidated (Thompson et al. 2013).

H2A may be either mono- or polyubiquitinated, but H2B is often
monoubiquitinated. H2B monoubiquitination (H2Bubl) is a crucial modification
for transcriptional activation and tumor suppression. Loss of global H2Bub1 has
been reported in breast, lung, and parathyroid cancers and has also been correlated
with poor survival in colorectal cancer patients (Cole et al. 2015; Melling et al.
2016). It has been shown that a reduction in H2Bubl affects the transcriptional
mechanism of the ER and may also potentially play a role in estrogen-independent
proliferation. H2Bubl levels have been reported to be decreased in both primary and
metastatic breast cancers, although they remain unchanged in benign breast tissue
(Prenzel et al. 2011; Wu et al. 2015; Dwane et al. 2017) Depletion E3 ligase RNF20,
which is responsible for H2B ubiquitination, has increased cell migration, eliciting
transformation and tumorigenesis. RNF20 promoter hypermethylation in primary
breast cancer cells and mutation at low frequency in colorectal cancer have been
reported (Shema et al. 2008; Marsh and Dickson 2019). Rearrangements of the
mixed lineage leukemia proto-oncogene MLLI initiate aggressive forms of acute
leukemia and are associated with poor prognosis. It has been shown that suppression
of RNF20, which is required for MLL fusion-mediated leukemogenesis, leads to
inhibition of cell proliferation (Wang et al. 2013). H2Bubl is also required to recruit
players in the DNA repair pathways (Moyal et al. 2011). Failure to repair DNA can
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cause chromosomal instability and contribute to the tumorigenic process (Thompson
et al. 2013). On the other hand, some studies have shown that high levels and/or
activity of H2Bub1 and its E3 ligases may have an oncogenic effect (reviewed in
(Wright et al. 2011)). USP22 is the best-characterized DUB of H2BK120ubl.
USP22 overexpression was reported to be associated with more aggressive tumors
and poor prognosis in breast cancer (Zhang et al. 2011).

Lysine 119 in H2As is the most frequently observed ubiquitination site. Really
interesting new gene 1A (RINGIA) and RING 1B, and B-lymphoma Moloney murine
leukemia virus insertion region 1 homolog (BMI1) are ubiquitin ligases responsible
for the monoubiquitination of H2AK119 that plays a central role in transcriptional
repression by coordinating with H3K27 trimethylation. USP16 and breast cancer
type 1 susceptibility protein (BRCA1)-associated protein 1 (BAP1) are DUBs for
H2AK119ubl. Mammals have two primary Polycomb group complexes, PRC1 and
PRC2. H2A monoubiquitination is also involved in X inactivation. RING1B and
H2Aub affect the initiation of imprinted and random X-chromosome inactivation.
Loss of ubiquitylation of histone H2A in BRCAIl-deficient mice resulted in
disrupting structural heterochromatin and gene silencing integrity in the repeat
regions (Zhu et al. 2011).

3.2.3.4 Histone Phosphorylation

Histone phosphorylation is a reversible PMT that usually occurs at serine (S),
threonine(T), and tyrosine (Y) residues of histone tails and is controlled by various
kinases and phosphatases. Histones H1, H2A, H2B, H3, and H4 are phosphorylated
at multiple sites. It has been implicated in DNA repair, regulation of transcription,
apoptosis, and chromatin remodeling (Shanmugam et al. 2018).

Phosphorylation of the histone H2A subtype, H2AX, at the Ser139 position
occurs in response to DNA damage and is mediated by ATM and ATR (Podhorecka
et al. 2010). Histone phosphorylation has been found to be associated with tran-
scriptional regulation and gene expression, particularly genes that regulate cell cycle
and proliferation. For example, H3S10 and 28, H2BS32 phosphorylations have been
related to activation of epidermal growth factor (EGF)-mediated gene transcription.
Aurora B, responsible for H3S10 phosphorylation, has been identified as being
overexpressed in various solid tumors, including breast and colorectal cancers
(Hosseini and Minucci 2018). An increase in H3S10 phosphorylation has been
observed in breast cancer, esophageal squamous cell carcinoma, gastric cancer,
glioblastoma, melanoma, and nasopharyngeal carcinoma (Komar and Juszczynski
2020). Small-cell lung cancers (SCLC) with c-MYC amplification/high expression
have been shown to respond to Aurora B inhibitors (Helfrich et al. 2016).

H3Y41 phosphorylation and displacement of HP1a can lead to oncogene activa-
tion, inducing tumorigenesis. H3Y41 phosphorylation of Janus kinase 2 (JAK2) has
been observed to cause disrupting chromatin binding by heterochromatin protein la
(HP1a). Inhibition of JAK2 activity reduces the phosphorylation of H3Y41 in the
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promoter of the hematopoietic oncogene Imo2 and expression and also increases
HP1 o binding at the same site in human leukemic cells (Dawson et al. 2009). Gene
amplification, mutation, and/or rearrangement of JAK?2 have been shown in several
hematological malignancies.

3.2.3.5 Other Modifications

SUMOylation is a negative regulator and is known to reduce transcriptional activity.
Small ubiquitin-like modifier (SUMO) pathway is involved in carcinogenesis, the
regulation of DNA damage repair, immune responses, carcinogenesis, cell cycle
progression, and apoptosis. Blocking sumoylation results in decreased proliferative
capacity and induction of antitumor immune response in cancer cells. Key pathways
related to cancer, such as PI3K/AKT/mTOR, JAK-STAT, MAPK/ERK cascade,
TGF signaling, and EMT pathway, are subjected to SUMO control. Some tumor
suppressor genes and proto-oncogenes are also SUMO targets (Shanmugam et al.
2018; Lara-Ureiia et al. 2022).

O-GIcNAcylation is catalyzed by O-Linked N-acetylglucosamine (O-GlcNAc)
transferase (OGT) and O-GlcNAcase (OGA). Alteration of these processes may lead
to tumorigenesis (Forma et al. 2014). Low expression of OGA in hepatocellular
carcinoma tissues has been suggested to be a prognostic marker for tumor recurrence
(Zhu et al. 2012). It has been shown that global GIcNAcylation levels are signifi-
cantly elevated in tumor tissues, and there is a significant increase in metastatic
lymph nodes compared to the corresponding primary tumor tissues (Gu et al. 2010).
Overexpression of OGT has been reported to alter mitotic histone post-translational
modifications of histone H3 in Lys-9, Ser-10, Arg-17, and Lys-27 (Sakabe and Hart
2010).

3.2.4 Chromatin Remodelers

Chromatin remodeling complexes are regulators that remodel nucleosomes in an
ATP-dependent manner and have essential roles in DNA damage repair, recombi-
nation, replication, and transcriptional control, and aberrations in this process can
induce carcinogenesis. SWI/SNF, ISWI, INO80, and NuRD/Mi-2 are the best-
characterized remodelers (Nair and Kumar 2012).

SWIltch/Sucrose Non-Fermentable (SWI/SNF) chromatin remodeling complex
uses energy from ATP dephosphorylation to alter chromatin accessibility by chro-
matin repositioning, exchanging specific or all nucleosome cores, and histone dimer
eviction (Tsuda et al. 2021). The SWI/SNF complex is known to control transcrip-
tion by regulating acetylated histone H3K27. Alterations in genes encoding
SWI/SNF remodeling factors such as ARID1A have been identified in about 8%
of human cancers. ARID1A has a role in the ability of the SWI/SNF complex to
inhibit cell growth and prevent genomic instability (Krishnamurthy et al. 2022;
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Tsuda et al. 2021). ARID1A mutations were observed in 13% of hepatocellular
carcinoma, 9.6% of gastrointestinal adenocarcinoma, 2.5% of malignant melanoma,
and 57% of ovarian clear cell carcinoma (Okawa et al. 2017).

Imitation switch (ISWI) family, which is included in the ATPase family, is
involved in many cellular processes, such as transcriptional regulation, DNA dam-
age response, repair, and recombination. ISWI subunits are thought to be involved in
tumorigenesis by regulating oncogenic gene transcription. Somatic mutations, copy
number variations, and gene fusions have been identified in various tumor types for
ISWI subunits (Li et al. 2021b).

Ino80 ATPase is a member of the SNF2 family of ATPases and a component of
the INO8O ATP-dependent chromatin remodeling complex (INO80). Ino80
overexpression has been shown to promote proliferation in the immortalized cervical
epithelial cell line and non-small-cell lung cancer cells. It is thought that INO80
binds to enhancer regions near cancer-associated genes, promoting their expression
(Hu et al. 2016; Zhang et al. 2017). Ino80 silencing also inhibited melanoma cell
proliferation, anchorage-independent growth, and tumorigenesis (Zhou et al. 2016).

Nucleosome remodeling and deacetylase complex (Mi-2/NuRD) that function in
gene repression contain histone deacetylases (HDAC1/2), metastasis-associated
(MTA1/2) proteins, and methyl CpG-binding domain (MBD) proteins.
Overexpression of MTA1 has been observed in gastrointestinal and esophageal
carcinomas and breast adenocarcinomas (Fu et al. 2011; Toh and Nicolson 2009).
It was shown that PML-RARa binds and recruits NuRD to target genes, including
the tumor suppressor gene RARP2. Knockdown of the NuRD complex in leukemic
cells prevented histone deacetylation and chromatin compaction and promoted
cellular differentiation by disrupting stable silencing and DNA and histone methyl-
ation (Morey et al. 2008).

3.2.5 miRNAs in Cancer

Understanding how cancer begins and progresses is essential for cancer prevention,
early detection, and treatment. Since changes in gene expression also have important
effects on cancer, microRNA (miRNA) research has also been a focus in recent
years.

microRNAs are a type of non-coding RNA, 19-25 nucleotides in length, that
regulate gene expression post-transcriptionally. A microRNA can target hundreds of
genes and affect their expression (Lu and Rothenberg 2018). miRNA sequences can
be located within introns, exons of non-coding RNAs and a intron of pre-mRNA
(pre-messenger RNA). Most miRNAs are expressed by RNA polymerase II (RNA
pol II), but some are transcribed by RNA polymerase III (Borchert et al. 2006; Lee
et al. 2004).
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3.2.5.1 miRNA Biogenesis and Functions

miRNA biogenesis occurs by two different pathways; canonical and non-canonical
pathways.

3.2.5.1.1 Canonical miRNA Biogenesis

Most intergenic miRNAs use their own promoter region. miRNA sequences are
located in exons or introns of non-coding RNAs. Polymerase II synthesizes
pi-miRNAs containing at least 1 hairpin structure. pi-miRNAs are divided into
structures called precursor miRNAs (pre-miRNAs). Each pre-miRNA is about
70 nt long, and this process takes place in the nucleus. Then, pre-miRNAs are
exported to the cytoplasm. Drosha, DiGeorge syndrome critical region gene
8 (DGCRS), XPOS5, and Ras-related nuclear protein (RAN) are involved in this
process (Saliminejad et al. 2019). The microprocessor complex, consisting of
Nuclear RNAase III DROSHA and its cofactor DGCRS, serves in the cleavage of
pi-miRNA to form pre-miRNA (Nguyen et al. 2018). The Ran/GTP/Exportin 5 com-
plex is involved in the transport of pre-miRNA into the cytoplasm. In the cytoplasm,
the pre-miRNA is cleaved into a double strand, one of which is the passenger strand
and the other is the guide strand. This process is catalyzed by Dicer, an RNAase 111
enzyme (Peng and Croce 2016). The mature miRNA gets its name from the 5’ or 3’
directionality of the strands. Both strands can be loaded into the Argonaute (AGO)
protein family. Which strand will bind to AGO depends on the cell type and cell
environment. The unloaded strand is identified as the passenger strand and is
degraded by AGO2 (O’Brien et al. 2018).

Repression of transcription by miRNA is classically mediated by miRNA-
induced silencing complex (miRISC). The miRISC allows to recognize 3’UTR
region of the target mRNA. However, it is stated that mRNA can be recognized in
the 5’-UTR and even in protein-coding sequences. The target mRNA is recognized
by the sequences on it called miRNA response elements (Saliminejad et al. 2019).
The degree of complementarity of miRNA with mRNA determines whether it is
repressed by AGO2 or miRISC. Full complementarity between miRNA and mRNA
activates AGO2 endonuclease activity and mRNA is cleaved (Fig. 3.8) (O’Brien
et al. 2018).

It has been stated that miRNA can suppress translation in three different ways:
(1) Ago2 interacts with TNRC6, which recruits the CCR4-NOT deadenylase com-
plex. So, the mRNA is deadenylated and degraded. (ii) TNRC6 interacts with the
Dcp 1/2 cap complex, which cleaves the 5’ capped mRNA and destabilizes the
mRNA. (iii) With the binding of Ago 2, mRNA is rendered inaccessible for
ribosome attachment and function, which inhibits the translation process. When
Ago 2 binds, the mRNA cannot interact with the ribosome and the translation
process is suppressed. Transfer of Ago 2 with mature miRNA to the nucleus is via
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Importin 8, while TNRC6 is transported via Importin . In the nucleus, RISC is
assembled and RISC can be transported via Exportinl (Fig. 3.8) (Liu et al. 2018).

It has long been known that miRNAs play a role in gene regulation post-
transcriptionally. However, it has also been discovered to interact with long
non-coding RNA (IncRNA), circular RNA (circRNA), and pseudogenes. This
information indicates that while investigating the effects of miRNAs on diseases,
the processes in question are much more complex. These functions of miRNAs will
be explained in the sections on the effects of miRNAs in cancer.

3.2.5.1.2 Non-canonical miRNA Biogenesis

Although many different pathways have been described for non-canonical miRNA
biogenesis, the well-recognized are Drosha- and Dicer-independent pathways. As an
example of the Drosha/DGCRS-independent pathway, mirtrons produced from
mRNA introns, have the property of being dicer substrates. Then it is included in
the canonical pathway (O’Brien et al. 2018; Saliminejad et al. 2019). In the Dicer-
independent pathway, the endogenous hairpin transcripts are short to become Dicer
substrates and therefore require AGO2 (Fig. 3.8) (O’Brien et al. 2018).



3 Introduction to Cancer Epigenetics 113
3.2.6 The Role of miRNA in Cancer

Among the non-coding RNAs that play critical roles in gene regulation, microRNAs
(miRNAs) are the most studied type of non-coding RNA in different types of cancer.
The association between miRNAs and cancer was first discovered in CLL patients
with 13q deletion. Two microRNAs (miR-15a and miR-16-1), deleted or
downregulated, were discovered in the majority of CLL patients (Calin et al.
2002). After a while, it was determined that these microRNAs role as tumor
suppressors by suppressing the BCL2 (B-cell lymphoma 2) gene (Cimmino et al.
2005).

miRNAs act as tumor suppressors (oncosupressor-miR) or oncogenes (onko-
miR) depending on the functions of the genes they target. One of the well-known
oncosuppressor-miRs is let-7. Expression of let-7 has been shown to be decreased in
various cancers and associated with poor prognosis (Boyerinas et al. 2010).
OncomiRs generally contribute to tumor development by targeting genes that
control cell division, differentiation, and apoptosis (Lujambio and Lowe 2012).
miR-21 is the first miRNA discovered in humans. As a result of transcript profiling
studies conducted after many miRNA discoveries, miR-2] was shown to be
upregulated in various cancers such as breast cancer, chronic lymphoblastic leuke-
mia, lung cancer, prostate cancer, colon cancer, and glioblastoma. Subsequent
function studies have shown that miR-21 has oncogenic activity (Selcuklu et al.
2009).

3.2.6.1 Proliferation and miRNAs in Cancer

Suppression of cell differentiation and maintenance of proliferation is one of the very
important mechanisms in tumorigenesis. The role of miRNAs in cell cycle progres-
sion was first proven by Hatfield et al. They showed that G1/S transition was
suppressed when DICER-1 knockout in Drosophila germline stem cells. This proved
that miRNAs have a role in the normal G1/S transition (Hatfield et al. 2005).

The E2F family of transcription factors controls cell proliferation. E2F1 acts as a
tumor suppressor and induces transcription of the target gene in the transition from
Gl to S stage. After c-MYC is activated, miR-17-92 inhibits the translation of E2F1.
Since C-MYC also directly induces mir-17-92, this mechanism is evidence of a
normal cell cycle process under normal conditions (Coller et al. 2007). The
overexpression of miR-17-92 cluster has been demonstrated to have oncogenic
functions in many cancer types (Kalkan and Atli 2016; Fang et al. 2017; Gruszka
and Zakrzewska 2018).

3.2.6.2 Apoptosis and miRNAs in Cancer

Evasion of apoptosis is an important mechanism for tumor cells, and the cells can
choose many different pathways for this. Although the most common mechanism is
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the loss of TP53 function, upregulation of anti-apoptotic regulators and suppression
of pro-apoptotic regulators can also occur (Peng and Croce 2016).

Activation of miR-192, miR-194, and miR-215 by 7P53 and suppression of
MDM?2 by targeting mRNA transcribed from the MDM?2 gene has been demon-
strated in multiple myeloma. Because the MDM?2 gene is the negative regulator of
TP53 (Nag et al. 2013), downregulation of these miRNAs is an important mecha-
nism in the development of multiple myelomas (Pichiorri et al. 2010). In a recent
study, it was shown that the expression of miRNA-331-3p is downregulated in
nasopharyngeal carcinoma patients and that overexpression of this miRNA leads
to inhibition of phosphorylation of Phosphoinositide 3-kinase (PI3K) and Serine/
threonine kinase (AKT). miRNA-331-3p has been shown to suppress proliferation
and induce apoptosis (Xuefang et al. 2020).

3.2.6.3 Invasion, Metastasis, and miRNAs in Cancer

Epithelial-mesenchymal transition (EMT) is a very important mechanism for inva-
sion and metastasis. Activation of EMT is required for cell migration and invasion,
while mesenchymal-to-epithelial transition (MET) is required for metastasis out-
growth (Tan et al. 2018). EMT is characterized by loss of adhesion, decreased
expression of E-cadherin, acquisition of mesenchymal markers, and mobilization
of the cell.

Many transcription factors such as Snail, Slug, Twist, ZEB1, and ZEB2 are
involved in the EMT process. The miR-205 and miR-200 family have been shown
to be epithelial markers and suppressors. The miR-200 family target ZEB1/2 and act
to suppress EMT. In contrast, ZEB1 directly binds to the promoter regions of
miR-200 genes and represses its transcription. That is, there is a double negative
feedback loop. While expression of the MiR-200 family is absent in metaplastic
breast cancer cells, ZEB1 and ZEB2 are highly present in invasive mesenchymal
cells (Zhang and Ma 2012). miR-99a inhibits the expression of E2F and adhesion G
protein-coupled receptor E2 (ADGRE?2), thereby suppressing the EMT process.
miR-5188 targets the Fork-headed Box Protein Ol (FOXOI) gene and can activate
the Wnt signaling pathway via p-catenin, thereby EMT is induced (Pan et al. 2021).

Thanks to the studies on the effects of miRNA on EMT, a lot of information has
been obtained about cancer development and metastasis, and it is even among the
subjects of drug resistance studies.

3.2.6.4 Angiogenesis and miRNAs in Cancer

One of the necessary mechanisms for tumor growth and metastasis is angiogenesis.
It has been determined that miRNAs are effective in the mechanism of angiogenesis.

miR-34a is one of the most studied miRNAs in cancer and is known to have a
suppressive effect on angiogenesis. miR-34a achieves this effect through the inter-
actions of Silent Information Regulator 1 (Sirtl), Foxol, Notchl and Tp53. The
mir-29 family also inhibits angiogenesis and tumorigenesis and has been shown to
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be downregulated in many varieties of cancers. miR-29b targets AKT3 and inhibits
Akt3-mediated vascular endothelial growth factor (VEGF) and C-myc activations
(Lahooti et al. 2021).

Considering that miRNAs are highly effective in angiogenesis and tumorigenesis,
their potential to be a treatment target is quite high.

3.2.6.5 Non-canonical Function of miRNA in Cancer

For a long time, miRNAs were considered to suppress expression by targeting only
mRNAs. however, in recent years, evidence has been presented that it both sup-
presses and increases expression. In recent studies, it has been shown that miRNAs
also target the 5’UTR regions of mRNAs and have an effect on increasing transcrip-
tion (Semina et al. 2021). It has been found that miR-1254 together with Ago/2 and
iRISC, interacts with the 5’UTR region of mRNA of cell cycle and apoptosis
regulator (CCAR1) and causes its upregulation, thus re-sensitizing mammary cancer
cells resistant to tamoxifen (Li et al. 2016). Human miR-369-3 can activate the
translation of tumor necrosis factor-o (TNF-a) mRNA when the cell cycle is stopped
but suppresses it when cell division occurs. These data support that miRNAs have
many functions in the cytoplasm, apart from targeting and suppressing mRNAs
(Semina et al. 2021).

Evidence that miRNAs regulate expression in the nucleus has recently been
found. It also performs the function of repressing transcription through traditional
RISC in the nucleus. They also bind to promoter regions, alter the epigenetic profile,
and regulate gene expression (Liu et al. 2018).

In the nucleus, the RNA-Ago complex can directly target non-coding transcripts
and modify epigenetic modifications to serve as a scaffold on which epigenetic
factors will be recruited. In a study, it was shown that three signaling molecules were
activated in response to endoplasmic reticulum stress, and PERK, which is among
these molecules, induced miR-211. It was determined that miR-211 increased
methylation in the promoter of the proapoptotic transcription factor C/EBP homol-
ogous protein (CHOP), which resulted in decreased CHOP expression (Chitnis et al.
2012).

In addition to all these, it has been observed that miRNAs also connect with
non-AGO proteins in tumor cells. Downregulation of miR-328 expression has been
observed in the blast crisis of chronic myeloid leukemia (CML). It was found that
miR-128 directly binds to hnRNP E2 and rescues the translation of the
differentiation-inducing transcription factor CEBPA mRNA (Dragomir et al. 2022;
Eiring et al. 2010).

The encoding of mRNA-encoded peptides (miPEP) by pri-miRNAs is one of the
non-canonical actions of miRNAs. It has been determined that pri-miRNAs tran-
scribed from MIR200A and MIR200B in prostate cancer encode miPEP200a and
miPEP200b and these miPEPs show antioncogenic effect by inhibiting migration
(Dragomir et al. 2022).
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3.2.6.6 Deregulation of miRNA Expression in Cancer

After realizing that the expression of miRNAs was deregulated in tumor cells, many
studies were conducted. Understanding the mechanisms that cause the dysregulation
of cancer miRNA expression is very important for tumorigenesis, development,
metastasis, and treatment.

One of the most common causes of miRNA expression changes in cancer cells is
numerical and structural anomalies in the genome (such as amplification, deletion,
and translocation). 13q deletions in CLL, which led to the establishment of the first
association between miRNAs and cancer, are an example of decreased expression of
miR-16-1 and miR-15a due to copy number loss (Calin et al. 2002). The miR-17-92
cluster has been amplified in lung and B-cell lymphoma, and it has been found to
undergo a translocation that will lead to overexpression in T-cell acute lymphoblas-
tic leukemia (Peng and Croce 2016). The relationship between chromosome breaks
and miRNA localization was first discovered in the sample with t(8;17) anomaly.
The miR-142 gene was determined to be located at a distance of 50 nt from the break
point of chromosome 17, where it was included in t(8;17), and it was likely that the
regulatory elements of miR-142 increased the expression of C-MYC (Calin and
Croce 2006).

The expression of miRNAs is controlled by many different transcription factors.
Two of these transcription factors are Tp53 and C-Myc, which are known to have
important effects on tumorigenesis. C-Myc binds to the promoter of miR-17-92,
which has oncogenic properties and activates its transcription. In addition, it sup-
presses the transcriptional activity of tumor suppressor miRNAs such as mir-15a,
miR-26, miR-29, mir-30, and let-7 families (Chang et al. 2008). Expression of the
miR-34 family is controlled by Tp53. When cell stress increases, miR-34 activates
TP53. Expression of miR-145 is also induced by upregulated T7P53. However, the
miR-143/145 cluster is suppressed by the RAS signal. RAS-responsive element-
binding protein 1 (RREBI) transcriptionally represses the miR-143/145 cluster, and
then miR-143/145 represses the expression of RREBI (Ali Syeda et al. 2020).

One of the factors affecting miRNA expression is epigenetic changes. It has been
determined that, like the hypermethylation of CpG islands in the promoters of tumor
suppressor genes, the expression of miR-124 is also suppressed due to
hypermethylation in their promoters in leukemia, lymphoma, breast, colon, and
liver cancers (Lujambio et al. 2007; Ali Syeda et al. 2020).

Another mechanism that causes miRNA deregulation is mutations. The first
discovered germline mutation in miRNA was detected in miR-16-1 (Calin et al.
2005). The most mutated miRNAs in the analysis of all cancers were MIR1324,
MIR1303, and MIR4686, whereas MIR142, which has driver mutations in DLBCL,
CLL, acute myeloid leukemia (ALL), and other kinds of lymphoma, was the most
mutated miRNA in a particular cancer (Dragomir et al. 2022). Mutations or expres-
sion changes can be observed in DNA sequences encoding all proteins involved in
miRNA biogenesis as well as in miRNA genes. Various mutations or change of
expression have been detected in DROSHA, DICER, DGCRS, AGO, and EXPORTIN
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5 genes, which are involved in miRNA biogenesis, in different cancer types (Ali
Syeda et al. 2020; Peng and Croce 2016).

3.2.7 Circulating miRNA in Cancer

Extracellular miRNAs are highly durable and stable. Extracellular miRNAs exist as
part of vesicles or as a soluble form of protein-containing complexes. HnRRNPA2B1
and HnRNPA1 proteins regulate the loading of miRNAs into exosomes by identi-
fying particular sequence patterns. As the suppression of neutral sphingomyelinase
2 (nSMase?2), an enzyme involved in ceramide production, downregulates exosome
secretion and releases exosomal miRNAs into the extracellular environment,
exosomal miRNAs can be exported outside the cells through a ceramide-dependent
mechanism. Although various distinct routes for miRNA entry into cells have been
postulated, the mechanisms for exosomal miRNAs uptake by cells are currently
poorly understood. Exosomes can enter cells through a variety of methods, including
endocytosis, phagocytosis, and micropinocytosis. Another is a direct fusion of
exosomes with the plasma membrane. Exosome-free miRNAs can also enter cells
by way of certain receptors. Exosomes that contain miRNAs that are produced by
tumor cells can be taken up by the recipient cells. MiRNAs can affect the develop-
ment of tumors by promoting or inhibiting cell invasion, metastasis, and tumor
neoangiogenesis. Exosomal miRNAs can potentially modify the extracellular matrix
or attract and activate immune cells, which can both have an impact on the tumor
microenvironment (Semina et al. 2021).

The first circulating miRNAs were discovered in patients with diffuse large B-cell
lymphoma. As a result of subsequent studies, it was shown that miRNAs could be
used to determine tumor grades or to evaluate treatment responses. Unlike mRNAs,
their ability to stay for a long time without degradation also provides an advantage in
using miRNAs as biomarkers (Smolarz et al. 2022).

3.2.8 miRNA-based Biomarkers in Cancer

After the discovery of the roles of miRNAs in cancer, it was inevitable to investigate
the relationships between miRNAs and cancer types and disease prognosis. There is
a large amount of data proving that many miRNAs can be diagnostic and prognostic
markers. In addition to all these, miRNAs have become a treatment target in cancer.

There are many studies proving that miRNAs will show clinical benefits as
diagnostic and prognostic markers (He et al. 2020). In a study investigating the
role of miRNAs in triple-negative breast cancer (TNBC), databases such as PubMed,
ScienceDirect, Springer, Web of Science, and Scopus were searched and 197/1233
articles were extensively reviewed. Many miRNAs have been reported that have the
potential to be of prognostic and diagnostic importance, e.g., miR-9, miR-21,
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miR-93, miR-181a/b, miR-182, miR-221, miR-321, miR-155, miR-10b, miR-29,
miR-222, miR-373, miR-145, miR-199a-5p, miR-200 family, miR-203, and
miR-205 (Sabit et al. 2021).

MiR-155-5p, an oncogenic miRNA, regulates important transcription factors
such as E2F2, hypoxia-inducible factor 1 (HIF1), and FOXO3. One study showed
that the upregulation of miR-155-5p is associated with short overall survival in cases
of chronic lymphocytic leukemia (CLL) (Papageorgiou et al. 2017).

Although hematuria is the most common symptom of bladder cancer (BC),
hematuria is not a definitive diagnostic marker. In a study conducted, urinary cell-
free microRNA expression differences were investigated to distinguish patients with
BC from patients with hematuria, and the ratio of miR-612-miR-4511 was found to
be significantly higher in BC (Piao et al. 2019).

One of the biggest problems in cancer treatment is the late detection of cancer.
Plasma/serum circular miRNA can be used in the diagnosis of breast, colorectal,
stomach, lung, pancreatic, and hepatocellular cancer. Circular miRNAs may con-
tribute to the discovery of the primary origin of metastatic tumors of unknown
primary tissue. In addition, circular miRNAs can be used as a marker in disease
follow-up (Cui et al. 2019).

For example, it has been shown that miR-125b suppresses cell proliferation in
ovarian, thyroid, and oral cancers, but induces proliferation in prostate cancers (Cui
et al. 2019). Although hematuria is the most common symptom of bladder cancer
(BC), hematuria is not a definitive diagnostic marker. In a study conducted, urinary
cell-free microRNA expression differences were investigated to distinguish patients
with BC from patients with hematuria, and the ratio of miR-6124 to miR-4511 was
found to be significantly higher in BC (Piao et al. 2019). As another example,
elevated levels of circulating miR-122 were found to correlate with metastatic
recurrence in stage II-III breast cancer patients (Wu et al. 2012). In another study,
it was determined that miR-375 and miR-200b in serum were expressed higher in
patients with metastatic prostate cancer than in patients with localized cancer (Bryant
et al. 2012).

3.2.9 miRNA-Based Therapies in Cancer

The regulatory role of miRNAs in many cancer types has made them a therapeutic
target. The miRNA-based therapy methods in cancer have two approaches: increas-
ing the activities of miRNAs that act as tumor suppressors and suppressing the
functions of oncoMIRs.

Tumor suppressor miRNAs are downregulated in tumor cells and miRNA mimics
are used to function as before. miRNA mimics are chemically modified (2’-
-O’methoxy) double-stranded RNA molecules (Menon et al. 2022). The size of
miRNA is smaller than the protein, which gives it an advantage in terms of
penetration into the cell. The first study to show the tumor suppressor function of
Let-7 and its potential for treatment was conducted in 2008. In mouse models, it has
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been demonstrated that tumor growth can be inhibited by restoring let-7 (Esquela-
Kerscher et al. 2008). Another study with mouse models of lung cancer demon-
strated that metastasis and tumor growth could be suppressed through chemically
synthesized miR-34a and a lipid-based delivery vehicle (Wiggins et al. 2010).

For the suppression of oncomiRs, small molecule inhibitors and complementary
oligonucleotides such as anti-miRNA oligonucleotide (AMOs) (Amodeo et al.
2013), locked-nucleic acid antisense oligonucleotides (LNAs), antagomirs, and
miRNA sponges have been developed. AMO is a DNA sequence complementary
to the target miRNA and prevents the miRNA from binding to the target mRNA.
LNA-AMOs are more stable and more sensitive than just AMOs. It was created as a
result of the modification of AMOs. Antagomirs and miRNA sponges are longer
nucleic acids that prevent miRNAs from binding to their targets (Mollaei et al.
2019; Fu et al. 2021). For example, in a study by Chen et al. (2014), it was shown
that miRNA sponges successfully suppressed miR-23b expression both in vitro and
in vivo, and reduced glioma angiogenesis, invasion, and migration (Chen et al.
2014).

3.29.1 Approaches for miRNA Therapeutic Delivery

Although the direct injection of miRNA mimics or inhibitors into tumor tissue is
limited due to their application to localized and easily accessible solid tumors, it is an
advantage that the probability of rejection by healthy organs is minimal. The
development of a systemic delivery approach is needed to treat other types of cancer
and metastatic tumors. For this, miRNAs must not deteriorate in the bloodstream in a
short time, be able to be transported to target cells, and not cause an immunological
response. Some chemical modifications are performed on miRNA oligonucleotides
to increase miRNA stability and protect it from nucleases. LNAs are examples of
modified nucleotides. LNA-anti-mir-122 has been shown to regulate the expression
of mRNA in the liver of mice, depending on the level of miR-122 (Forterre et al.
2020).

Although viral and non-viral vectors are generally used for miRNA delivery,
adverse immune responses occur against viral vectors. Tumor suppressor
pri-miRNAs are inserted into a plasmid. A viral promoter, a restriction enzyme
gene and an antibiotic resistance gene are contained in this plasmid. The plasmid is
delivered to tumor cells in a viral vector and the mature miRNA suppresses trans-
lation or induces degradation of the target mRNA. The low cost of DNA plasmids is
an advantage. Furthermore, the untranslated miRNA is transferred to the nucleus and
its continuous expression is ensured. In addition, because it is translated in tumor
cells, less off-target effects occur compared to synthetic miRNA sequences
(Hosseinahli et al. 2018).

For the non-viral delivery system to be successful, it must prevent nuclease-
mediated degradation and carry endogenous miRNA or miRNA-expressing vectors.
Delivery can be accomplished using techniques such as gene gun, electroporation, or
ultrasound, or using organic-based, inorganic-based, or polymer-based carriers.
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Although non-viral systems have less toxicity and immunological effects, low
transfection efficiency is considered a disadvantage of this method (Menon et al.
2022). Radiotherapy is used in the treatment of head and neck cancer, but its clinical
effect is inhibited by both the side effects of radiation and radioresistance. RNA
therapeutics therefore have great potential as radiosensitizers as they can target
radioresistance-specific pathways. High-density lipoprotein nanoparticle (HDL
NPs) was used in a head and neck cancer cell line in a 2022 study to deliver
miR-34a. As a result of the study, it was observed that proliferation decreased and
apoptosis increased (Dehghankelishadi et al. 2022). Besides biomaterials, polymeric
vectors (PEIs, polylactic-co-glycolic acid/PLGA, chitosans, and dendrimers) and
inorganic materials (gold, diamond, silica, and iron oxide) are also used in the
non-viral vectors delivery system. Among these polymers, PLGA is an
FDA-approved biodegradable polymer (Forterre et al. 2020; Menon et al. 2022).

Another miRNA delivery system is the use of outer membrane vesicles (OMVs)
of Escherichia coli as nanoscale spherical vesicles (Menon et al. 2022). In a 2022
study, An inexpensive and potentially mass-produced method was found for the
preparation of engineered OMV with overexpressed pre-miRNA. In this study, it
was discovered that OMV can be discharged from parent E. coli and inherit an
overexpressed tRNAMYSPremMRNA that is used directly for the treatment of tumors. It
was suggested that the OMV-based platform is a flexible and effective method to
directly and specifically target individualized tumor therapy (Cui et al. 2022).

Many studies have shown that the use of miRNA-based therapies together with
other treatment options such as chemotherapy and radiotherapy induces the thera-
peutic effect and prevents drug resistance (He et al. 2020; Menon et al. 2022).

Understanding the molecular mechanism of cancer increases the chances of
treatment success. Understanding the role of miRNAs in cancer also shows the
potential to be used as a treatment target or tool in the future. However, one of the
most important problems is that a miRNA has more than one target. Another
problem is choosing the right miRNA delivery system. Today, pre-clinical and
clinical studies continue. In the future, personalized treatment options based on
miRNA are expected to be developed.

3.3 Conclusion

In this chapter, we have reviewed the known epigenetic mechanisms in normal cells
and their roles in the carcinogenesis process. The molecular processes that lead to
promoter hypermethylation, genome-wide DNA demethylation, histone modifica-
tions, and non-coding RNAs were highlighted in cancer cells. The long-held con-
ventional belief that the genetic code is the primary determinant of cellular gene
function and that its change is the primary cause of human diseases has been called
into question by the epigenetic revolution that has occurred in the area of biology
during the last decades. The packaging of the genome may be just as important as the
genome itself in regulating the vital cellular activities necessary for maintaining a
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cellular identity as well as in the development of disease states like cancer, according
to recent developments in the field of cancer epigenetics. All cells of an individual
have the same genome, but they might have different epigenotypes depending on
their epigenetic markings, which are suitable for different tissues, stages of devel-
opment, or environmental conditions. The partially improved treatment approaches
have been made possible by a deeper understanding of the worldwide patterns of
these epigenetic modifications and their related changes in cancer. Several genetic
and epigenetic abnormalities, including structural variants, copy number variations,
single nucleotide polymorphisms, mutations, and epigenetic dysregulations, are
addressed to cancer hallmarks. To advance personalized and precision medicine
and improve cancer treatment, it is crucial to comprehend the intricate interplay of
genetic and epigenetic modifications. Combinatorial promising approaches that
combine several epigenetic therapeutic modalities with conventional chemotherapy
have a strong chance of treating cancer successfully in the future. These methods
may also enable cancer cells, particularly cancer stem cells, which are resistant to
conventional chemotherapy, to become more sensitive. We may be able to success-
fully reset the altered cancer epigenome with increased knowledge of cancer stem
cells and the development of more targeted epigenetic medicine.
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