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ABSTRACT 
 

Changes in epigenetics are key in cancer onset, progression, and therapeutic resistance through balancing the expression of genes without 

mutating the DNA sequence. In contrast to the non-reversible genetic mutations, the epigenetic changes are dynamic and can possibly be 

reversed; thus, they offer attractive targets for clinical approaches. This phenomenon is a review of the key epigenetic events in 

oncogenesis, such as DNA methylation, histone changes, chromatin remodeling, and control by non-coding RNA. Another effect is the 

silencing of tumor suppressor genes by aberrant promoter hypermethylation and a global hypomethylation that causes genomic instability 

and the oncogenic activation of oncogenes. The transcriptional control is further interfered with by dysregulation of histone-modifying 

enzymes and chromatin remodeling complexes, which promote malignant transformation, metastasis, and avoidance of immunity. There 

is also an emerging body of evidence that highlights the interplay between the reprogramming of epigenetics and the tumor 

microenvironment, which includes hypoxia, inflammation, and metabolic stress, all of which together influence tumor behavior. Recent 

developments in high-throughput sequencing and single-cell epigenomics have enhanced the discovery of epigenetic biomarkers, 

including circulating tumor DNA methylation biomarkers and non-coding RNA biomarkers, to detect and prognose early. Epigenetic-

targeted agents, such as DNA methyltransferase and histone deacetylase inhibitors, and new chromatin-modifying enzyme inhibitors have 

demonstrated clinical utility, at least in hematologic malignancies, and are under investigation with immunotherapy and chemotherapy. 
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Introduction 

The evidence that DNA was organized in a peculiar structure named 

"chromatin" and associated with proteins of unknown function was a very 
early finding. The term "chromatin" was first introduced by the German 

biologist Walther Flemming in the late 19th century. He observed thread-
like structures within the cell nucleus during cell division and named them 

"chromatin" due to their ability to be stained by certain dyes. Although 

Flemming's observations were fundamental to the study of chromatin, the 
detailed structure and function were unraveled much later through the 

collective work of numerous scientists in genetics, biochemistry, and 

molecular biology [1].  By 1942, Conrad Waddington had coined the term 
"epigenetics" to refer to developmental processes that link genotype with 

phenotype. The idea became a developmental model and then a molecular 

discipline that involved heritable changes in gene expression that didn't 
involve changes in the underlying DNA sequence [2]. The modern 

definition of epigenetics includes modifications to DNA, histone proteins, 

chromatin structure, and non-coding RNA and their role in regulating gene 
activity and cellular identity [3]. Epigenetics is the regulation of the 

expression of genes in various cell types and environmental situations, 

whereas genetics is the DNA blueprint [4]. The existing evidence indicates 
that the genetic and epigenetic systems are closely intertwined and that 

epigenetics has important roles in cellular differentiation, developmental 

programming, maintaining cellular memory, and responding to 
environmental stimuli. Thus, epigenetics has become an indispensable tool 

to grasp the intricate relationship between the genome, the environment, and 

the phenotype [5]. 
Cancer is still one of the most common causes of death and disease in the 

world, and a public health problem. It is estimated that there were around 

20 million new cases of cancer and 9.7 million cancer deaths in the world 
in 2022 and that this number is likely to dramatically rise over the next few 

decades [6][7][41]. The impact will be greatest in low- and middle-income 

countries, where access to screening, early diagnosis, and available and 
effective treatment is low, resulting in poorer outcomes [8]. In the context 

of cancer, epigenetic dysregulation has become a primary and ubiquitous 

feature associated with the initiation, progression, metastasis, recurrence, 

and drug resistance of tumors. Abnormal DNA methylation, histone 

modifications, and non-coding RNAs that regulate gene expression may 

lead to the abnormal expression of genes and malignant transformation [9]. 
Importantly, many epigenetic changes are reversible and are potential 

therapeutic targets. Also, the growing clinical relevance of epigenetics in 

oncology is evidenced by the fact that cancer-specific epigenetic signatures 

are now being explored as cancer diagnosis markers, prognosis markers, 

and markers for predicting treatment responses [10]. 

This review will give an overview of the role of epigenetics in cancer 
focusing on the molecular mechanisms of epigenetic regulation and their 

contribution to carcinogenesis. This review focuses on the most important 
epigenetic pathways associated with cancer, such as DNA methylation, 

histone modification, chromatin remodeling and non-coding RNAs. It also 

highlights the role of epigenetic deregulations in the initiation and 
progression of tumors and investigates the relevance of epigenetic markers 

in the diagnosis and prognosis of cancer; it then explores the current and 

emerging therapeutic opportunities of epigenetic drugs in cancer treatment. 
Fundamentals of Epigenetics: 

Epigenetics is defined as heritable and reversible changes of gene 

expression that do not change the DNA sequence. It provides an account of 
how identical pieces of genetic information can give rise to different 

structures or functions in the same cells as a result of differences in stable 

gene activity [11]. Epigenetic changes, as opposed to mutations, can be 
dynamic and changing, and are affected by intrinsic and environmental 

factors such as age, diet, lifestyle, and external influences [12]. These 

modifications are important in cell differentiation, cellular identity and 
adaptation to changing environmental conditions [13]. Epigenetic 

mechanisms provide a link between the genome and phenotype and are 

involved in normal development and disease processes by regulating gene 
expression [14]. 

Chromatin is the main way in which genes are regulated; it is a complex of 

DNA and histone proteins that influences the access of the genes to the 
transcriptional machinery [15]. Four epigenetic mechanisms are known: 

DNA methylation, modification of histones, chromatin remodeling, and 

regulation mediated by non-coding RNA [16]. In general, DNA methylation 
leads to gene silencing and genomic stability, while the modifications of the 

histones affect the structure and activity of chromatin by processes 

including acetylation and methylation [17]. Chromatin remodeling 
complexes change nucleosome positioning to control access to DNA, and 

non-coding RNAs act in gene expression at both the transcriptional and 

post-transcriptional levels [18]. The mechanisms operate with great 

coordination, creating interconnected regulatory networks to regulate 

context-dependent gene expression, chromatin state, and cellular memory 

[19]. 
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Figure 1: Role of Epigenetic Alterations in Cancer Development 

This diagram shows how the epigenetic mechanisms, such as DNA 
methylation and histone modification (acetylation, methylation, 

phosphorylation, and ubiquitination), contribute to the regulation of gene 

expression and to the transition between normal and cancerous cellular 

states. Epigenetic alterations can alter the normal expression of genes, with 

tumor suppressor genes being silenced and oncogenes being activated, 

which can help drive the initiation and progression of cancer.  
Epigenetic Mechanisms in Cancer: 

Epigenetic changes are a characteristic of cancer and play an important role 

in cancer initiation, progression, and resistance to treatment [20]. Epigenetic 
changes do not alter the DNA sequence but are changes to the expression 

of the gene and include DNA methylation, histone modifications, chromatin 

remodeling, and non-coding RNAs [21]. These mechanisms work together 
to cause abnormal regulation of cells in the body, causing oncogenes to 

become activated and tumor suppressor genes to be silenced. Of these 

changes, DNA methylation is perhaps one of the most well-studied 
mechanisms of epigenetic change in cancer [22] [23]. Promoter 

hypermethylation of tumor suppressor genes is usually accompanied by the 

overall hypomethylation of the DNA of the cancer cells [24]. CpG island 
hypermethylation of genes like BRCA1, MLH1, RB1, and VHL leads to 

silencing of genes, whereas genome-wide hypomethylation leads to 

instability of the genome and activation of oncogenes. These methylation 

changes work together to be a key player in the process of malignant 

transformation and cancer progression [25]. 

Besides DNA methylation, the cancer epigenome relies on non-coding 
RNAs, histone modification, and chromatin remodeling. The structure of 

chromatin is modified by acetylation and methylation, which affect the 

accessibility of the genes and thus regulate transcriptional activity [26]. 
Dysfunctions of SWI/SNF complexes and other chromatin remodeling 

enzymes can cause nucleosome positioning defects and impair gene 

regulation, and altered histone marks can promote the expression of 
oncogenes or suppress the expression of tumor suppressor pathways [27]. 

In addition, non-coding RNAs such as microRNAs (miRNAs), long non-

coding RNAs (lncRNAs), and circular RNAs (circRNAs) play a role in 
epigenetic regulation and can be regulated epigenetically [28]. 

Abnormalities in the regulation of these RNA molecules have been linked 

to carcinogenesis, metastasis, metabolic reprogramming, and therapy 
resistance. Together, these tightly coupled epigenetic mechanisms 

contribute to the heterogeneity of tumors, facilitate the progression of the 

disease, and could be therapeutic and diagnostic targets [29][30]. 

 
Figure 2: Overview of Epigenetic Regulation: 

This diagram shows how genetic material is organized into chromatin and 

DNA at the molecular level and the principle of epigenetics. The DNA is 

coiled around the histone proteins to form a nucleosome, and these are 
combined to make chromatin. DNA can have chemical groups (methyl 

groups) attached to it, or to the histone tails, that do not change the DNA 
sequence but affect how the DNA is packaged.  

Therapeutic Implications of Epigenetics: 

Epigenetic therapy would seem to be a novel strategy in cancer treatment 
that targets abnormalities in the regulation of genes that are reversible [31]. 

Epigenetic changes are not inherited but can be reversed by therapeutic 

intervention, and enzymes that regulate DNA methylation, histone 
modification, and chromatin regulation are attractive drug targets [32]. 

Epigenetic drugs can be divided into four classes: DNA methyltransferase 

inhibitors (DNMT inhibitors), histone deacetylase inhibitors (HDAC 
inhibitors), histone methyltransferase inhibitors (HMT inhibitors), and 

bromodomain and extra-terminal domain (BET) inhibitors. Of these, the 

DNMT and HDAC inhibitors are the best studied and proven inhibitors 
[33][34]. DNMT inhibitors, including azacitidine and decitabine, restore 

abnormal DNA methylation and restore expression of silenced tumor 

suppressor genes; HDAC inhibitors, like trichostatin A, increase the 
acetylation of histones, hence creating a more open chromatin structure, 

which facilitates expression of tumor suppressor genes, apoptosis, and cell-

cycle arrest. These treatments have shown the most clinical efficacy in 

hematological malignancies such as myelodysplastic syndromes, AML, and 

some lymphomas [35]. 

There has been a surge in progress in the epigenetic therapy field in recent 
years, with the emergence of more selective agents, such as histone 

methyltransferases and BET bromodomain proteins [36]. HMT inhibitors, 

including tazemetostat, inhibit the growth of tumors by blocking enzymes 
that are important for methylation of the histone proteins and are approved 

for the treatment of some types of cancer, such as follicular lymphoma and 

epithelioid sarcoma [37]. Another promising class that has recently been 
identified is the bromodomain inhibitors, which inhibit the interactions of 

oncogenic transcription with acetylated histones [38]. However, epigenetic 

monotherapies in solid tumors are not currently as effective. Thus, more and 
more research is now looking at combination approaches, such as 

administration of epigenetic drugs in combination with chemotherapy, 

targeted therapy, or immunotherapy [39][42][43]. These strategies are 
designed to increase the effectiveness of the therapy, circumvent drug 

resistance, and improve therapeutic success. Epigenetic therapy is an 

exciting and emerging area of cancer therapy that has the potential for a 
personalized approach to treating cancer but still needs more research to 

enable the optimal application in a range of cancer types [40]. 

Challenges and Future Perspectives: 

Although great strides have been made in understanding of cancer 

epigenetics, several factors remain to restrict the use of epigenetic 

diagnostics and therapies in the clinic. A major difficulty is the complexity 
and heterogeneity of epigenetic modifications across various types of cancer 

and even within cancer patients with the same tumor type. This diversity 

complicates the search for biomarker signatures and/or generalized 
therapeutic approaches. Further, most of the epigenetic drugs available now 

are non-target specific, which can have off-target effects and toxicities. 

Another challenge is the development of resistance to epigenetic therapies, 
especially when short- or long-term treatment is required. Additionally, 

although epigenetic therapies have shown significant promise in 
hematological malignancies, their efficacy has yet to be seen in solid 

cancers due to tumor heterogeneity, tumor microenvironment complexity, 

and lack of drug delivery.  
Conclusion: 

Epigenetic changes are key players in the initiation, progression, metastasis 

of cancer, and resistance to therapy. Epigenetic changes affect the 
expression of genes without changing the DNA sequence, through various 

mechanisms like DNA methylation, histone modifications, chromatin 

remodeling, and non-coding RNA regulation. These changes are essential 
for all aspects of carcinogenesis—activation of oncogenes, silencing of 

tumour suppressor genes, genomic instability, and tumor heterogeneity.  

Epigenetic modifications are reversible, providing novel opportunities for 
cancer diagnosis, prognosis, and treatment. While challenges still exist, 

especially in the areas of treatment resistance, toxicity, and limited 

therapeutic effects in solid tumors, continued progress in epigenomic 
technologies and precision medicine should drive the progress of epigenetic 

discoveries into clinical practice. Epigenetics is a field of rapidly advancing 

research and could prove to be a valuable tool in cancer management and 
for developing more personalized and effective cancer treatments. 
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