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Introduction

Conrad Waddington coined the term Epigenetics in 
1942 for describing heritable changes to the phenotype 
without corresponding changes in the genetic code [1, 2]. 
Over time, this definition has become more excursive 
and is today defined as ‘‘the study of changes in gene 
function that are mitotically and/or meiotically heritable 
and that do not entail a change in DNA sequence’’ 
[3]. The complement of DNA methylation, histone 
modification and other epigenetic mechanisms are 
collectively referred to as the epigenome. Failure in the 
maintenance of thesemechanisms can result in improper 
activation or inhibition of certain important genes, leading 
to diseases, notably cancer.

Cancer is a cluster of diseases characterized by 
the dysregulation of important cellular pathways that 
are involved in the regulation of cell cycle, proliferation, 
differentiation, DNA repair and cell death. Cellular 
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transformation, tumor initiation, tumor progression and 
metastasis are coordinated by a complex network of 
interactions involving aberrant genetic and epigenetic 
alterations resulting in cancer [4]. The etiology of cancer 
was long considered to be anomalies in the genome. But 
as it became evident that the genome is regulated via 
epigenetic mechanisms, it became clearer that epigenetics 
and cancer are intrinsically entwined. A dysregulated 
epigenetic alteration can affect various aspects of cancer 
biology such as aberrant transcription, cancer initiation, 
cancer progression, drug resistance and metastasis. But 
unlike genetic mutations, which are difficult to amend, 
altered epigenetic mechanisms are more feasible targets 
for therapy, owing to their dynamic and reversible nature. 
Epigenetics have great potential for cancer therapies and 
reprogramming that allows recovery of normal function 
of the affected genes [5]. These advantages have led to an 
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exponential increase in epigenetic research in the field of 
oncology to combat cancer and hence making them very 
promising and therapeutically relevant targets.

Epigenetic mechanisms are essential for normal 
development and maintenance of tissue specific gene 
expression in mammals [6]. Precisely how the genotype of 
an individual will interact and respond to the environment 
is determined by epigenetics. Deregulation of epigenetic 
processes can lead to altered gene expression and 
malignant transformation.In 2022, “nonmutational 
epigenetic reprogramming’’ was includedas one of the 
hallmarks of cancer [7]. The initiation and progression 
of cancer, traditionally seen as a genetic disease, is now 
realized to involve epigenetic abnormalities along with 
genetic alterations. Given the importance of epigenetic 
regulation in cancers, the treatment targeting epigenetics 
is becoming an attractive strategy of cancer therapy. 
Epigenetic treatment may therefore benefit cancer 
patients as monotherapy and in combination with other 
standard cancer treatment regimen.Recent advancements 
in the rapidly evolving field of cancer epigenetics have 
shown extensive reprogramming of every component 
of the epigenetic machinery in cancer, including 
DNA methylation, histone modifications, nucleosome 
positioning and non-coding RNAs, specifically microRNA 
expression [8]. The epigenetic deregulation leads to 
activation of oncogenes and/or inactivation of tumor 
suppressor genes (TSGs). 

The complexity and multifactorial nature of cancer 
presents a great challenge for the diagnosis and 
treatment. The epigenetic basis of cancer development 
revolutionized the field of cancer genetics in the post-
genomic era, providing new targets for cancer therapy 
[9]. In this review, we take a comprehensive look at the 
current understanding of the epigenetic mechanisms at 
work in normal mammalian cells and their comparative 
aberrations that occur during carcinogenesis. We also 
discuss the prospect of epigenetic cancer monotherapy 
or in combination epidrug therapy in various cancer 
treatments. We hope to shower light on the significance of 
epigenetics in development and treatment of cancer.

Epigenetic mechanisms in normal versus cancer cells
Epigenetic mechanisms are essential for normal 

mammalian growth, development and maintenance of 
gene expression.The epigenetic marks are tightly and 
interdependently connected and are essential for the 
normal development and the maintenance of cellular 
homeostasis and functions in adult organisms, particularly 
for X-chromosome inactivation in females, genomic 
imprinting, silencing of repetitive DNA elements, 
regulation of chromatin structure, and proper expression 
of genetic information [10]. Epigenetic mechanisms 
primarily regulate the compactness and accessibility of 
chromatin by altering the local dynamics of chromatin. 
The interplay of different epigenetic modifications 
regulates the way the mammalian genome manifests 
itself in different cell types, developmental stages and 
disease states, including cancer [11]. The distinct patterns 
of these modifications present in different cellular states 

serve as a guardian of cellular identity. These epigenetic 
modifications display unique properties and distribution 
patterns in different mammalian cells. The distinct 
combinatorial patterns of these modifications, collectively 
termed the epigenome, are key determinants of cell fate 
and gene activity [12]. 

The well-balanced and precise epigenomic landscape 
of normal cells undergoes extensive distortion in cancer 
cells. Cancer cells emerge from normal healthy cells 
during the complex, multistep and progressive processof 
malignant transformation that involves both genetic 
and epigenetic aberrations [13]. It is characterized by 
the accumulation of multiple cancer-specific heritable 
phenotypes, including persistent proliferative signaling, 
resistance to cell death, evasion of growth suppression, 
replicative immortality, inflammatory response, 
deregulation of energy metabolism, genomic instability, 
induction of angiogenesis, and activation of invasion 
ultimately resulting in metastasis [14,15]. The complexity 
and the frequency of the epigenetic changes seen in 
cancer cells relies on multiple factors that results from 
myriad genetic mutations and environmental inputs which 
perturb the manifold nodes of epigenetic regulations 
(Figure 1). The cancer epigenome is characterized 
by global alterations in DNA methylation, histone 
modifications and non-coding RNA (ncRNA) mediated 
regulation of gene expression, which confers growth 
advantage to tumor cells and hence promotes cancer 
development [16, 2].

The Epigenome and its Elements
The epigenome is an umbrella term for a myriad of 

chemical compounds that influence gene expression by 
latching on to DNA and silencing or activating genes without 
altering the DNA sequence (Figure 2). The epigenome is 
of paramount importance to understanding diseases such 
as cancer because it has the significant ability to change 
how genes are expressed in a cell. Every cell of an 
individual has essentially the same genome in its nucleus. 
But different cells of the body are specialized for different 
functions in different tissues or organs. The different 
functions are determined by when and how the different 
sets of genes are turned on or off [17]. The epigenome, 
containing a variety of chemical compounds, can bind 
to the DNA and may direct the genes to turn on or off. 
The identity of a cell is established and maintained 
by the physical accessibility of DNA in a chromatin. 
The organization of accessible DNA of a chromatin over 
the genome reflects a network of acceptable physical 
interactions between promoters, enhancers, insulators 
and chromatin-binding factors to regulate gene expression 
[18]. The epigenome mediated change in gene expression 
is influenced by a multitude of factors including 
environmental ones. For instance UV radiation has a 
known propensity of increasing the risk formelanoma and 
basal cell carcinoma and that is owing to the fact that the 
radiation influences the epigenome into causing changes 
to gene expression which ultimately results in cancer [19].
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TumorSuppressor Genes (TSGs).Global genomic DNA 
hypomethylationsare generally found in several tumor 
types and eventually lead to genomic instability [28-31].

According to the widely acknowledged Knudson’s two 
hit hypothesis, tumorigenesis is caused by mutations in 
and/or silencing of the two alleles of a tumor suppressor 
gene [32]. In case of a genetic history of cancer, one of the 
alleles is already mutated and the second can be silenced 
by DNA methylation while if no history of cancer exists 
both the alleles need to be methylated for carcinogenesis 
to occur. This is also why genetic history of cancer makes 
it far more likely for it to occur down the line. This further 
exemplifies the consequential role DNA methylation 
plays in initiating cancer [33]. DNA methylation also 
often leads to and is indicative of the Warburg Effect, 
a hallmark of cancer in which cells consume significantly 
higher amounts of glucose and perform glycolysis at 
higher rates and preferentially produce lactose, even in 
the presence of adequate oxygen [34].

In a large, systemic study, DNA methylations’ pivotal 
role has become clearer, with a 2018 study elucidating the 
role of the mechanism in 24 different types of cancers. 
It was found to be an important factor in a variety of 
cancers and often being responsible for various subtypes 
within a tumor. For instance, hypermethylation was found 
to be correlated to EBV (Epstein-Barr Virus) infection in 
stomach cancers, IDH1 and IDH2 mutations in glioma 
etc. Methylation was also found to be even more crucial 
in pediatric cancers since they typically consist of 
a constellation of epigenetic modifications rather than 
genetic drivers [35].

In recent times, hydroxymethylation has also been 
implicated in the development of cancer. It is well 
known that 5-methylcytosine (5mC) is oxidized to 
5-hydroxymethylcytosine (5hmC) and other derivatives 
by methylcytosine dioxygenases TETs (Ten-Eleven 

DNA Methylation
DNA methylation is a well-established epigenetic 

marker, in which a methyl group attaches itself in the 
C5 position in cytosine rings in CpG islands to form 
5-methylcytosine (m5c) [20]. This additional methyl 
group directly influences gene expression by recruiting 
proteins involved in the gene expression of that particular 
gene and by inhibiting the affinity of transcription 
factors towards binding sites in DNA [21]. Promoter 
hypermethylation of the CpG islands of tumor suppressor 
genes is a major event in the initiation of many cancers and 
can affect genes involved in regulating the cell cycle, DNA 
repair, cell-to-cell interactions, apoptosis and angiogenesis 
pathways that are involved in cancer development [22-24]. 
The addition of methyl groups in cytosine is catalyzed 
by enzymes called DNA methyltransferases (DNMTs). 
DNMTs have three active types: DNMT1 maintains 
existing methylation patterns and DNMT3a and DNMT 
3b are de novo methyltransferases [25]. During embryonic 
cell division, DNMT3a and DNMT3b are responsible 
for the differentiation of cells into specific cell types, by 
silencing the DNA and preventing certain proteins from 
being expressed. Following differentiation, DNMT1 
is responsible to maintain this methylation during 
cell division and thereafter as well. DNA methylation 
occurs in the cytosine and modifies the particular CpG. 
In most adult cells, CpG sites are methylated to maintain 
chromosomal stability [26], however, at promoter regions, 
there are stretches of DNA having higher concentration 
of CpG sites, known as CpG islands that are generally 
not methylated in normal cells[27]. The promoter 
regions in the DNA contain regulatory elements that 
control the transcription of genes. In cancer though, 
the highly regulated methylation and demethylation is 
unbalanced, which leads to the hypermethylation of these 
promoter CpG islands, associated with the inactivation of 

Figure 1. Epigenetic Regulation in Cancer. Epigenetic marks change during foetal development 
(thus, turning mechanisms on/off), through adult life (through various exposures), and occur throughout the aging 
process. Epigenetics are influenced by a number of external and internal exposures, such as physical activity, diet, 
ageing and environment. These exposures lead to epigenetic alterations in our chromosome and thus causing genomic 
instability and promoting cancer.
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Translocation family) in an active demethylation 
process [36-39]. Oxidation of 5mC leads to active DNA 
demethylation, while a certain proportion of 5hmC 
remains in the genome and serves as a regulatory function 
[40-44].Although 5hmCs contribute to the flexibility 
of chromatin and protect bivalent promoters from 
hypermethylation, the direct effect of 5hmCs on gene 
transcription is not known. Reduced expression of TET 
gene and lower hydroxymethylation levels have been 
reported inseveral human cancers [45-49]. 

Histone Modification
Another important epigenetic mechanism of gene 

expression are histone modifications. Histones are protein 
octamers that primarily provide structural support to 
DNA, making it possible for long DNA strands to fit 
inside cell nuclei by giving them a compact shape. The 
DNA strands are tightly coiled around the histones and 
therefore are incapable of undergoing gene transcription. 
The tight coiling is maintained due to DNA being a 
negatively charged polymer and histone being positively 
charged. In order for gene expression to occur the DNA 
needs to unwind and that can occur only when histones 
are modified (acetylated/methylated).  This modification 
entails lysine residues of the N-Terminal extruding from 
the histone core being modified, thereby regulating access 
to the DNA for transcription [50-52]. These acetylation 
reactions are catalyzed by enzymes referred to as histone 

acetyltransferases (HATs) (which acetylates the lysine 
amino acid by transferring a molecule of acetyl group 
from acetyl-COA to convert the lysine into ε-N-acetyl 
lysine).

Aberrant epigenetic histone modifications have been 
implicated in pathogenesis of cancer and thereby impact 
clinical outcomes [53].More than 20 HATs have been 
identified, which are classified into 5 families-GNAT1, 
MYST, TAFII250, P300/CBP, and nuclear receptor 
coactivators such as ACTR.1. Histone deacetylases 
(HDACs) are responsible for catalyzing the hydrolytic 
removal of acetyl groups present in histone lysine 
residues. Currently, four classes of HDACs have been 
identified, class I, II, III and IV [54]. An imbalance in 
this process has been associated with tumorigenesis 
and cancer progression. Histones can be modified by 
phosphorylation, methylation, acetylation, ubiquitination 
etc. Post-transcriptional modificational errors in histones 
may lead to alteration in gene expression, which in turn 
may lead to cancer [55-56]. 

Histone methylation occurs mainly on the side of 
chains and arginines. Unlike acetylation, it does not 
alter the charge of the histone protein [57]. It is defined 
as the transfer of one, two, or three methyl groups from 
S-adenosyl-L-methionine to lysine or arginine residues of 
histone proteins by histone methyltransferases (HMTs). 
They control and regulate DNA methylation through 
transcriptional repression or activation.

S.N. Group Compound Target Treated Cancer Reference

1 DNMT Inhibitor 5-azacytidine DNMT1 AML, MDS 107

5-aza - 2/- Deoxycytidine DNMT1 AML, MDS 108

Decitabine DNMT1 MDS, Breast Cancer 109, 110

5GL-110 (Gaudecetabine) DNMT1 AML, MDS 111

RX-3117 DNMT1 Pancreatic Cancer 112

MG-98 DNMT1 DMS, AML, Renal Cancer 113

2 HDAC Inhibitor Vorinostat HDAC1,2,3 & 6 CTCL 114

Romidepsin HDAC1 & 2 CTCL, PTCL 115

Pracinostat Class I,II & IV HDAC AML 116

Abexinostat HDAC1,2,3,6,8 & 10 Relapsed Lymphoma 117

Panobinostat pan - HDAC Multiple Myeloma 118

Entinostat HDAC1,9 & 11 Hodgkin Lymphoma, 
Breast Cancer

119

3 HAT Inhibitor Anacardic Acid P 300, PCAF& Tip60 Breast Cancer 120

C646 p300 AML, Prostate Cancer 121

4 HMT Inhibitor EPZ-5676 DOTIL Haematological Malignancies 122

Tazemetostat EZH2 Lymphoma, Solid Tumors 123

AZ505 SMYD2 Glioma 124

5 HDM Inhibitor Tranylcypromine 
Analogue

LSD1 AML 125

Pargyline LSD1 Prostate Cancer 126

6 BET Inhibitor OTX015 BRD2,3&4 Leukemia 127

CPI-0610 Dem amino-Terminal 
Bromodomains (BD1 and B)

Relapsed/ Refractory Lymphoma 128

7 PARP  Inhibitor Olaparib PARP1 Ovarian, Breast Cancer 129, 130

Veliparib PARP1 Breast, NSCLC 129, 130

Table 1. Epigenetic Anticancer Therapeutics
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Histone acetylation is the addition of an acetyl 
group such as -COCH. It is extensively involved in 
the regulation of cellular processes including chromatin 
dynamics and transcription, gene silencing, cell cycle 
progression, differentiation, and DNA replication [58]. 
Unlike DNA methylation, histone modification can 
cause activation or repression of genes, depending upon 
the residues modified and the type of modifications 
present. Specific patterns of histone modifications are 
present within distinct cell types that play a major role 
in determining cellular identity. For example, embryonic 
stem cells possess active (H3K4me3) and repressive 
(H3K27me3) marks as promoters of developmentally 
important genes [59].

Histone phosphorylation is controlled by two types of 
enzymes, having opposing modes of action. Kinases 
remove phosphate groups and phosphatases remove the 
phosphates. Three functions of these histones are known, 
which are, DNA damage repair, control of chromatin 
compaction during mitosis and meiosis, and regulation 
of transcriptional activity [60]. Histone phosphorylation 
establishes a platform for interactions with other histone 
modifications as it works in conjunction with them.

Non-coding RNA Modification
Non-coding RNAs are a cluster of RNAs that do not 

encode functional proteins but they play an important 
role in epigenetic control of gene expression.Among 
the epigenetic elements, non-coding RNAs (ncRNA) 
have received special attention recently, owing to 
theirrole in several epigenetic mechanisms controlling 
gene expression. This control is exerted at the level of 
chromatin structure modulation; transcriptional regulation 
and posttranscriptional modification [61]. ncRNAs 

operate as a key regulator of physiological programs in 
developmental and disease contexts,especially in cancer. 
They have been identified as oncogenic drivers and tumor 
suppressors in every major cancer type. Non-coding 
RNAs take up 70% of human genomes and based on the 
size, have been categorized into micro RNAs (miRNAs) 
with approximately 20 nucleotides and long non-coding 
RNAs (lncRNAs) with >200 nucleotides [62,63]. 50% of 
miRNAs arelocated in chromosomal regions that are prone 
to structural changes [64]. Numerous miRNAs have been 
shown to be dysregulated in various cancers including 
colorectal cancer and leukemia [65, 66]. lncRNAs have 
also been reported to have aberrant expression in various 
cancer and can act as either oncogenic or tumor suppressor 
factor, making them a potential diagnostic biomarker and 
therapeutic targets.

Regulation of gene expression in cancer progression
Gene expression is the process of transcription of a 

particular gene from DNA into mRNA and then translation of 
mRNA to the amino acids and proteins which manifest 
as the phenotype. Alteration in gene expression is the 
primary factor for progression of the vast majority of 
human diseases, including cancer.Cancer is a multistep 
process associated with the accumulation of numerous 
molecular alterations, which impact cellular machinery 
within the tumor and its microenvironment. Numerous 
genetic alterations (mutations, loss of heterozygosity, 
etc.) have been associated with carcinogenesis and have 
been shown to behave as cancer driver mutations [67]. 
These alterations result in aberrant gene expressions.

Normal cells turn neoplastic by tumorigenesis, 
a complicated, multi-stage molecular process. These 
tumors may then later turn malignant, giving rise to 

Figure 2. Overview of Epigenetic Mechanisms of Gene Expression. Nucleosomes are formed by DNA wrapped 
around a histone octamer that allows DNA to be condensed into chromatin and finally chromosomes. The regulation of 
chromatin structure occur through various post translational histone modifications such as, acetylation, phosphorylation, 
ubiquitiylation, methylation. All these histone modification results inweakening of histone interaction with DNA to 
increase chromatin accessibility. DNA methyltransferases (DNMT) methylate CpG islands near transcription start 
(promoter) sites inhibiting gene expression by impeding transcription factor binding to DNA. The regulation of 
transcription also occurs via non-coding RNA.
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cancer. Of the particular processes which influence 
carcinogenesis in gene expression, microRNAs are 
particularly noteworthy. They are a type of non-coding 
RNA of roughly 22 nucleotides. These miRNAs, along 
with theargonaute protein form the base of the RNA 
interference (RNAi) mechanism, which is a major 
form of gene silencing [68]. The RNAi molecules were 
discovered by Dr. Fire and Dr.Mello [69] while working 
on C. elegans, who later went on to win the Nobel Prize 
in Physiology and Medicine for this discovery. RNAi 
is a standard method of transcriptional regulation in 
eukaryotes, protecting not only against exogenous genes 
but also against endogenous genes with potential to grow 
aberrantly such as transposons. These molecules have also 

been known to be involved in cell growth control, which is 
often a gene which plays a central part in carcinogenesis. 
As a result, this mechanism has a propensity/potential 
for targeting cancer-related genes and therefore has been 
a newfound target for cancer therapies [70-72].

Two models have been presented to explain how 
a tumor progresses: (i) the cancer stem cell (CSC) model, 
which regards stem cells as the origin of oncogenic 
transformation; (ii) the clonal evolution model, which 
suggests that the initial oncogenic change is acquired 
progressively by non CSCs, and there is no doubt that 
epigenetic changes are involved in both the models.

DNA methylation acts as a regulator of gene expression 
by switching genes “on” and “off”. Hypermethylation of 
promoters in CpG islands is the most recognized mechanism 
of epigenetic alterations in cancer cells and has been 
found to be an important factor in various cancer types. 
Alterations of both genome-wide and gene-specific DNA 
methylation are critical events in tumor initiation and 
progression (Figure 3). Abundant tumor suppressor genes 
are under hypermethylation like RASSF10 in renal cancer 
and SIX3 in glioblastoma [73, 74]. Apart from DNA 
methylation, unbalanced histone modification is abused 
by cancers that adhere to the CSC model. Essentially, all 
the aberrations caused by the modification of histones have 
been known to occur at individual gene promoters, due to 
inappropriate targeting of these enzymes. 

Epigenetic alterations in some common cancers

Gastric cancer
Epigenetic hallmarks, along with genetic aberrations, 

have been identified in different subgroups of gastric 
cancer (GC). Accumulating evidence suggests that 
epigenetic abnormalities in GC are not mere bystander 
events, but rather promote carcinogenesis through active 
mechanisms [76]. To date, aberrant DNA methylation 
is the most extensively studied deregulated epigenetic 
mechanism in GC [77]. For instance, known tumor 

Figure 3. Aberrant DNA Methylation Contributes to 
Tumorigenesis (A). Hypermethylation of the promoter 
of tumor suppressor genes (TSGs) or gene family 
leads to its silencing and contributes to tumorigenesis. 
(B) Hypomethylation of oncogene promoters leads to 
their activation and contributes to tumorigenesis. (C) 
Genome-wide DNA hypomethylation may lead to 
chromosomal instability or cell differentiation, which 
contributes to tumorigenesis [76].

Figure 4. The Integration of Epigenetic Medicines with other Standard Chemotherapy, Targeted Therapies, and 
Immunotherapy 
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suppressors or tumor-related genes (p16, RUNX3, MLH1, 
CDH1, etc.) are silenced by promoter methylation in GC 
and its precancerous lesions [78]. 

Colorectal cancer
The pathophysiology of colorectal cancer (CRC) is 

driven by varying genetics and epigenetic alterations. 
A substantial number of patients develop chemoresistance 
and hence face treatment failure. This leads to a high 
mortality rate for advanced disease. The study of 
epigenetic changes has bought to light the missing link 
between certain CRC-specific gene expression patterns 
and the absence of genetic alterations over past two 
decades. These insights, among others, have not only 
improved our understanding of CRC pathophysiology 
but have also opened the door to the discovery of new 
disease biomarkers and therapeutic targets. Aberrant 
promoter hypermethylation silences tumor suppressor 
genes and global DNA hypomethylation causes genomic 
instability, leading to CRC initiation and progression [79]. 
The potential prognostic utility of DNA methylation in 
CRC has been increasingly highlighted. For instance, CpG 
island methylator phenotype (CIMP), characterized by a 
high prevalence of promoter CpG island methylation, have 
been demonstrated to be an independent prognostic factor 
in CRC [80]. Hypermethylation of IGFBP3 was associated 
with poor CRC prognosis in few separate studies [81, 82].

 
Breast cancer

The epigenetics of breast cancer is relatively well 
characterized and plays an important role in cancer 
development. Epigenetic drivers are found early in breast 
cancer carcinogenesis, including early DNA methylation 
and alteration in chromatin states [83]. Furthermore, 
lncRNAs and miRNAs have been found to affect a large 
numbers of genes- regulating their function and driving 
carcinogenesis and the development of intratumoral 
heterogeneity. Throughout the evolution of breast cancer, 
epigenetic reprogramming of these tumors occurs and 
has been found on the APC, CDH1 and CTNNB1 genes 
[84]. Distinct patterns of reprogramming have been found 
through from ductal hyperplasia, ductal carcinoma in-situ 
to invasive carcinoma. Interestingly, the finding of distinct 
methylation patterns is not just confined to malignant 
breast cancer cells [85]. Adjacent, histopathologically 
normal tissue has been found to demonstrate similar 
DNA methylation profiles to cancerous cells, revealing a 
field effect. Epigenetic profiling of tumors and circulating 
DNA has raised the possibility that measurement of 
DNA methylation may be used prognostically. So 
far, however, few of these have made it to clinical 
practice and/or trials of epigenetic alterations to guide 
cancer therapy [86, 87]. As with other tumor types, 
HDAC inhibitors have been trialed in breast cancer, 
with varying degrees of success and at present, there 
is a lack of convincing placebo-controlled data from a 
large trial to support routine clinical use [84]. Although 
breast tumors are also frequently hypomethylated on a 
genome-wide scale, the number of genes reported to be 
hypomethylated in breast cancer is relatively small [88]. 

When assessing epigenetic changes, both DNA and histone 
level modifications must be examined, particularly if the 
modified genes are therapeutic targets.

Prostate cancer
Epigenetic dysregulation, including changes in DNA 

methylation, histone modifications and nucleosome 
remodeling, occurs at every phase of prostate cancer 
(PCa) development and progression. These aberrations 
are responsible for silencing tumor-suppressor genes, 
activating oncogenic drivers, and driving therapy 
resistance. Targeting epigenetic pathways is an emerging 
therapeutic strategy in prostate cancer. EZH2, the catalytic 
unit of polycomb repressive complex (PRC2) responsible 
for H3K27me3 and gene repression, has been identified as 
a promising target in PCa [89]. In addition, overexpression 
of DNMT in PCa has also been documented. Till now, more 
than 50 genes with common aberrant hypermethylation 
have been identified in prostate cancer [90]. These genes 
encompass many cellular functions including cell cycle 
control, apoptosis, hormone response, DNA repair and 
damage prevention, signal transduction, tumor invasion 
and tumor suppression. Frequent promoter methylation of 
genes such as APC, CCND2, GSTP1, RARβ2, RASSF1A 
and PTGS2 has been observed in PCa [91].

Lung cancer
Lung cancer involves genetic and epigenetic events 

in the respiratory epithelium. While somatic genetic 
aberrations, such as mutations and copy number alterations, 
play a well-known role in carcinogenesis, epigenetic 
alterations are more frequent than somatic mutations 
in lung cancer. Recent advances in epigenetics provide 
a better understanding of the underlying mechanism of 
carcinogenesis. DNA hypermethylation is a hallmark in 
lung cancer and an early event in carcinogenesis. Many 
of the epigenetic events in lung cancer affect cancer 
hallmarks, such as proliferation, invasion, metastasis, 
apoptosis, and cell cycle regulation [92]. In addition to 
cancer hallmarks, several important signaling pathways 
are affected by epigenetic deregulation in lung cancer, 
such as the ERK family, the NF-kB signaling pathway, 
and the Hedgehog signaling pathway [93]. Epigenetic 
events also provide insight into the discovery of putative 
cancer biomarkers for early detection, disease monitoring, 
prognosis, risk assessment, and oncotherapy.

Epigenetic pathways linked to carcinogenesis and cancer 
progression

Epigenetic changes are present in all human cancers 
and are known to cooperate with genetic alterations to 
drive the cancer phenotype. During carcinogenesis genes 
can become activated in a way that either enhances cell 
growth or prevents cell death, known as the oncogene. 
Also, genes can become inactive and are unable to stop 
these processes of uncontrolled cell growth; these are the 
tumor-suppressor genes. Interplay between these results 
in the formation of cancer.

There are three ways by which tumor suppressor genes 
can become inactive: (1) through mutations disabling their 
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functions; (2) a gene maybe lost and is not available to 
work; (3) a gene can be switched off in a somatic heritable 
fashion by epigenetic changes, rather than by mutation of 
the DNA sequence.

It is extensively established that the standard 
epigenetic mechanisms are subject to global disruption 
during tumorigenesis. Changes in these epigenetic 
mechanisms also notably involve the hypermethylation of 
CpG islands and hypomethylation of the broader genome. 
The hypermethylation of these CpG islands is particularly 
associated with silencing of certain tumor suppressor genes 
and genes otherwise related to cell growth, so much so that 
various studies have demonstrated that promoter-related 
CpG islands are hypermethylated in tumor cells. Instances 
include the BRCA1 gene in breast carcinoma, in which 
healthy tissue’s CpG islands was found to be unmethylated 
in every case, but methylation being present in 13% of the 
cases [94]; in case of Glutathione S-transferase P (GSTP1) 
in prostate cancers [95], healthy CpG islands were found 
to be entirely unmethylated but cancerous tissue showing 
methylation in roughly 90% of the cases, establishing 
a strong connection between CpG methylation and 
carcinogenesis [96].

Epigenetic modifications can also drastically alter the 
treatment plan or prognosis for certain cancers, such as in 
Diffuse Midline Gliomas, if the H2K27 histone mutation 
is detected, it worsens the prognosis significantly and 
renders it incurable and inoperable [97]. 

The Polycomb Repressive Complex 2 (PRC2), 
particularly EZH2, an enzymatic component of PRC2 
methylates the H3K27 and H3K9 site. EZH2 is widely 
considered to be a key epigenetic regulator of cancer 
progression and has been, as a result, been extensively 
studied. It has been found to have been aberrantly 
overexpressed in primary tumors in prostate cancer, breast 
cancer, and ovarian cancer. EZH2 has also been found 
to increase tumor growth and if ectopically expressed 
it has been found to be a growth factor for fibroblasts 
and leads to cellular proliferation resulting in malignant 
cancer [98, 99].

A newer pathway of regulated cell death (RCD), 
ferroptosis, has also been shown to have epigenetic 
causes [100]. Ferroptosis, is a novel form of regulated cell 
death mediated by iron-dependent lipid peroxidation, has 
been receiving increasing attention since its discovery in 
2012. Owing to the highly iron-dependent physiological 
properties of cancer cells, targeting ferroptosis is a 
promising approach in cancer therapy.

Long non-coding RNA (lncRNA) are a group of 
RNA made up of more than 200 nucleotides, yet have 
minimal protein coding capacity. Due to their capacity 
of interacting directly with DNA, RNA and proteins they 
influence a myriad of crucial cell processes including cell 
differentiation and, notably, RCD and ferroptosis. In non-
small cell lung cancers (NSCLC) lncRNAs suppress the 
development of NSCLCs by ferroptosis’ pathways [101].

Epigenetics also plays an intriguing role in the 
breast cancer progression via CAFs (Cancer Affected 
Fibroblasts). CAFs exhibit a shift towards pyruvate and 
lactate production. (With this glycolytic shift itself being 

sustained by epigenetic reprogramming of HIF-1α). The 
hypoxia induced by this prompt the epigenetic revision 
of normal fibroblasts, converting them into CAF-like 
transcriptomes, which promotes breast cancer progression 
[102].

Epigenetic therapy in cancer 
As the role of epigenetics in cancer became clearer, 

treatments targeting epigenetic changes in cancer came 
to the forefront.  Drugs specifically targeting these 
epigenetic changes, referred to as epidrugs, target cancer 
by changing the epigenetic modifications in chromatin 
and DNA by regulating the enzymes required for the 
upkeep of transcriptional modifications and reactivating 
various epigenetically silenced genes including the ones 
involved in DNA repair and tumor suppression. They do 
so primarily by inhibiting Histone Deacetylase and DNA 
Methyltransferases, thereby reversing and reducing their 
potential impact in further cancer progression. 

Epigenetic factors not only fuel tumorigenesis and 
cancer progression, but are often implicated in certain 
cancers evolving drug resistance by epigenetic changes 
and therefore serve as a prime target for further improving 
prognosis.

Cancer cells often exhibit alterations in DNA 
methylation. With focal DNA hypermethylation at 
CpG-rich sites and genome-wide hypomethylation. It is 
associated with the silencing of tumor suppressor genes 
and activation of oncogenes. Targeting DNMTs to restore 
the epigenome of cancerous cells to a ‘normal’ state has 
been proven to be an effective way for cancer therapy. 
Researchers have classified two categories of DNMT 
inhibitors – Nucleoside analogs and non-nucleoside. 
With a modified cytosine ring, nucleoside analogs can 
be included in newly synthesized DNA and covalently 
bound to DNMTs. This inhibits them from transferring 
methyl groups to hemimethylated DNA of progeny cells, 
leading to generalized demethylation and proteasomal 
degradation of DNMTs.

One instance is targeting ERα (Estrogen Receptor 
Positive) positive breast cancers via endocrine therapy. 
The therapy has been in use for several decades but 
in recent years it was found that in a few early stage 
cancers and almost all metastasized ones, resistance to 
the endocrine therapy had evolved. This was owing to 
loss-of-function epigenetic changes in ARID1A, the gene 
controlling endocrine therapy sensitivity. Currently, no 
FDA approved epidrug exists to target this [103].

A number of epidrugs have been approved by the 
United States Food and Drug Administration (FDA), 
including Azacitidine and Decitabine, targeting DNMTi 
for the treatment of Acute Myeloid Leukemia; Belinostat, 
targeting HDACi in peripheral T cell Lymphomas; 
Panobinostat,  Bortezomib and Dexamethasone targeting 
HDACi in Multiple myeloma (Table 1).

Out of the seven FDA approved epidrugs, only two 
target DNMTs among them the latest being Azacitidine 
and Decitabine.  5-Azacitidine (azacytidine) and 5-aza-
2′-deoxycytidine (decitabine) are the two most studied 
nucleoside analogs. They induce methylation and 



83

 

Asian Pacific Journal of Cancer Biology• Vol 8• Issue 1

apjcb.waocp.com                                                                             Ayush Pathak, et al: Epigenetics and Cancer: A Comprehensive Review

reactivate silenced genes in human cancers.Azacytidine 
functions as ribonucleoside and preferentially incorporates 
into RNA through phosphorylation. However, it can be 
incorporated into DNA to a lesser extent through the 
ribonucleotide reductase pathway. Unlike azacytidine, 
decitabine is a deoxyribose analog that incorporates 
directly into DNA following phosphorylation, thus 
inducing DNA demethylation at much lower concentrations 
than azacytidine.Both of these drugs have received FDA 
approval for the treatment of Acute Myeloid Leukemia 
(AML), chronic myelomonocytic leukemia (CMML), and 
myelodysplastic syndrome (MDS) [104].

Multiple phase three studies of these two drugs have 
depicted improved response rates and an overall increase in 
survival when compared to standard therapies, especially 
in older AML patients. Although these drugs are very 
effective in targeting cancer cells, they suffer from poor 
chemical and metabolic stability and high toxicity. Given 
the success and drawbacks of azacytidine and decitabine, 
the prodrugs of decitabine or azacytidine have been 
developed as next-generation DNMT inhibitors, which 
exhibit superior pharmacokinetic profiles.Sinceepidrugs 
are specific to the presence of particular epigenetic 
errors, they are also a gateway to an era of increasingly 
personalized medicine, with a particular error entailing 
treatment with a tailor made epidrug [9].

Epigenetic drugs in combination with other therapies
The integration of epigenetic therapies with standard 

cancer treatment, including chemotherapy, immunotherapy 
and targeted therapy has emerged as an attractive cancer 
therapy regimen (Figure 4) and supports the hypothesis 
that epi-drugs can synergize with other anticancer agents 
and reverse cancer therapy resistance in preclinical models 
[105]. An underlying theme is illustrated by data linking 
chemoresistance to epigenetic events in cancer stem-like 
cells. The studies implicated an HDM; JARID1, which 
decreases the active transcription mark H3K4me3; and 
low doses of HDAC have reversed the stem cell-like 
properties and chemoresistance. A similar HDM, JARID2, 
may also drive stem-like human melanoma cells [106]. 
Low doses of DNMTis can likewise inhibit cancer stem 
cell properties, enhance apoptosis, and block entry into the 
cell cycle. These examples illustrate the potential for broad 
reprogramming of cancer cells with epigenetic therapies 
to prime them for subsequent therapies.

Epigenetic drugs in combination with Chemotherapy 
An appealing strategy for preventing chemoresistance 

is coupling epigenetic agents with chemotherapeutic 
drugs that cause DNA damage has emerged [107-109]. 
Chemoresistance is typically coupled with epigenetic 
programming, such as aberrant methylation of DNA and 
alterations in histone acetylation, which can be restored 
by DNMT and HDAC inhibitors [110-112]. This aberrant 
DNA is associated with methylation of key genes in 
mTOR signalling/AKT/PTEN/PI3K pathway which 
promotes resistance in various solid tumors via alteration 
in cell survival, motility, apoptosis, angiogenesis, cell 
metabolism and cell proliferation [113].

Epigenetic drugs in combination with Immunotherapy 
Immune checkpoint therapies, involved in boosting 
anticancer immune responses by preventing checkpoint 
molecule interaction, have resulted in a significant 
advancement in cancer treatment [114-116]. Even 
though immunoglobulins against checkpoint proteins 
such as CTLA-4, programmed deathligand 1 (PD-L1) 
and programmed cell death protein 1 (PD-1 or CD279) 
exhibited promising anticancer effects, their therapeutic 
use may be restricted due to poor antigen presentation 
and inadequate T-cell response. These limitations can 
be overcome by immunomodulatory actions driven by 
epigenetic remodelling [117-119]. Inhibiting epigenetic 
regulators such as lysine-specific demethylase 1A 
(LSD1), enhancer of zeste homolog 2 (EZH2), HDAC 
and DNMT elicit several immunomodulatory actions 
in cancer cells, including overexpression of MHC class 
I molecules, tumor antigens, and PD-1 ligands [120]. 
Knocking out such epigenetic proteins also initialises 
the production of endogenous retroviral components and 
double-stranded RNA in cancer cells, that also activates 
interferon signalling, helps to stimulate antineoplastic 
T-cell immunity, and makes cancer cells more susceptible 
to checkpoint blockade therapies [121].

Epigenetic drugs in combination with Targeted therapy
The development of targeted treatments, which utilize 

chemicals intended to specifically interact with certain 
mutant/aberrantly signaling proteins, has constituted a real 
shift in cancer therapy paradigm [122]. Pharmacological 
treatment of mutant kinases produces fast clinical 
outcomes in genetically specified populations [123, 124]. 
Resistance against targeted therapy, on the other hand, is 
almost unavoidable. Genetic changes and transcriptional 
reprogramming are two resistance mechanisms that can 
be reversed using epigenetic treatments [125]. Epigenetic 
alterations are involved in oncogenesis of NSCL but its 
role in EGFR-TKI resistance is still unclear. However, 
HDAC inhibition was reported to overcome tolerance to 
a variety of kinase inhibitors. For example, a relatively 
novel oral histone deacetylase inhibitor MPT0E028 was 
able to rise apoptosis induced by the first-line epidermal 
growth factor receptor (EGFR) tyrosine kinase inhibitor 
(TKI) erlotinib in EGFR-TKI resistant NSCLC cells [126]. 
A preliminary study reported that combining EGFR-
TKIs and vorinostat reversed EGFR-TKI resistance and 
promoted apoptosis in NSCLC cell models [127]. HDAC 
inhibitors have also been shown to reverse the mammalian 
target of rapamycin (mTOR) TKI resistance in a number of 
malignancies as it has been observed that methylation of 
genes impact mTOR signalling pathway due to epigenetic 
alteration [128, 129].

Challenges and Future prospects
Epigenetic modifications are among the first aberrations 

to occur in cancer development. Targeting these epigenetic 
changes has been demonstrably effective in tackling 
cancer. But, despite the use of epidrugs in cancer therapy 
having several clinical advantages, there are some 
challenges that need to be considered and worked upon. 
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Even after combination therapy, the reversible nature of 
methylation persists, which may lead to re-methylation 
and re-silencing of tumor suppressor genes. The toxicity 
and instability of a few epidrugs (e.g. 5 aza C and 5 aza 
D) may complicate their use in clinical settings under 
varying physiological conditions. Furthermore, treatment 
may result in the activation of typically silenced genes due 
to lack of specificity of methylating agents and this may 
contribute to tumorigenesis.

As is clear from extensive research, epigenetic 
therapies have achieved remarkable clinical responses 
in hematologic malignancies. Even so, their activity as 
monotherapies has been less encouraging in some solid 
tumors due to limited efficacy and/or unfavorable toxicity. 
The reason may potentially be that these solid tumors 
arise from more terminally differentiated cells and are 
inherently less sensitive to epigenetic perturbation, and 
therefore prolonged inhibition of the epigenetic targets 
and optimizing dosing schedules may improve the 
efficacy. In addition, most clinical trials of early generation 
epigenetic drugs including DNMT and HDAC inhibitors 
have followed a one-size-fits-all approach; the therapeutic 
efficiency and utility of which has been largely restricted 
due to the lack of appropriate patient selection with 
transcriptional or epigenetic signatures. Thus, unless our 
understanding of the epigenome continues to improve 
and the key regulators of epigenetic control are identified, 
therapies targeting epigenetic modifications within the 
human genome will remain of limited value and not see 
fruition in the form of widespread dissemination in the 
clinical setting.

Nevertheless, several unanswered questions remain. 
One area of future research within the field of cancer 
epigenetics is epigenetic heterogeneity in cancer. 
Heterogeneity of cancer cells within a given cancer mass is 
a well-recognized feature of cancer and remains to be one 
of the reasons that development of effective anti-cancer 
therapeutics is challenging. Although certain epigenetic 
therapies have demonstrated promising clinical outcomes 
and have received regulatory approvals in hematologic 
malignancies, it remains challenging to achieve and 
maintain the therapeutic efficacy in solid tumors. 
Appropriate patient selection and optimizing trial design 
and dosing schedules may improve their clinical efficacy. 
Importantly, epigenetic drugs in conjunction with other 
therapies such as targeted or immune-based therapies may 
offer the best opportunity to augment clinical responses 
in solid tumors.

In conclusion, cancer being multifactorial in nature 
poses tremendous challenge in its diagnosis and treatment. 
The given utility of dynamic and reversible epigenetic 
regulation in cancer has revolutionized the field of cancer 
development and hence making it an attractive target for 
cancer therapy.

As the role of epigenetics has come to the forefront 
in cancer research in the last few decades, it has given 
rise to an entirely new branch of understanding of 
cancer as a whole, upending and adding on to long held 
perceptions in tumorigenesis and treatment. We have 
discussed the myriad of epigenetic mechanisms, including 

DNA methylation and Histone Modifications and how 
they pertain and contribute to the deregulation of the 
epigenetic landscape thereby becoming a factor leading 
to carcinogenesis. We have also looked at a range of 
epigenetic point mutations which can often serve as the 
primary drivers of certain cancers.

Notably, we have elucidated how the specific 
epigenetic mechanism can be targeted to serve as a base 
for developing an entirely new class of cancer treatments: 
Epidrugs. We have also analysed at depth, epidrugs that 
have been approved and those that show promising 
preliminary results in clinical trials. In addition, we have 
discussed the utility and potential of epigenetic biomarkers 
having gone into detail for the ones that hold the most 
promise.

We firmly believe that as much attention that the 
connection between epigenetics and cancer has garnered 
in the past decades, it still has much to offer in our 
understanding of cancer particularly, in the development 
of new therapies and biomarkers which will optimistically 
prove to be detrimental in reducing the stubbornly flat 
cancer death rate across the globe. 

Even though more precise mechanisms must be 
researched, it is commonly known that epigenetic 
activities are critical in both normal biochemical 
mechanisms and tumor pathways, and that epigenetic 
status is often greatly changed during cancer onset. As a 
result, epigenometargeted therapy appears to be a potential 
option for cancer therapy. Because of the complexities 
of cancer, epigenetic changes have affected a range of 
cancer properties, including oncogene expression along 
with tumor repressor genes, as well as cell signalling, 
that results in rapid cancer growth, infiltration, and 
metastases. There are several strategies and advancement 
to target epigenetic machinery. These include combination 
therapy,adjuvant therapy, and probiotics, CRISPR 
Cas-9 editing, phytochemicals, Phototherapy, cold 
atmospheric plasma, nanocarriers and terahertz rays. 
All these novel therapeutic strategies lead to tackle drug 
resistance along with better treatment option with high 
rate of cure and recovery. Epigenetic targeting appears 
to be a potential anticancer therapeutic method based 
on the results achieved. Many features of cancer onset 
are associated with epigenomes. It is required to have 
a deeper knowledge of the exact processes behind such 
modifications in various cancers. Meanwhile, improved 
therapy approaches, including a range of combinations, 
have yet to be developed. Epigenetic modifications lead 
to chemoresistance. Hence it is necessary to consider 
epigenetic machinery while treating cancer. Terahertz rays 
and cold atmospheric plasma are novel targets and it is 
the need of hour to perform more research on these novel 
tools. Bacteria based therapy or probiotics is also very hot 
topic since 2020 in the field of oncology that is why their 
adjuvant and combination therapeutics would gain much 
attention in the future with high cure rate. More work is 
required on phytochemicals and CRISPR based therapy 
to deal with epigenetic alterations in cancer.
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