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A B S T R A C T   

Cancer heterogeneity and drug resistance remain pivotal obstacles in effective cancer treatment and manage
ment. One major contributor to these challenges is epigenetic modifications - gene regulation that does not 
involve changes to the DNA sequence itself but significantly impacts gene expression. As we elucidate these 
phenomena, we underscore the pivotal role of epigenetic modifications in regulating gene expression, contrib
uting to cellular diversity, and driving adaptive changes that can instigate therapeutic resistance. This review 
dissects essential epigenetic modifications - DNA methylation, histone modifications, and chromatin remodeling - 
illustrating their significant yet complex contributions to cancer biology. While these changes offer potential 
avenues for therapeutic intervention due to their reversible nature, the interplay of epigenetic and genetic 
changes in cancer cells presents unique challenges that must be addressed to harness their full potential. By 
critically analyzing the current research landscape, we identify knowledge gaps and propose future research 
directions, exploring the potential of epigenetic therapies and discussing the obstacles in translating these 
concepts into effective treatments. This comprehensive review aims to stimulate further research and aid in 
developing innovative, patient-centered cancer therapies. Understanding the role of epigenetic modifications in 
cancer heterogeneity and drug resistance is critical for scientific advancement and paves the way towards 
improving patient outcomes in the fight against this formidable disease.    

Abbreviations 
CircRNA Circular RNA 
CRC Colorectal cancer 
DNMT DNA methyltransferase 
LIF Leukemia inhibitory factor 
LncRNA Long non-coding RNA 
MiRNA MicroRNA 
NcRNA Non-coding RNA 
NK Natural Killer cell 
PiRNA PIWI-interacting RNA 
SiRNA Small interfering RNA 
TME Tumor microenvironment 
DNMT DNA methyltransferase 
MDR1 Multidrug resistance 1 

HDACs Histone deacetylases 
PRC2 Polycomb repressive complex 2 
NEAT1 Nuclear paraspeckle assembly transcript 1 

Introduction 

Epigenetic modifications have emerged as key players in the un
fathomable complexities of cancer biology, driving an astounding de
gree of heterogeneity and leading to the frustrating challenge of drug 
resistance [1,2]. As the scientific community works tirelessly to unravel 
the mysteries of cancer, it is increasingly clear that understanding cancer 
at the molecular and cellular level is a critical endeavor that stands at the 
frontline of our battle against this relentless disease [3]. Cancer is not a 
single disease but a collection of diverse conditions, each with a distinct 
genetic and epigenetic landscape [4]. The vast heterogeneity seen in 
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cancer arises not just from genetic mutations but also from epigenetic 
changes that affect gene expression without altering the underlying DNA 
sequence [3]. This multifaceted diversity within a single tumor, known 
as intratumoral heterogeneity, poses a significant challenge for treat
ment, as different cellular sub-populations may respond variably or even 
resist therapeutic interventions [5]. 

Moreover, cancer cells exhibit inter-tumoral heterogeneity, i.e., dif
ferences between the primary tumor and its metastatic counterparts or 
between tumors of the same type in different patients [6]. Intrinsic or 
acquired drug resistance during treatment is a formidable obstacle in 
cancer management [7]. Unfortunately, the heterogeneity that makes 
cancer fascinating also makes it resilient, giving rise to subpopulations 
of cells that can survive therapy and promote recurrence [8]. Epigenetic 
modifications, including DNA methylation, histone modifications, and 
chromatin remodeling, have been recognized as significant contributors 
to cancer heterogeneity and drug resistance [9]. These modifications can 

dynamically regulate gene expression in response to external stimuli, 
fueling adaptive changes that allow cancer cells to survive and thrive 
even under therapeutic stress [10]. While genetic changes have a bigger 
effect on cancer heterogeneity, there is a far higher chance of sponta
neous epigenetic alterations than genetic mutations, resulting in statis
tically higher epigenetic variability than genetic variability (PMID: 
35018226). Importantly, unlike genetic changes, epigenetic modifica
tions are reversible, thus presenting an opportunity for anti-cancer 
therapies that target epigenetic modulations [11–13]. In cancer 
biology, the understanding of epigenetics has been a breakthrough, 
revealing an intricate layer of regulation that can transform our un
derstanding of the disease and offer new perspectives on therapeutic 
intervention [14]. However, the breadth and depth of epigenetic 
changes in cancer, their interactions with genetic alterations, and their 
influence on tumor heterogeneity and drug resistance are still not fully 
understood [15,16]. This review aims to delve into the role of epigenetic 

Fig. 1. Epigenetic mechanisms A) DNA Methylation: DNA methyltransferases (DNMTs) catalyze cytosine methylation by adding a methyl group. DNMT3A and 
DNMT3B perform de novo methylation, while DNMT1 maintains DNA methylation after DNA replication. Methylation, controlled by Dnmt and a methyl donor, 
targets CpG sites to add a methyl group to the DNA. Methylation and subsequent modifications by histone deacetylases (HDACs) and histone methyltransferases 
(HMTs) regulate gene expression. B) Histone Modification: Histone methylation occurs at the lysine residues in H3 and H4. Green and red methyl groups denote 
transcription activation and repression, respectively. Various proteins, including CHD1, BPTF, HP1, EAF3, 53BP1, and CRB2, participate in different processes, from 
transcription activation to DNA repair signaling. C) Non-coding RNA: DNA methylation and histone modifications control miRNAs expression, including miR-127. 
Methylation and deacetylation silence miR-127 in tumor cells, but treatment with 5′-Aza-CdR and PBA can reverse these modifications, resulting in miR-127 
expression—miR-140 targets HDAC4 and DNMTs, indicating a two-way interaction between miRNAs and epigenetic enzymes. 
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modifications in cancer heterogeneity and drug resistance, providing a 
comprehensive overview of the current understanding of this important 
topic [17]. We aim to identify knowledge gaps and suggest potential 
future research directions. This review will cover the different types of 
epigenetic modifications and their roles in cancer biology, focusing on 
their contributions to intratumoral and inter-tumoral heterogeneity and 
drug resistance. Moreover, we will discuss the potential of epigenetic 
therapies to overcome drug resistance and the challenges involved in 
translating these findings into clinical practice [18,19]. We hope this 
review will stimulate further research in this rapidly evolving field and 
contribute to developing more effective strategies for managing cancer. 
Ultimately, the pursuit of understanding the role of epigenetic modifi
cations in cancer heterogeneity and drug resistance is a mission to 
improve the lives of countless patients worldwide battling this formi
dable disease. 

Epigenetic mechanisms in cancer 

Epigenetic modification of DNA is a part of the control system within 
the cell that manages gene expression and silencing [20]. This is mainly 
through controlling the chromosomal structure rather than affecting the 
DNA sequence. Thus, the DNA sequence remains unchanged; however, 
the chromosomal substructure changes due to chemical modification in 
the chromosome. This, in turn, decides if the gene will be expressed and, 
subsequently, if the protein will be produced [21]. Epigenetic modifi
cation can be passed to the daughter cells maintaining the changes. 
Various types of epigenetic modifications (Fig. 1) work in different ways 
to affect gene expression, which will be discussed in this review [22]. 

DNA methylation 

One of the ways to regulate chromatin compactness is DNA 
methylation. DNA methylation is the most studied epigenetic modifi
cation, which involves covalent DNA alteration by adding a methyl 
group that modifies the transcriptome and gene function. They are also 
heritable across mitosis [23]. Cytosine residues in CpG dinucleotides can 
be modified through methylation (addition of CH3) by the enzyme 
methyltransferase [24]. A methyl group from S-adenyl methionine gets 
transferred to the fifth carbon of a cytosine residue. This is the process 
that occurs in the early development of the embryo. In the first minutes 
of life when we are composed of single cells. All the epigenetic infor
mation is removed from the fertilized egg [25]. Through cell division, 
DNA methyltransferase (DNMT) adds methyl groups to some genes, 
specifically on their CpG islands which are common in the regulatory 
sequences such as promoter regions of genes. The methyl group then 
forms an obstacle to the transcription machinery preventing gene 
expression [26]. DNA methyltransferase (DNMT) enzymes such as 
DNMT3a, DNMT3b, and DNMT1 carry out the methylation process. 
During cell division, the epigenetic information gets transmitted to the 
newly formed cells by the enzyme DNMT1. Genes can only be expressed 
by removing the methyl group by the enzyme demethylase [27]. 

Histone Modifications 

Histone is a protein whose positive charge allows it to combine with 
DNA. The basic repeating unit of chromatin is the nucleoside in which 
146BP of DNA wraps around an octamer of core histone consisting of 
pairs of h3, h4, h2a, and h2b, condensing it into a protein. Histone 
proteins either have a side chain or a tail that is subjected to extensive 
covalent post-translational modifications (additions or removal of 
functional groups) [28]. Some modifications change charge density 
between histones and DNA, affecting the chromatin organization and 
transcription [29]. There are many different types of histone modifica
tion. Four of these modifications are well-studied and known for their 
significant impact on gene expression. Those are acetylation, methyl
ation, phosphorylation, and ubiquitylation. These modifications affect 

gene expression by altering the ability to coil the DNA tightly, making 
some genes unreadable to the cells [30]. Changes in histone 
post-translational modification patterns are highly linked to cancer 
[31]. Histone modifications include citrullination, ubiquitination, 
ADP-ribosylation, deamination, formylation, O-GlcNAcylation, propio
nylation, butyrylation, crotonylation, and proline isomerization 
[32–35]. Modifications like these determine the structure, resulting in 
different DNA-binding proteins and chromatin compositions. When an 
acetyl group is added at different lysine residues located on the histone 
tail, basic charge neutralization compacts the chromatin [36]. Another 
study found that histone acetylation may regulate intracellular pH [37], 
confirmed by the results of many tumors with low intracellular pH and 
showing low histone acetylation levels, correlated to poor clinical out
comes. Histone acetylation is highly linked to active transcription, 
localized at enhancers and promoters [38]. Acetylation of H4 at lysine 
(K)16 is associated with cancer phenotype in different types of cancers 
[39] and has a potential prognostic value [40]. During hyperacetylation 
involving proto-oncogenes, activation of gene expression may occur; on 
the other hand, tumor suppressor hypoacetylation localizes to pro
moters, happening with DNA methylation, which leads to gene silencing 
[41]. The balance of acetylation is crucial because studies showed that 
histone acetyltransferase can act as an oncogene and tumor suppressor. 
Many of the mutations in histone acetyltransferase are detected 
frequently in different types of cancers. [38]. If histone deacetylases are 
altered, acetyl groups are removed by enzymes from the histone lysine 
residues, which have been seen in cancer [42]. Lysine and arginine 
residue methylation on histone tails indicate a complex chromatin 
modification compared to acetylation [31]. In addition, association with 
cancer has been indicated in low and high histone methylation levels 
[43]. 

Non-coding RNAs 

Non-coding RNAs (ncRNAs) are RNA strands transcribed by RNA 
polymerase but not translated to a protein. These types of proteins either 
have a housekeeping or regulatory role. There are several classes of 
ncRNAs, such as small interfering RNA (siRNA), Long non-coding RNA 
(lncRNA), PIWI-interacting RNA (piRNA), and microRNA (miRNA). 
siRNAs and miRNAs are small ncRNAs that can bind to the 3′-untrans
lated region (UTR) of target mRNAs with assistance from other proteins, 
causing their degradation or inhibiting their translation [44]. In addi
tion, it can recruit RNA-binding proteins that prevent histone deacety
lation or transcription factors binding to the promoter region [45]. This 
causes gene silencing by repression of gene translation [46]. Transfer 
RNAs decode mRNA sequence into peptide or protein; it specifically 
recognizes three-nucleotide sequences of mRNAs and recruits amino 
acids in the correct order to ribosome. Ribosomal RNAs represent the 
most abundant RNA molecules in the cell. It also creates the ribosome 
framework, a macromolecular structure important to translate proteins 
[47]. Housekeeping RNAs are a requirement for regular cell function. 
Many housekeeping RNAs contain chemical changes added by a class of 
small nucleolar RNAs [48]. The long non-coding RNAs are another class 
of regulatory non-coding RNAs responsible for transcriptional activity. 
They are identified by a length of at least 200 nucleotides and have no 
potential for protein coding [49]. Studies have shown that long 
non-coding RNAs are important in epigenetic control of gene expression, 
promoter-specific gene regulation, imprinting and maintaining nuclear 
architecture [50–53]. Small and long regulatory non-coding RNAs are 
linked to different types of cancer [54]. Studies show the crucial func
tions of miRNAs in many types of cancers. miRNAs have high expression 
levels in cancer cells and enhance cancer development. Some of the 
miRNAs regulate cancer progression. miR-126 has high expression 
levels in breast [55] and colorectal cancers [56]. Overexpression of 
miR-126 in mouse hematopoietic stem progenitor cells led to B-cell 
leukemia. When miR-126 is overexpressed, it down-regulates p53 
expression and its associated genes [57]. When miR-126 is suppressed, 
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apoptosis occurs, and B-ALL progression in xenograft mice is inhibited. 
miR-155 is found to be an oncogene in various types of cancers, such as 
colon, breast, lung, gastric and liver cancer [58–62]. It was detected that 
miR-155 was overexpressed in plexiform neurofibromas [49]. Over
expression of miR-155 increases proliferation and sphere formation of 
plexiform neurofibromas initiating cells. On the other hand, 
anti-miR-155 nucleic acid lowered the levels of tumors in the mouse 
spontaneous plexiform neurofibromas model. miR-215 is an oncogene 
overexpressed in glioblastoma by hypoxia [63]. 

Chromatin Remodeling 

Chromatin is a mixture of DNA and proteins that comprise the 
chromosome. These chromatin fibers are coiled and condensed, forming 
a compact structure of chromosomes (heterochromatin) that can fit in 
the nucleus. This makes genes inaccessible for transcription. Thus, 
chromatin remodeling is required to change the chromatin structure to 
loosely packed euchromatin. Thus, allowing active gene transcription. 
Chromatin remodeling causes chromatin rearrangement from a 
condensed state to a transcriptionally accessible state, enabling tran
scription factor binding [64]. Chromatin remodeling can occur due to 
changing the nucleosome position by changes in the relative position of 
a few nucleosomes in a specific region or changes in the spacing of 
nucleosomes over a significant distance. Moreover, it can result in the 
removal of the histone octamers (histone eviction) or replacement with 
variant histones that are involved in active transcription (histone 
replacement) [65]. All these changes require nucleosome remodeling 
complexes such as SWI/SNF, ISWI, Mi2/Chd, and IN080. The common 
characteristic among these complexes is that they are ATP-dependent 
[66]. This DNA modification plays an essential role in transcriptional 
regulation and is vital for cell functioning; however, alterations within 
the mechanism may lead to many diseases, including cancer [15]. 
Tumor cells are known to have different methylomes compared to 
normal cells. Surprisingly, both hypomethylation and hypermethylation 
processes can be seen in cancer. Usually, low levels of methylated CpG 
content are typically detected, leading to genomic instability and 
sometimes activation [67]. The uncontrolled cell growth and subsequent 
cancer development may further allow cancer cells to evade drugs 
designed to inhibit these pathways. 

The role of epigenetic modifications in cancer heterogeneity 

Cancer cell subpopulations within the same tumor exhibit hetero
geneity in their genotypes, phenotypes, and epigenetic profiles, ac
counting for differences in disease progression, malignancy profiles, and 
therapy response [68]. This intra-tumor heterogeneity trait is especially 
reported in cancer stem cells and is partly a consequence of epigenetic 
modulations [23]. There are many mechanisms involved in epigenetic 
modulation, but tumorigenesis is promoted when the alterations occur 
in genes regulating tumor growth, invasion, or metastasis [23]. The 
mechanisms in which epigenetic modifications give rise to cancer het
erogeneity will be explored in the following section. 

Impact of DNA methylation on cellular diversity 

DNA methylation patterns have been observed to be aberrant in 
cancer, especially at the early stages of tumorigenesis, with widespread 
losses and promoter-focal gains in various regions [12]. Cancer patients 
with observed aberrant DNA methylation in the early stages have led to 
more malignant cancers, more aggressive cancer, and poorer outcomes 
[13,69]. Hypermethylation occurs in the CpG island region that silences 
critical tumor suppressor genes and DNA repair genes (such as P16NK4a 
and BRCA1 in breast cancer). At the same time, hypomethylation in the 
regions activates oncogenes, thus driving tumorigenesis [23,68,13]. 

Aberrant DNA methylation patterns in cancer contribute to cellular/ 
histological heterogeneity and phenotypes diversity within tumor 

subpopulations by promoting the formation of subpopulations of cancer 
cells with distinct molecular/gene expression makeup and phenotypic 
feature as well as different cell differentiation states [12,13,23]. DNA 
methylation alterations are cell-specific and distinctive, and it is main
tained due to the heritability nature of this mechanism [12]. The het
erogeneous methylation patterns drive the clonal selection of a single 
tumor as they impart a selective advantage in tumor-initiating sub
populations during tumor evolution. The new clones that arise then 
divide into subclones with distinct features and methylation, increasing 
intra-tumour heterogeneity and plasticity – two important cancer hall
marks [12,13,23,68]. 

Additionally, DNA hypermethylation can also disrupt the balance 
between the active and repressed histone marks of stem-cell-related 
genes (H3K4me3, H3K27me3) by binding to their cancer-specific pro
moter and blocking transcription factors from binding, consequently 
inducing an abnormally silenced state of the gene and chromosome 
instability [12,70]. As a result, subclones/these diverse cancer cell 
subpopulations emerge that possess more stem-cell-like characteristics 
with self-renewal ability (called cancer stem cells) and fewer differen
tiation traits [12,71]. These cancer stem cells are key drivers of cellular 
diversity and intratumor heterogeneity that drive cancer progression 
[72]. Dysregulations in the methylation patterns in NANOG, a cancer 
stem cell marker, disrupt the switch between cancer stem cells and 
non-cancer stem cells [72]. 

Unlike genetic mutations, DNA methylation is reversible; thus, DNA 
hypermethylation observed in cancer patients can be targeted by using 
demethylating agents, bringing down the methylation levels to a normal 
range and transforming cancer cells into a more normal state by 
inducing differentiation. 

Influence of histone modifications and chromatin remodeling on tumor 
microenvironment 

The role of epigenetic alterations in cancer development and ma
lignancy is well researched; however, their role in creating a favourable 
tumour microenvironment for cancer growth is often overlooked [73, 
74]. The tumor microenvironment (TME) consists of a network of cancer 
cells, surrounding normal cells, an extracellular matrix, and signaling 
molecules critical in promoting cancer growth and metastatic tendency 
[75]. Cells within TME, such as immune cells and fibroblasts, can also be 
subjected to epigenetic alterations, primarily by histone modifications 
and chromatin remodeling [74]. 

Chromatin forms the scaffold that packages the entire genome; thus, 
changes within chromatin modeling complexes (e.g., nucleosome posi
tion changes through nucleosome sliding, ejection, or histone eviction) 
would directly influence the cell phenotype [68]. Additionally, histone 
modifications, such as acetylation, methylation, and ubiquitination, can 
influence the structure and function of chromatin accessibility critical 
for transcription, thereby affecting gene expression [30,68,76]. Cancer 
patients’ genomic-wide aberrant and variable histone modifications 
lead to heterogeneity of chromatin accessibility in different tumor sub
populations, which in turn causes heterogeneity in the expression of 
genes involved in cell proliferation, differentiation, and survival causing 
TME heterogeneity [68,77]. 

For instance, aberrant histone acetylation and methylation in cancer 
have been reported to alter the transcription of cytokines, chemokines, 
and transcription factors involved in the function and differentiation of 
T-cell and tumor-associated macrophages, which are critical compo
nents of TME. In turn, this leads to TME immunosuppression [77,78]. In 
breast and colorectal cancer, there is an overexpression of SATB1 (spe
cial AT-rich sequence binding 1), a chromatin regulator gene that fa
cilitates histone modifications and chromatin remodeling in genes/its 
respective binding motif. Consequently, there is an increase in the 
secretion of pro-tumorigenic cytokine IL-6 and the production of 
immunosuppressive factor Galectin that switches inflammatory 
anti-tumour dendritic cells into pro-tumour dendritic cells, thus leading 
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to immunosuppression that drives tumorigenesis [74]. Similarly, histone 
acetylation causes a decrease in NK-cell receptor NKG2D expression that 
impairs the anti-tumor response of NK cells through immune exhaustion 
[74].In populations of mouse excitatory neurons and kidney tubule cells, 
scATAC-seq data revealed that there is significant heterogeneity in 
chromatin accessibility that is correlated with the location of the cell in 
relation to the parent tissue, showing that TME induces changes in cells 
that result in epigenetic heterogeneity [68]. Moreover, histone modifi
cations also serve a vital role in the ability of TME to adapt to changes in 
the microenvironment (e.g., nutrient availability and oxygen levels) by 
regulating expressions of genes involved in cell survival and prolifera
tion in hypoxic conditions of TME [68,79]. In multiple myeloma, 
abnormal chromatin remodeling occurs due to crosstalk with the 
microenvironment, resulting in chromatin activating the expression 
levels of key molecular pathway genes such as p53 [73]. 

Regulatory roles of Non-coding RNAs in cancer heterogeneity 

Aberrant expression of ncRNAs from epigenetic mechanism disrup
tions, including miRNAs, lncRNAs, and circRNAs, play a critical role in 
regulating gene expression through complex formation correlated with 
carcinogenesis, metastasis, and TME remodeling [78,80]. Cancer ele
vates ncRNA expression, which is highly heterogeneous [81]. Alter
ations in ncRNAs can be context-dependent, as they can act as tumor 
suppressors or promoters in different contexts; thus, their role in 
different cancer types or cells differs, giving rise to heterogeneity [78]. 
miRNAs can prevent translation and promote degradation through 
post-transcriptional binding to mRNA, thus are implicated in the regu
lation of cell proliferation, differentiation, apoptosis, and immune 
response [78,82]. Dysregulation of miRNA expression drives cancer 
development and gives rise to its heterogeneity due to its ability to 
regulate cancer stem cells’ differentiation state and function [80]. They 
can act as both tumor suppressors or oncogenes, which allows them to 
regulate the expression of many key cancer cellular and molecular 
processes such as p53 and RAS [83]. MiR-31 in breast cancer targets 
regulators of key signaling proteins such as RAS and WNT, resulting in 
an elevated level of proliferation and stem cell renewal, thus driving 
heterogeneity [80]. Similarly, miRNA can influence intercellular 
communication between components of the TME that drives tumori
genesis [83] 

LncRNAs can modulate gene expression at the transcriptional, post- 
transcriptional, and epigenetic levels [84]. In cancer, dysregulated 
lncRNA expressions affect gene expression of genes regulating cell 
proliferation, differentiation, angiogenesis, and apoptosis, as well as 
cancer invasion and metastasis through their interactions with DNA and 
mRNA [85]. For instance, lncRNA can alter histone methylation due to 
its interaction with histone modification enzymes [86]. It can also form 
a complex with RNA-binding protein that stabilizes and elevates onco
genes’ translation level. LncRNAs can also remodel the TME by pro
moting immune escape and metastasis, thus creating an 
immunosuppressive microenvironment via changes in tumor meta
bolism [84,86]. Distinct immune heterogeneity within the TME is 
established from LncRNAs [85]. 

CircRNAs are generated by back-splicing exons, introns, or both, 
forming a covalently closed circular structure [87]. They regulate gene 
expression by acting as miRNA sponges, interacting with RNA-binding 
proteins, or regulating transcription and splicing, so their dysregula
tion in cancer leads to phenotype heterogeneity [88,89]. 

Mechanisms behind epigenetic heterogeneity and challenges in cancer 
therapy 

Cancer presents significant challenges in developing effective ther
apies. A significant aspect of cancer epigenetics is the heterogeneity 
within the same tumor or between tumors, critically impacting the 
expression of genes pivotal to cancer progression, metastasis, and 

therapeutic resistance [90,91]. This phenomenon, known as intratumor 
heterogeneity (ITH), makes it difficult in delineating consistent thera
peutic targets applicable to all patients afflicted with identical types of 
cancer and is responsible for therapeutic failure [90,91]. 

Interestingly, while epigenetic changes can potentially reverse drug 
resistance, they also play a part in fostering it. For example, hyper
methylation of DNA repair genes can induce resistance to standard 
treatments like chemotherapy and radiation therapy. Unfortunately, 
Current DNA methylation inhibitors tend to trigger hypomethylation, 
exacerbating genomic instability [91]. Given the reversible nature of 
epigenetic ITH, cancer cells demonstrate remarkable adaptability to 
treatments by continually reshaping their epigenetic landscapes, making 
it challenging to develop long-lasting therapies [92]. Additionally, 
epigenetic heterogeneity exhibits greater dynamism compared to that 
genetic heterogeneity, enabling cancer cells to transition between 
various epigenetic states. This plasticity not only encourages the emer
gence of resistant subclones but also frequently undermines the 
longevity of disease remission following treatment [93]. 

Epigenetic diversity is also a crucial driver of clonal evolution, a 
process wherein subclones, distinguished by unique epigenetic profiles, 
emerge over time. These subclones, owing to their diverse drug sensi
tivities and phenotypic advantages, may evolve into more aggressive, 
resilient populations, potentially leading to treatment failure and dis
ease relapse [4,90]. The targeted therapies designed to tackle specific 
cancer-driving genetic mutations don’t always account for the role of 
ITH, resulting in a lack of durable responses [68]. 

Compounding these challenges are the stem-cell-like attributes 
observed in many cancer cells, including capacities for self-renewal and 
differentiation. These properties are often linked to therapy resistance 
and recurrent tumor formation, further complicating the treatment 
landscape [91]. 

The variability introduced by epigenetic heterogeneity also compli
cates the advancement of personalized medicine. Identifying patient- 
specific epigenetic alterations for targeted therapy necessitates 
comprehensive, sophisticated profiling—a task made more daunting by 
the dynamic and reversible nature of epigenetic modifications [90,94]. 
This variability extends to the reliability of epigenetic biomarkers for 
early cancer detection or prognosis, as effective markers in one scenario 
may fail in others due to divergent epigenetic profiles [95]. 

To counteract the challenges posed by ITH, combination therapies 
often target both genetic and epigenetic aberrations, aiming to eradicate 
or neutralize all subclones within a tumor—a strategy known as syn
thetic lethality [68,91]. However, the unpredictability introduced by 
epigenetic heterogeneity can result in unforeseen interactions between 
combined treatments, complicating the optimization of therapeutic 
protocols [90]. Furthermore, the fluidity of epigenetic marks demands 
continual monitoring and recalibration of treatment strategies, a process 
that is not only resource-intensive but also poses logistical challenges. 

In conclusion, epigenetic heterogeneity plays a pivotal role in the 
complexity of cancer and poses significant challenges in therapy 
development. Understanding the mechanisms contributing to this di
versity and translating this knowledge into effective therapeutic stra
tegies remain paramount in improving cancer treatment outcomes. 
Continued research and innovation in epigenetic manipulation and 
personalized therapy are crucial in the ongoing battle against this 
multifarious disease. 

Epigenetic modifications and drug resistance in cancer 

Mechanisms linking epigenetic alterations and drug resistance 

Epigenetic modifications are pivotal in mediating drug resistance in 
cancer cells by inducing changes in gene expression profiles without 
alterations in the DNA sequence (Table 1). Key mechanisms include 
DNA methylation, histone modifications, and non-coding RNA-medi
ated regulations (Fig. 2). 
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DNA methylation and drug resistance 
DNA methylation, a fundamental epigenetic modification in 

mammalian cells, chiefly occurs at cytosine residues in CpG di
nucleotides. This modification typically leads to gene silencing when 
located in gene promoter regions. Aberrant DNA methylation patterns 
have been associated with many cancers and are considered a hallmark 
of the disease [96]. One connection between DNA methylation and drug 

resistance is through hypermethylation of CpG islands in the promoter 
regions of tumor suppressor genes [97]. Such an event can hinder the 
expression of these genes, leading to the unchecked growth of cancer 
cells and increased resistance to drugs that target these pathways 
(Table 1) [15]. Several studies have illustrated this mechanism, showing 
how promoter hypermethylation of genes such as MLH1, MGMT, and 
BRCA1 can induce resistance to different anti-cancer drugs [2,98]. In 

Table 1 
Epigenetic Modifications Associated with Drug Resistance in Cancer  

Epigenetic 
Modification 

Mechanism Role in Drug Resistance references 

DNA 
Methylation 

Hypermethylation of CpG islands in Multiple C2 domains 
transmembrane protein 1 (MCTP1), leading to gene silencing 

In esophageal cancer cell line, drug sensitivity and resistance are 
decreased through the inactivation of tumor suppressor genes and drug 
transporters. 

[173] 

Histone 
Modifications 

KMT1A is a histone methyltransferase that alters methylation patterns It targets H3K9 histone, which affects drug targets, drug metabolism 
enzymes, and drug transporters, contributing to drug resistance in 
colorectal and lung cancer 

[29] 

Non-coding RNA Dysregulation of specific microRNAs and long non-coding RNAs Overexpression of lncRNA HOX transcript antisense RNA in cancers such 
as liver and colorectal leads to cyclin-dependent kinase inhibitor 1 
downregulation. It is the main target of p53 activity DNA damage, which 
leads to drug resistance. 

[174] 

Chromatin 
Remodeling 

Dysregulated chromatin remodeling complexes. Glioblastoma stem 
cells undergo slow cycling with stem cells qualities which develops 
tumor propagation and drug resistance 

Alters the accessibility of DNA to drugs, affects DNA repair mechanisms 
and modulates drug target accessibility, contributing to drug resistance 

[175]  

Fig. 2. Epigenetic Modulation in Cancer Drug Resistance: This illustration underscores the significant influence of epigenetic alterations in sculpting the drug 
resistance profile in cancer cells. Three key epigenetic phenomena are displayed: A) Hypermethylation of tumor suppressor genes, B) Hypomethylation of oncogenes, 
and C) Expression of non-coding RNAs. These modifications substantially affect the drug responsiveness and development of resistance by dynamically regulating the 
expression and functionality of genes critical to drug uptake, metabolism, and target interaction. Unraveling these intricacies paves the way for innovative strategies 
to circumvent drug resistance, enhancing cancer therapeutics’ efficacy. 
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non-small-cell lung cancer, hypermethylation of IGFBP3 leads to 
decreased sensitivity to cisplatin and hypermethylation of the MGMT 
gene has been reported to predict the efficacy of temozolomide in 
glioblastoma [99]. 

Conversely, global DNA hypomethylation, which often coincides 
with regional hypermethylation in cancer, can also be a route to drug 
resistance [100,101]. Hypomethylation may lead to increased onco
genes and gene expression in drug efflux. For instance, hypomethylation 
of the multidrug resistance 1 (MDR1) gene, which codes for the 
P-glycoprotein drug efflux pump, can enhance its expression, reducing 
intracellular drug concentrations and leading to drug resistance [98,2]. 
Hypomethylation also leads to the silencing of BRCA1, a major tumor 
suppressor gene implicated in breast cancer that ordinarily prevents 
cancer cell growth, leading to resistance to drugs like tamoxifen [102, 
103]. 

Histone modifications and drug resistance 
Histone modifications, another layer of epigenetic control, involve 

adding or removing functional groups to the histone proteins around 
which DNA is wound. Their modifications, which include methylation, 
acetylation, and phosphorylation, can significantly alter chromatin 
structure and gene expression, influencing various cellular processes, 
including drug response. Dysregulation of histone modifiers is often 
observed in cancer and can induce drug resistance [104]. For instance, 
histone deacetylase (HDAC) overexpression has been reported in various 
cancers and is associated with poor prognosis [105]. HDAC over
expression decreases histone acetylation levels, promoting a condensed, 
transcriptionally repressed chromatin state. This can silence the 
expression of pro-apoptotic genes, thus increasing cancer cell survival in 
the face of cytotoxic drugs (Table 1) [106,107,108]. Histone methyl
ation is another important modification that influences drug response. 

An example is the zeste homolog 2 (EZH2) enhancer, a histone 
methyltransferase that induces methylation of histone H3 at lysine 27 
(H3K27me3), leading to transcriptional repression. Overexpression of 
EZH2 has been observed in multiple cancer types and linked to increased 
cell survival, proliferation, and drug resistance [1]. Targeting EZH2 has, 
therefore, been explored as a potential strategy to overcome drug 
resistance. Similarly, histone 3 methylation at lysine residues 9 or 27 can 
downregulate EGFR expression levels, which is amplified in colorectal 
cancer (CRC) and linked with transcriptional repression [109]. 

Non-coding RNA-mediated regulations and drug resistance 
Non-coding RNAs (ncRNAs), which do not encode proteins but play 

vital regulatory roles, have emerged as crucial players in cancer drug 
resistance (Table 1) [110,19]. Numerous studies have demonstrated that 
dysregulated expression of miRNA, one of the classes of ncRNA, can 
modulate drug resistance by targeting key genes involved in apoptosis, 
cell cycle regulation, and drug metabolism and cause degrada
tion/inhibition of translation [111,112]. For instance, miR-21 is 
frequently overexpressed in many cancers and has been shown to target 
several tumor suppressor genes, thus promoting cell survival and resis
tance to apoptosis-inducing drugs [113]. Meanwhile, long non-coding 
RNAs (lncRNA), which are longer than 200 nucleotides, can also influ
ence drug resistance. They can interact with DNA, RNA, and proteins to 
modulate the chromatin state and gene expression. For instance, the 
lncRNA HOTAIR interacts with the polycomb repressive complex 2 
(PRC2), guiding it to specific genomic loci to induce histone methylation 
and gene silencing. Upregulation of HOTAIR has been associated with 
drug resistance in various cancers [114]. Aberrant lncRNA expression 
has a major function in drug resistance in ovarian cancer therapy [115]. 
For instance, high levels of nuclear paraspeckle assembly transcript 1 
(NEAT1) were detected in ovarian cancer cell lines and tumors. NEAT1 
leads to paclitaxel drug resistance through upregulation of ZEB1 
expression with the help of miR-194 [111]. 

Furthermore, some lncRNAs have been found to sponge miRNAs, 
thus indirectly affecting the expression of miRNA target genes and 

modulating drug resistance [116]. Moreover, lncRNAs contribute to 
chemotherapy resistance in CRC cells by regulating extracellular matrix 
proteins [117,118]. This could affect stromal cell phenotypes, such as 
cancer-associated fibroblasts, myeloid-derived suppressor cells, and 
tumor-associated macrophages, leading to TME reprogramming and 
enhanced CRC cell survival during drug treatment [119]. 

Strategies to overcome epigenetic drug resistance 

Addressing the challenge of epigenetic drug resistance is critical in 
advancing cancer treatment. Various strategic approaches are being 
pursued, as highlighted by several recent studies. One major finding 
indicates that three members of the 48 drug-efflux pump ATP-binding 
cassette (ABC) transporter proteins, namely ABCB1, ABCC1, and 
ABCG2, are correlated with drug resistance in colorectal cancer (CRC) 
[119]. Overexpression of these transporters triggers an increase in drug 
efflux, resulting in resistance. For instance, the ABCB1 promoter’s 
epigenetic regulation plays a significant role in drug transport in CRC 
cells, and changes in its methylation and histone H3 acetylation levels 
have been linked to altered pharmacokinetics of drugs like digoxin in 
vivo [120]. Another promising strategy involves targeting histone 
deacetylases (HDACs). Specifically, HDAC2 has shown elevated levels in 
CRC cell lines compared to normal colonic epithelial cells [16]. 
Silencing HDAC2 may lead to the downregulation of ABCB1 expression, 
thereby increasing the sensitivity of CRC cells to doxorubicin [16]. 

Additionally, using KDM4 inhibitors, an H3K9/36 tri demethylase 
has been demonstrated to reduce EGFR amplification, suggesting po
tential implications of epigenetic therapies in controlling EGFR copy- 
number in CRC [121]. Notably, the reversible nature of epigenetic 
modifications such as DNA methylation offers potential for therapeutic 
intervention. Drugs like Lethionine and ZCyd, acting as DNA methyl
ation inhibitors, can be combined with traditional chemotherapy to 
enhance their efficacy [122]. 

Emerging evidence also supports the potential of non-coding RNAs 
(ncRNAs) as novel therapeutic targets for cancer therapy. For example, 
MRX34, a miR-34a mimic encapsulated within a liposomal nanoparticle, 
has shown promise in phase I clinical trials for patients with advanced 
solid tumors [123]. Additionally, miR-31-3p and miR-31-5p have 
emerged as potential predictive biomarkers for colorectal cancer in 
phase III clinical trials [112]. 

In a noteworthy computational study, a benzimidazole analog has 
demonstrated an inhibitory effect on the transformation of pri-miR-96 
into the miR-96 oncogene, thereby increasing the expression of miR- 
96 target genes and promoting apoptosis in cancer cells [124]. Further 
exploration of benzimidazole resulted in the development of 
targaprimir-96, showing potential in reducing tumor burden in a 
triple-negative breast cancer xenograft mouse model [125]. 

In conclusion, understanding the intricate interplay between epige
netic modifications and drug resistance is critical in cancer treatment. 
These insights can facilitate the development of novel therapies, identify 
patients at higher risk of treatment failure, and guide the optimal choice 
of therapeutic strategies. 

Benefits and limitations of epigenetic cancer therapies 

Epigenetic therapies, targeting modifications that affect gene 
expression without altering the DNA sequence, have ushered in a new 
era in cancer treatment. Among these, DNMT inhibitors, ncRNAs, and 
histone modification inhibitors are particularly interesting. Each class of 
these agents, while showing promise, also brings unique challenges in 
clinical application. 

DNMT inhibitors, such as 5-azacytidine and decitabine, target 
aberrant DNA methylation patterns in cancer cells [126]. These agents 
can reactivate tumor suppressor genes by demethylating promoter re
gions, inhibiting cancer growth, and promoting cellular differentiation - 
potentially attenuating the aggressive nature of cancer cells [92]. 
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Additionally, they enhance the efficacy of other therapies, including 
chemotherapy and immunotherapy [92,127]. 

Despite their benefits, DNMT inhibitors’ efficacy has limitations. 
They might induce remission or slow disease progression but not always 
eradicate cancer [128]. Their lack of specificity, leading to indiscrimi
nate demethylation, manifests in cytotoxicity and adverse effects such as 
bone marrow suppression, fatigue, nausea, and increased infection 
susceptibility [92]. Resistance to these drugs can develop over time, 
possibly through re-methylation of DNA regions or other yet-unknown 
mechanisms. The optimization of dosing schedules remains an active 
area of research [127]. Furthermore, the high cost of some DNMT in
hibitors may limit access for many patients. ncRNAs, encompassing 
microRNAs (miRNAs) and long non-coding RNAs (lncRNAs), hold 
promise due to their specificity in modulating oncogenic pathways and 
their potential as diagnostic or prognostic biomarkers [129]. Their 
diverse mechanisms allow varied therapeutic approaches, and their low 
required dosages minimize side effects compared to traditional chemo
therapy. Furthermore, they offer the possibility of combination thera
pies for enhanced effect [129]. 

However, several challenges impede their broad adoption. These 
include difficulties in achieving targeted delivery, risks of off-target ef
fects, issues related to tumor heterogeneity, potential resistance, and a 
lack of extensive clinical validation as most ncRNA-based therapies are 
still experimental [130]. Continued research and clinical trials are 
needed to optimize their use, establish comprehensive safety and effi
cacy profiles. 

Histone modification inhibitors, especially histone deacetylase in
hibitors (HDACs), offer precise epigenetic targeting and have shown 
efficacy in certain cancers in slowing cancer growth [131]. They can 
alter histone acetylation levels, activate tumor suppressor genes, induce 
cell cycle arrest, suppress angiogenesis, and promote apoptosis, 
enhancing their therapeutic versatility [92]. They are more potent 
compared to other epigenetic drugs, albeit being more labile, and can 
produce therapeutical effect at low concentration with reduced side 
effects compared to chemotherapy. 

Yet, these drugs have notable limitations. Their broad effects can 
induce off-target toxicity as they can influence both histone and non- 
histone proteins, and their success in clinical settings varies. Resis
tance can develop, possibly due to compensatory activities of other 
epigenetic modulators [91]. The intricate molecular interactions they 
target, coupled with tumor heterogeneity and the convoluted nature of 
epigenetic regulation, further complicate their application [132]. 
Additionally, not all cancers respond to these therapies equally, and 
their delivery to specific cells poses challenges [133]. 

In conclusion epigenetic therapies for cancer, encompassing DNMT 
inhibitors, ncRNAs, and histone modification inhibitors, offer ground
breaking avenues for treatment. However, their application is not 
without challenges, including side effects, development of resistance, 
issues with specificity, and variable efficacy among different cancer 
types. Future research must strive to optimize these treatments through 
precise targeting, dose refinement, resistance management, and 
comprehensive understanding of their roles in the multifaceted land
scape of cancer epigenetics. As these therapies evolve, a nuanced, 
individualized approach will be paramount in maximizing their poten
tial and minimizing their limitations. 

Epigenetic therapies in clinical trials and beyond 

In recent years, our increased understanding of epigenetic mecha
nisms deregulated in cancer has opened new vistas in therapeutic in
terventions. This knowledge offers a treasure trove of opportunities that 
can potentially reshape the landscape of cancer therapeutics. The 
intricate dance of epigenetic modifications stands central to our un
derstanding of gene expression and cellular identity. This epigenetic 
choreography often goes awry in cancer, leading to pathological gene 
expressions that drive tumorigenesis. Our growing grasp of these 

epigenetic aberrations promises to transform therapeutic paradigms. 
Here, we delve deeper into the clinical and pre-clinical advancements in 
epigenetic therapeutics (Table 2). 

Clinical trials of epigenetic therapies: a recap 

Several therapeutic approaches rooted in epigenetic insights have 
made it to clinical trials: 

DNMT inhibitors 
Recent advancements in epigenetic research have elucidated the 

potential therapeutic value of DNA methyltransferase inhibitors 
(DNMTis) in oncology. Key agents in this category, such as azacitidine 
and decitabine, have garnered attention due to their demethylating 
properties and promising results in treating various malignancies 
(Table 2). A seminal study identified that decitabine facilitates the 
ubiquitination and subsequent degradation of all three DNMT variants. 
This degradation process is orchestrated through the TRAF6 pathway 
and culminates in protein degradation via a lysosome-dependent 
mechanism [134]. Both azacitidine and decitabine have exhibited sig
nificant efficacy as demethylating agents. Clinical trials and studies have 
underscored their potential in treating hematological malignancies and 
solid tumors [135,136]. In a paradigm that underscores the synergy of 
therapeutic agents, carboplatin-treated ovarian cancer patients dis
played heightened drug sensitivity upon pre-treatment with azacitidine 
[137] or decitabine [138,139].In respiratory oncology, non–small cell 
lung carcinoma patients administered azacitidine witnessed enhanced 
efficacy in their anticancer therapy [140]. However, the therapeutic 
landscape is not uniformly promising. In phase II clinical trial involving 
13 patients with advanced triple-negative breast cancer (TNBC), a 
combined regimen of azacitidine and the histone deacetylase inhibitor, 
entinostat, unfortunately, showed no clinical response [141]. In the 
realm of hematological malignancies, an intriguing combination of 
venetoclax with either decitabine or azacitidine was tested on elderly 
acute myeloid leukemia (AML) patients who were deemed unfit for 
conventional chemotherapy. The study’s findings were optimistic, sug
gesting that the regimen was well-tolerated and posed a promising 
therapeutic strategy [142]. Given the evidence from these studies, it 
becomes paramount to delve deeper into the therapeutic potential of 
DNMTis, especially in solid tumors. A critical research direction would 
be to stratify patients and pinpoint subpopulations that would derive 
maximum benefit from DNA demethylating agents. 

Table 2 
Summary of Clinical Trials on Epigenetic Therapeutics  

Drug Name Cancer Type Trial 
Phase 

Key Findings References 

Azacitidine AML & 
myelodysplastic 
syndromes 

Phase 
III 

Significant 
improvement in 
overall survival 

[142,176, 
177] 

Decitabine AML Phase 
III 

Complete 
remissions in 40% 
of patients 

[142,178, 
179] 

Vorinostat Cutaneous T-cell 
lymphoma 

Phase 
II 

Positive response in 
30% of patients 

[144,180] 

Romidepsin Cutaneous T-cell 
lymphoma 

Phase 
II 

35% response rate 
with manageable 
side effects 

[152,181] 

KDM4 
Inhibitor 

Advanced and 
metastatic solid 
tumors 

Phase 
I 

Demonstrated 
target engagement 
with some anti- 
tumor activity 

[159] 

MRX34 Advanced solid 
tumors 

Phase 
II 

Clinical benefit 
observed in 
multiple tumor 
types 

[123]  
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HDAC inhibitors 
Histone deacetylase inhibitors (HDACis) represent a promising class 

of epigenetic therapeutics. Notably, the U.S. Food and Drug Adminis
tration (FDA) has endorsed Vorinostat and Romidepsin for the treatment 
of advanced cutaneous T-cell lymphoma (CTCL), bolstering their clinical 
relevance (Table 2). Multiple phase II trials have provided evidence for 
Vorinostat’s efficacy in CTCL, with observed response rates approxi
mating 30% [143,144]. Intriguingly, these outcomes were juxtaposed 
against compounds like bexarotene and denileukin diftitox to gauge 
relative effectiveness [145]. While Vorinostat’s therapeutic promise in 
CTCL is evident, its efficacy across other oncological indications has 
been mixed. Clinical endeavors aimed at elucidating its impact on 
diverse malignancies, such as lymphoma, breast, ovarian, prostate, 
colorectal, non-small-cell lung, head and neck, and glioblastoma, yiel
ded suboptimal outcomes [146–151]. Romidepsin has not only been 
evaluated in CTCL but also in a gamut of other cancers. In a notable 
phase II trial focusing on CTCL, Romidepsin exhibited a robust response 
rate surpassing 30% - a pivotal result that precipitated its FDA approval 
for advanced CTCL [151]. Moreover, Romidepsin’s therapeutic land
scape extends to peripheral T-cell lymphoma, where it demonstrated a 
compelling response rate of nearly 40% among patients with refractory 
manifestations. This efficacy was accompanied by tolerable toxicities 
[152]. However, similar to Vorinostat, Romidepsin’s foray into treating 
other malignancies like glioblastoma, small-cell lung cancer, prostate, 
colorectal, and renal cancers was met with limited clinical success 
[153–158]. In light of these findings, it’s evident that while HDACis, 
particularly Vorinostat and Romidepsin, have showcased potential in 
hematological malignancies like CTCL, their universal applicability 
across a spectrum of solid tumors remains a topic of ongoing research. 

KDM4 Inhibitor 
The therapeutic targeting of lysine demethylase 4 (KDM4) has 

garnered considerable interest in the oncological research community, 
with TACH101 emerging as a pivotal compound. Distinctively, 
TACH101 is currently the only potent KDM4 inhibitor that has advanced 
to phase 1 clinical trials, marking a significant milestone in the field of 
epigenetic therapeutics (Table 2) [159]. The primary clinical applica
tion for TACH101 lies in the treatment of gastrointestinal cancers, 
particularly those marked by high microsatellite instability, such as 
metastatic colorectal cancers1. This decision to evaluate its efficacy in 
these specific cancer types is rooted in the molecular mechanisms by 
which TACH101 operates. TACH101 exerts its therapeutic effects by 
stymieing the proliferation of an array of cancer cell lines. Its 
broad-spectrum antiproliferative action also encompasses 
patient-derived organoid models, solidifying its potential applicability 
across diverse cancer types [160]. Delving into the in vivo landscape, 
TACH101 was subjected to rigorous testing across multiple cancer cell 
lines. An integral part of this evaluation involved the determination of 
the half-maximal inhibitory concentration (IC50), which provides 
insight into the compound’s efficacy. TACH101 demonstrated pro
nounced potency against specific cancer cell lines, particularly human 
acute T-cell leukemia, triple-negative breast cancer, and esophageal 
squamous cell carcinoma. These cell lines exhibited exceptionally low 
IC50 values of 0.0027, 0.0035, and 0.0053 µmol/l respectively, indi
cating a high degree of sensitivity to TACH101 [160]. TACH101′s 
pre-clinical success was epitomized by its landmark efficacy in animal 
models. Remarkably, this compound curtailed tumor growth by a stag
gering 100%, propelling it into the phase 1 clinical trials in 2022 [159]. 

MRX34 
The burgeoning field of microRNA-based therapies has witnessed the 

emergence of MRX34, a liposomal mimic of microRNA-34a (miR-34a). 
While miRNAs play intricate roles in gene regulation, their modulation 
holds immense therapeutic potential, especially in oncological contexts. 
The clinical exploration of MRX34 stands as testament to this (Table 2). 
A pioneering first-in-human Phase 1 study was embarked upon to 

evaluate MRX34′s efficacy in patients diagnosed with a spectrum of solid 
tumors [123]. The types of cancers under scrutiny in this trial encom
passed melanoma (non-cutaneous forms excluding uveal), small cell 
lung cancer, triple-negative breast cancer, sarcoma, and cancers of the 
bladder, kidney, and ovary. The ability of MRX34 to effectively deliver 
miR-34a to tumors reinforces its potential as a therapeutic agent. 
Despite these promising observations, the therapeutic journey of MRX34 
was not devoid of critical safety concerns. Alarmingly, the administra
tion of MRX34 was linked to the unfortunate demise of four trial par
ticipants. Such a stark adverse outcome accentuates the imperatives of 
refining the drug’s safety profile and warrants rigorous investigations to 
delineate the underlying causatives.The untoward incidents associated 
with MRX34 underscore the necessity for its thorough reevaluation. 
Future endeavors must prioritize a holistic assessment of its therapeutic 
and toxicological dimensions. With patient safety at the helm, there is an 
unequivocal need to optimize the drug formulation and perhaps 
reconfigure its dosing paradigms to circumvent such grave outcomes. 

Pre-clinical studies 

Beyond the existing therapies, innovative pre-clinical studies are 
looking to diversify and refine our epigenetic interventions: 

Non-coding RNAs (ncRNAs) as therapeutics 
Non-coding RNAs, primarily comprising microRNAs (miRNAs) and 

long non-coding RNAs (lncRNAs), have emerged as potent molecular 
entities in the epigenetic therapy landscape. Their diverse roles in 
cellular processes and disease etiology, especially in oncological con
texts, have rendered them attractive therapeutic targets. Leveraging 
RNA-targeting therapeutics entails either inducing miRNA-like func
tionalities for restoring or depleting specific miRNA levels or inhibiting 
interactions between miRNAs and their respective targets [161]. Such 
interventions can recalibrate aberrant cellular processes implicated in 
diseases. A salient limitation associated with RNA therapeutics pertains 
to their intracellular delivery. Owing to their inherent negative charge, 
RNA molecules face barriers in crossing the cell membrane. To 
circumnavigate this hurdle, chemical modifications are indispensable, 
enhancing both the pharmacokinetics and pharmacodynamics of the 
therapeutic RNAs [162]. Merging RNA-based interventions with con
ventional treatment modalities like chemotherapy or radiotherapy 
paves the way for reducing the essential dosage of RNA therapeutics, 
thereby mitigating the potential immune response associated with high 
doses [163,164] and enhanced Sensitivity. siRNAs, a class of non-coding 
RNAs, have demonstrated proficiency in targeting genes pivotal for 
mitotic spindle assembly. This capability holds significance as it am
plifies the sensitivity of certain cancer cells, like lung cancer cells, to 
specific drugs. For instance, a study centered on non-small-cell lung 
cancer illustrated the potential of siRNAs to drastically reduce (up to 1, 
000-fold) the crucial dose of the drug paclitaxel in vivo [165]. The 
advent of non-coding RNA therapeutics signifies a paradigm shift in 
epigenetic therapy. As research progresses, it will be paramount to 
resolve the extant challenges and harness the full therapeutic potential 
of these molecular marvels. 

Combining epigenetic modifiers with checkpoint Inhibitors 
Recent advancements in cancer therapeutics highlight the potential 

of combining epigenetic modifiers, such as DNA methyltransferase 
(DNMT) inhibitors and histone deacetylase (HDAC) inhibitors, with 
immune checkpoint inhibitors (CPIs) [166]. This combination strategy 
primarily aims to reverse tumor immune evasion.Tumor cells can un
dergo epigenetic changes that downregulate the expression of tumor 
antigens and molecules involved in antigen presentation, making them 
less recognizable to the host immune system [167]. DNMT inhibitors can 
demethylate the DNA, leading to the re-expression of these silenced 
genes, while HDAC inhibitors can promote gene expression by 
enhancing the acetylation status of histones, thereby improving the 
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chromatin structure conducive for gene transcription [168]. By revert
ing these epigenetic modifications, previously ’invisible’ or ’masked’ 
tumors can become ’visible’ to the immune system. In such a scenario, 
combining these epigenetic modifiers with CPIs, which act by blocking 
immune inhibitory pathways, could potentially amplify the immune 
system’s ability to detect and attack the tumor cells [169]. Thus, 
combining DNMT or HDAC inhibitors with checkpoint inhibitors not 
only holds promise for enhancing the efficacy of immunotherapies [170] 
but also for expanding the range of patients who could benefit from 
them. 

Unconventional epigenetic regulators 
The field of epigenetic research is continuously evolving, with the 

identification of unconventional agents that exhibit potential as epige
netic modulators. Interestingly, certain compounds, traditionally not 
linked to epigenetics, are now under the research spotlight for their 
potential regulatory functions. A noteworthy example is Vitamin C. 
Vitamin C, known predominantly for its antioxidant properties, has 
recently garnered attention in the context of epigenetic research. Pre
liminary pre-clinical studies suggest that Vitamin C may play a role in 
modulating the epigenome. Its potential mechanism of action could 
involve the enhancement of the activity of Ten-Eleven Translocation 
(TET) enzymes, which are involved in the demethylation of DNA [171, 
172]. By doing so, Vitamin C may influence gene expression patterns, 
potentially impacting cellular processes relevant to disease progression 
and therapeutic responses. Such discoveries emphasize the importance 
of broadening the search for epigenetic modulators, encompassing 
agents not traditionally linked to epigenetic regulation, and underline 
the potential complexity and interconnectivity of metabolic, nutritional, 
and epigenetic landscapes. 

Conclusion and future perspectives 

The study of epigenetics and its role in cancer heterogeneity and drug 
resistance offers promising yet challenging vistas for future research. 
However, the complexity and dynamism of the epigenetic landscape, 
intertwined with genetic alterations, present unique obstacles that 
currently limit our understanding of its intricate regulation in cancer. 

One significant challenge lies in the technological limitations of 
current research methods. Epigenetic modifications are highly dynamic 
and context-dependent, requiring high-resolution, time-sensitive 
methods for accurate detection and analysis. Furthermore, given the 
heterogeneity inherent in cancer, single-cell epigenomics approaches 
are required to dissect the diverse cell populations within a tumor. 
Developing and refining these techniques will undoubtedly propel our 
understanding of the role of epigenetics in cancer. 

In addition, the interplay between genetic and epigenetic alterations 
adds another layer of complexity. How these alterations interact and 
influence each other and collectively shape the tumor landscape and 
response to therapy is a significant question that remains largely unex
plored. As we move forward, integrative multi-omics approaches will be 
critical to unravel these intricate networks. 

Despite these challenges, the field of cancer epigenetics holds 
immense potential for clinical application, particularly in personalized 
medicine. Given the reversibility of epigenetic modifications, there is an 
opportunity to develop targeted therapies that can modify the cancer 
epigenome and overcome drug resistance. Additionally, specific epige
netic signatures could be used as predictive biomarkers to select the 
most effective treatment strategy for individual patients. 

Several promising avenues of research are on the horizon. An 
important direction will be systematically characterizing the cancer 
epigenome across different cancer types, stages, and treatments. This 
will not only shed light on the role of epigenetics in cancer development 
and progression but also reveal potential epigenetic vulnerabilities that 
can be exploited for therapy. 

Moreover, further research is needed to understand how the tumor 

microenvironment, including immune and stromal cells, influences the 
cancer epigenome and contributes to heterogeneity and drug resistance. 
Understanding these interactions could lead to novel combination 
therapies targeting both the cancer cells and their microenvironment. 

Lastly, developing novel epigenetic drugs and their integration into 
current therapeutic regimens is critical for future research. Preclinical 
and clinical studies to evaluate these drugs’ efficacy, safety, and resis
tance mechanisms will be crucial for their successful application. 

In conclusion, while our understanding of the role of epigenetics in 
cancer heterogeneity and drug resistance is still in its infancy, the 
prospects for future research are exciting. With ongoing technological 
advancements and concerted research efforts, we are poised to gain 
unprecedented insights into the cancer epigenome, paving the way for 
personalized therapies and improved patient outcomes. Despite the 
challenges, the future of cancer epigenetics looks bright, promising a 
transformative impact on our fight against cancer. 
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