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Abstract: DNA methylation is an epigenetic mark involving the addition of a methyl group
to DNA, particularly at cytosine residues. This methylation plays an important role in
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regulating gene expression through direct gene repression or through the control of other
epigenetic modifications such as histone modification or chromatin remodeling. DNA
methylation is catalyzed by de novo and maintenance DNMT methyltransferase type
enzymes and requires the transfer of a methyl group to cytosine to transform it into 5-methyl-
cytosine. Currently, several investigations have highlighted the involvement of aberrant
DNA methylation with certain tumors. Indeed, the methylation of antioncogenes and/or the
demethylation of oncogenes are the major alterations that are strongly linked to human
cancers. DNMTs play a central role in the epigenetic regulation of the human genome, both
in normal and pathological processes. Recent discoveries on the differentiated roles of
DNMTs in DNA methylation, and their implication in various cancers, open the way to new
therapeutic approaches targeting these enzymes to treat epigenetic diseases. It is essential to
continue exploring the roles of DNMTs to better understand their implication in
tumorigenesis mechanisms and to develop more effective treatment strategies.

Keywords: DNA methylation; oncology; genotoxicity; gene expression; cancer; tumor

1. Introduction

Cancer is a complex disease that affects cells, tissues, and even entire organs. This
disease arises from various risk factors, including environmental factors (smoking, exposure
to genotoxic substances, diet, lifestyle, psychological stress, etc.), as well as genetic,
hormonal, microbial, and epigenetic factors [3l. The fundamental mechanisms underlying
tumor transformation involve interdependent elements that often lead to chromosomal,
genetic, and epigenetic instability [ 3. This instability disrupts cellular functions such as
DNA repair and metabolism, resulting in the loss of cellular memory and the definitive
transformation of cells into clones that form metastases I,

With advancements in molecular biology, studies in molecular oncology have
precisely dissected the major events leading to tumor transformation 1. Recent research
indicates that disruption of transcriptional control is frequently linked to tumor
transformation in the majority of human cancers . This transcriptional control is finely
regulated at the level of gene promoters by regulatory elements (transcription factors) that
bind to promoters depending on the chromatin context [*l. Gene expression regulation can be
influenced by various epigenetic marks, including DNA methylation 51, DNA methylation is
a chemical mark (the addition of a methyl group to the nitrogenous cytosine base) that
influences other molecular factors, thereby preventing the transcriptional machinery from
accessing the DNA I,
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Recent studies, such as the comprehensive analysis of solute carrier genes in
colorectal cancer, have explored the role of DNA methylation in the regulation of these genes,
highlighting its influence on tumor progression ¢-°. DNA methylation is a major indicator
that determines whether certain genes are expressed, playing a key role in various human
diseases, including cancers M. In addition, liquid biopsy, leveraging DNA methylation
biomarkers, is emerging as a powerful non-invasive tool for cancer detection and monitoring,
offering significant advantages in precision medicine X%, This methylation occurs through
specific enzymes called DNA methyltransferases (DNMTSs), which have the ability to add
the methyl group specifically to cytosines of gene promoters, thus controlling their
expression (gene activation or repression) 1. In mammals, five members of the DNMT
family have been identified, namely DNMT1, DNMT2, DNMT3a, DNMT3b, and DNMT3L
(3111 Moreover, current research into epigenetic drug interventions has focused on targeting
aberrant DNA methylation patterns in cancers such as breast cancer, with promising
therapeutic directions emerging from this approach 121,

Notably, several recent studies have demonstrated a close relationship between
disturbances in DNA methylation and the development of certain cancers, such as breast,
colon, and prostate cancers ™. Specifically, in colorectal cancer, alterations in the
methylation landscape of HOXA genes have been linked to tumorigenesis, suggesting that
specific methylation patterns could serve as potential biomarkers for diagnosis and prognosis
[], In cancer, although global hypomethylation is observed, some genes become inactivated
due tohypermethylation of CpG islands in regulatory regions, which remain unmethylated in
non-malignant tissues 1.

In this review, we will highlight the major implication of DNA methylation in the
onset of human cancers and propose key therapeutic strategies targeting DNA methylation
as a promising approach against cancer 1. This review distinguishes itself by integrating the
latest discoveries on DNMTs and their role in tumorigenesis, while also offering perspectives
for future research and demonstrating innovative strategies for cancer treatment through
epigenetic modulation 341,

2. DNA Methyltransferases

DNMTs are a group of enzymes involved in DNA methylation. Normally, the human
genome regroups many genes encoding five DNMTs (Table 1); DNMT1, DNMT2, DNMT3A,
DNMT3B, and DNMT3L & 131,
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Table 1. Types, protein lengths and function of Human DNMTSs.

4 of 28

DNMT type  Protein length Function NCBI Associated
Reference Cancers
Sequence
DNMT1 1616 amino acids  Maintenance of DNA methylation CAA45219.1 Colorectal, lung,
breast cancer
DNMT2 391 amino tRNA methylation (not a CAG29312.1 Not directly
acids cytosine DNA linked to DNA
methyltransferase) methylation in
cancer, but
involved in
RNA
modification
DNMT3A 912 amino De novo DNA methylation Q9Y6K1.4 Acute Myeloid
acids Leukemia (AML)
DNMT3B 853 amino De novo DNA methylation Q9UBC3 Breast, lung
acids cancer
DNMT3L 386 amino Regulatory factor, stimulates NP_787063.1 Testicular
acids DNMT3A and DNMT3B cancer

activity (lacks catalytic

activity)

Together, DNMT enzymes lead directly and indirectly to the de novo establishment,
maintenance and modification of DNA methylation at different levels [ %1, These activities
are of crucial importance in the stability of DNA and the regulation of gene expression.
Furthermore, DNA methylation occurs when DNMTs transfer a methyl group from
S-adenosylmethionine (SAM), a methyl group donor, to the carbon-5 position of cytosine
residues, which acts as the methyl acceptor [ %6 71 This reaction forms 5-methylcytosine
(5mC), frequently found within CpG islands, which are common targets of epigenetic DNA
methylation, particularly in gene promoter regions. Notably, approximately 70% of gene
promoter regions are located in CpG islands 8],

The catalytic activity of DNMTs in the human genome is primarily mediated by
DNMT1, DNMT3A, and DNMT3B [14 1% 21 DNMT3A and DNMT3B are responsible for
establishing de novo methylation, which is generally considered non-CpG-specific (Figure
1.b), where other sites like CpA and CpT are targeted by DNMT3 at lower levels compared
to CpG islands B 51, Meanwhile, DNMT1 is the most highly expressed DNMT in normal
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cell tissues 21 and is largely responsible for maintaining existing methylation patterns by
methylating the unmethylated strand of hemimethylated DNA during replication, ensuring
the transmission of epigenetic information from mother cells to daughter cells (Figure 1.c)
[20.22] The maintenance of methylation by DNMT1 is CpG sites specific, while methylation
of non-CpG sites is not restored by DNMT1 during replication [** 151, DNMT2 and DNMT3L
are not believed to function as cytosine methyltransferases. However, DNMT3L plays an
important role in DNA methylation without exerting direct catalytic activity on DNA.
Numerous studies showed that DNMT3L acts as a potent cofactor, physically interacting with
DNMT3A and DNMT3B, thereby enhancing their catalytic activities 232, DNMT3L could
also induce transcriptional repression through interaction with histone deacetylase 1
(HDAC1) 221, On the other hand, despite the high phylogenetic similarity between DNMT2
and other DNMTSs, studies have revealed that DNMT2 lacks catalytic activity in DNA
methylation and instead serves as a tRNA methyltransferase that catalyzes tRNA methylation
at a single specific site, highlighting its post-transcriptional regulatory function [ 726,271,

a) DNA demethylation b) DNA de novo methylation
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Figure 1: Processes of DNA Methylation. a) DNA demethylation mediated by TET enzymes, b) DNA de novo

methylation by DNMT3 and ¢) DNA methylation maintenance by DNMT1 (a-KG: a-ketoglutarate) SAM: S-

adenosylmethionine; SAH: S-adenosylhomocysteine, Succ: Succinate).

DNA methylation can inhibit transcriptional activation by interfering with the
propagation of active chromatin marks. Chromatin is prepared for transcriptional activation
through the methylation of H3K4 (lysine 4 of histone H3), a process mediated by a family of
H3K4 methyltransferases 1281, Initial reports indicated that DNA methylation was broadly
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associated with a decline in gene expression. However, this inverse correlation between DNA
methylation and gene expression has since been shown to be specific to cases where
methylation occurs in gene promoter regions. Originally, it was thought that this process was
driven solely by the physical impact of the methyl group extending from the DNA and
interacting with the transcription machinery 2°1,

DNA methylation plays a key biological role in embryonic development by restoring
DNA methylation that was globally erased after fertilization through a process of
demethylation, notably by Ten-Eleven Translocation (TET) methylcytosine dioxygenases
(Figure 1.a) B% 31 DNA demethylation, regulated by the TET family of proteins (TET1,
TET2, and TET3), involves the elimination of the 5-mC methyl group in different oxidation
steps using the a-KG (ketoglutarate) cofactor, with the generation of succinate and CO-
(Figure 1l.a). TETs oxidize 5-mC and catalyze the conversion of 5-mC to 5
hydroxymethylcytosine (5-hmC). The latter is a comparatively more stable intermediate
substrate and is less prone to further oxidation by TET proteins than 5-mC. Its oxidation can
lead to two products: 5-formylcytosine (5-fC) and 5-carboxylcytosine (5-caC). Both of these
molecules can be cleaved by thymine-DNA glycosylase (TDG) and ultimately repaired to
unmodified cytosine 2. Additionally, epigenetic therapy, targeting the dysregulated DNA
methylation patterns in cancer, holds promise for reversing abnormal gene silencing and
offers a novel approach to cancer treatment(3],

DNA methylation establishment in germ cells and after fertilization, mainly mediated
by de novo methylation, represents an important step in epigenetic programming through
chromatin remodeling during embryonic development 34 331, The epigenetic reprogramming
by the de novo methylation plays a key role in the formation of pluripotent and differentiated
cells from the zygote, which represents a totipotent cell, where each cell type will be the
subject of a specific methylation pattern [*4 °1. This process explains the role of DNMTs in
cells differentiation and development.

DNMTs are also involved in gene regulation, mostly in gene expression repression
through the methylation of gene promoter regions I, The methylated cytosines in a promoter
region recruit gene suppressor proteins and reduce the interplay between DNA and
transcription factors [°1. In addition, CpG islands methylation is transcriptionally regressive
and is extensively monitored by several synergistic and/or inducible pathways 71, The effects
of gene repression mediated by DNMTs could be partly explained by the recruitment of
methyl-CpG binding proteins, such as MECP2, methyl-CpG binding domain 1 (MBD1), and
MBD?2 proteins that act as a transcriptional repressors by binding to the methyl-CpG site [
%1 Moreover, this repressive effect is associated with the recruitment of HDAC activity
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leading to chromatin state modification [2% 4042 The DNMT proteins include a
transcriptional repression domain (TRD), which forms a complex with several corepressor
molecules (e.g. mSin3A) and histone deacetylase proteins (e.g. HDAC1, HDAC?2) [2% 42431,
Furthermore, the role of DNMTs in transcriptional silencing could be mediated via
retrotransposon methylation. De novo methylation of retrotransposon by the DNMT3 group
is specifically regulated by the PIWI protein family 14451,

The role of DNMTs has been tested through gene knock-out studies. For instance,
loss of DNMT1 and DNMT3B results in embryonic lethality in mice, while the loss of
DNMT3A negatively affects postnatal development ™6l Inactivation of DNMTs in human
embryonic stem cells (ESCs) by CRISPR/Cas9 showed that deletion of
DNMT3A and DNMT3B results in viable and pluripotent cell lines, whereas deletion
of DNMT1 resulted in rapid cell death of human ESCs ™. In addition, many diseases have
been discovered based on DNMT mutations. Centromeric instability and facial anomalies
(ICF) syndrome is an example of a disease related to DNMT3B mutations & 41, Mutations
in DNMT1 were found to cause hereditary sensory and autonomic neuropathy type 1E
(HSANLE) [50-51 Additionally, Tatton-Brown—Rahman syndrome results from mutations in
DNMT3A genes 52531, However, the hypothesis has been proposed that severe mutations of
DNMTs could result in embryonic lethality 16541,

3. Involvement of DNMT Alterations in Cancer

Epigenetic modifications (e.g., DNA methylation, mMRNA methylation, histone
modification, chromatin remodeling, and RNA modification) play critical roles in tissue
differentiation, embryonic development, and disease onset by regulating gene expression 5>
%1, These are heritable changes in gene expression patterns that occur independently of
primary DNA sequence changes and alter the outcome at a locus or chromosome level while
maintaining the fundamental DNA sequence. Environmental influences such as pollution,
food, toxic chemicals, and inflammation can trigger epigenetic modifications to a locus or
chromosome. These epigenetic alterations can be responsible for a wide range of diseases,
including cancers 57,

Moreover, the relationship between DNMTSs and cancer can be understood through
two primary mechanisms that disrupt epigenetic regulation. First, mutations in genes
encoding DNMTs, such as DNMT3a and DNMT3b, can lead to dysfunction in DNA
methylation [46 52 %8 This dysfunction results in abnormal methylation patterns, leading to
either global hypomethylation or localized hypermethylation, particularly in tumor
suppressor gene promoters [ 89 These epigenetic disruptions cause aberrant gene
expression, where genes normally repressed may become activated, and vice versa,
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promoting uncontrolled cell proliferation and tumorigenesis % 2. Second, even in the
absence of mutations, DNMTs can become dysfunctional due to various factors. These
enzymes, although not mutated, may be impaired by external influences such as post-
translational modifications, oxidative cellular environments, or interactions with regulatory
proteins 3% 481 Dysfunctional DNMTs may cause aberrant DNA methylation, disturbing the
expression of genes crucial for cell regulation, leading to abnormal cell growth and cancer
progression [ 63,

Overall, whether DNMTs are mutated or not, their dysfunction can significantly
impact DNA methylation, resulting in gene expression alterations that favor the development
of various cancers [* 571 Understanding these underlying mechanisms is crucial for
developing effective therapeutic strategies targeting DNMTs and associated epigenetic
processes 64,

On the other hand, the data presented in Table 1 highlight the specific roles that
different DNMTs play in cancer, illustrating how mutations and dysregulations of these
enzymes contribute to oncogenesis. DNMTL1 is primarily responsible for maintaining DNA
methylation patterns during cell division. Its overexpression has been linked to poor
prognosis in colorectal cancer, where it is associated with global DNA hypomethylation and
localized hypermethylation of tumor suppressor genes [*+ %%, This duality in function—where
both hypo- and hypermethylation can drive cancer progression—underscores the complexity
of DNMT 1°s role in cancer 1. In addition, DNMT3A and DNMT3B are key players in de
novo DNA methylation, establishing new methylation patterns during development and in
response to cellular stress 2571 Mutations in DNMT3A are particularly prevalent in acute
myeloid leukemia (AML), where they lead to aberrant hypermethylation and are correlated
with poor patient outcomes [ %31, Similarly, DNMT3B mutations have been associated with
aggressive breast and lung cancers, where they contribute to the hypermethylation of genes
that regulate cell growth and apoptosis, promoting tumorigenesis 6. DNMT2, while
primarily involved in tRNA methylation, has recently been implicated in broader epigenetic
regulation and cancer progression 1. Although not directly linked to DNA methylation in
cancer, DNMT2’s role in RNA modification and its potential impact on gene expression and
cellular stress responses warrant further investigation. This suggests that DNMT2 might
contribute to tumorigenesis through mechanisms that are not yet fully understood but are
promising in the context of cancer biology . DNMT3L acts as a regulatory factor,
enhancing the activity of DNMT3A and DNMT3B. Although DNMT3L itself lacks catalytic
activity, its role in stimulating de novo methylation is essential, particularly in germ cell
development [, Dysregulation of DNMT3L has been linked to the development of germ
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cell tumors, illustrating its importance in maintaining epigenetic stability in specific cell types
611 The misregulation of DNMT3L in cancers such as testicular cancer further highlights the
intricate interplay between epigenetic regulators and tumorigenesis [¢21,

These findings underscore the importance of understanding the specific roles of
DNMTs in different cancers. The ability of DNMTs to influence gene expression through
methylation patterns makes them potential targets for therapeutic interventions %, As our
understanding of the molecular mechanisms underlying DNMT-related dysregulation in
cancer deepens, it may lead to the development of more precise and effective treatments that
target these enzymes or their downstream effects . The therapeutic implications of DNMT
dysregulation in cancer are profound, as targeting these enzymes could potentially restore
normal gene expression patterns and improve treatment efficacy [,

3.1. DNA Methylation and Cancer

The DNA of cancer cells is known to exhibit altered methylation patterns. There are
two different models that have been identified; broad regions of global hypomethylation that
spread throughout the genome and then localized regions of hypermethylation at specific
sites, called CpG islands, in the promoter regions of genes [?°1. Both are involved in tumor
carcinogenesis %1, This epigenetic mechanism also has a significant effect on the regulation
of genomic imprinting, chromosome stability, transposable element repression, X-
chromosome inactivation, and tissue-specific genes (61,

As an epigenetic mark, DNA methylation is influenced by environmental factors that
could interrupt or enhance the activity of DNMTs and subsequently alter the levels of DNA
methylation (367721 High levels of DNMT activity lead to hypermethylation and consequent
gene repression 8 In contrast, low DNMT activities are often associated with
hypomethylation and gene expression activation %, Both up- and down-regulation of
DNMT activities have been implicated in the development of several diseases, including
cancer, without altering DNA sequence composition 2 4% 61 The link between DNMT
activities and cancer development may be due either to tumor suppressor genes silencing by
hypermethylation [“> 671 or to the activation of oncogenes via hypomethylation [62 69,
However, the particularity of epigenetic marks, including DNA methylation, lies in their
reversible nature. Tis reversibility of epigenetic marks prompts scientists to search for
compounds that could positively affect the DNMT activity and thus be used as epidrugs in
the treatment of diseases caused by DNMT disorders, such certain cancer types. Among the
most well-known compounds, 5-azacytidine and 2’-deoxy-5-azacytidine are widely used in
the combinatorial treatment of many cancers due to their inhibitory effects on DNMTs [5% 70
. In addition, a considerable number of bioactive compounds are characterized by their potent
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ability to modulate the DNMT activities 8% 731, For instance, Mirza et al. ! revealed that
natural compounds such as EGCG, genistein, curcumin, resveratrol, withaferin A, and
guggulsterone can decrease DNMT activities via the down-regulation of DNMT gene
transcription and the decrease of DNMT1, HDAC1, and MeCP2 protein levels, resulting in
hypomethylation and the reactivation of tumor suppressor genes.

In cancer, although there is global hypomethylation, certain genes become inactivated
due to hypermethylation of CpG islands in regulatory regions, which remain unmethylated
in non-malignant tissues. This type of epigenetic silencing was initially identified in studies
of retinoblastoma tumors, which revealed that the retinoblastoma gene (RB1), a tumor
suppressor gene that regulates the cell cycle, was inactivated by hypermethylation 4],
Therefore, a significant number of tumor suppressor genes silenced by DNA
hypermethylation in tumor tissues have been recognized. Undoubtedly, silencing associated
with DNA methylation is pivotal in the process of tumorigenesis and is a prominent feature
of all kinds of human malignancies 4. Genes that undergo hypermethylation in regulatory
regions are implicated in a range of critical cell signaling pathways [?2. For example, several
cell cycle-related genes, namely p15INK4a (CDKN2B) and p16INK4a (CDKN2A), undergo
DNA methylation-mediated silencing in several types of cancer. Both proteins are involved
in controlling G1 progression, functioning as cyclin-dependent kinase inhibitors, and are
major tumor suppressors [®l. Additionally, there is evidence that different genes are
hypermethylated in cancers, including p16INKa, RB1, and VHL1 in renal cell carcinoma [*;
CDKN2A, hMLH1, and APC in colorectal cancer (CRC); MGMT in colon, lung, lymph, and
other tumors [ and DNMT3B, TET2, BRAF, IDH1, and MYC in prostate cancer /"1, Further
research has pointed to promoter hypermethylation of various breast cancer genes involved
in the regulation of cellular transcription (e.g., HOXAS), apoptosis (e.g., BCL2), DNA repair
(e.g., BRCAL), metastasis (e.g., TWIST), hormone-mediated cell signaling (e.g., ERa/f), and
cell adhesion (e.g., CDH1) ["8l. Some of the hypermethylated genes in cancer are related to
cancer cell survival as they have pro-apoptotic functions, e.g., death-associated protein
kinase 1 (DAPK1), which mediates interferon-y-induced apoptosis, or TMS1, which activates
apoptotic signaling pathways [°l. It has also been established that DNA hypermethylation
leads to the alteration of genes encoding upstream regulators of several cellular mechanisms.
These include transcription factors (e.g., GATA4 and GATADb) or genes implicated in different
receptor-mediated signaling pathways (e.g., ESR1, RARB2, and CRBP1) which are frequently
hypermethylated in cancer 2. The methylation profile of BRCA1, which is responsible for
the repair, transcription, and recombination of DNA double-strand breaks, has also been well-
explored in breast and ovarian cancer [ Moreover, DNMT1 has been proven to be a key
factor in the aggressiveness of triple-negative breast cancer (TNBC). In fact, it causes
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hypermethylation in the estrogen receptor (ER) promoter regions, tumor suppressor genes,
microRNAs, and epithelial markers implicated in the suppression of the epithelial-
mesenchymal transition, leading to metastasis and cancer proliferation . In addition,
overexpression of DNMT1 or DNMT3A potentially leads to global DNA hypermethylation
and silencing of DNA repair genes like hOGG1, ERCC1, hMSH2, and XRCC1 inducing
impaired DNA repair and resulting in genome instability 2. Inhibition by DNA
hypermethylation of genes involved in cell adhesion can lead to invasion and/or metastasis,
and thus to tumor progression, e.g., CDH1 (E-cadherin) and CDH13 (H-cadherin) [,
Increased DNMT1 protein expression was significantly associated with poorer gastric cancer
differentiation by  immunohistochemical examination, whereas no DNMT1
immunoreactivity was found in any of the non-cancerous gastric epithelia examined (except
in the proliferative areas). Another confirmation of the significant relationship between
DNMT1 and CIMP overexpression in gastric cancers was provided by protein-level analysis
using immunohistochemistry. The genes hMLH1, THBS-1, and E-cadherin could be targets
for DNMT1 overexpressed in gastric cancers 841, It should also be noted that overexpression
of DNMTL is not consistently a side effect of enhanced cell proliferative ability, but it is
strongly related to regional DNA hypermethylation 3], The occurrence of increased DNMT1
protein expression in hepatocellular carcinoma (HCC) is clearly associated with impaired
tumor differentiation and portal vein involvement. Moreover, HCC patients with elevated
DNMT1 protein expression have substantially lower overall and recurrence-free survival
rates than patients without DNMT1 expression (€],

Overexpression of TET1 or TET2 can cause an overall decrease in 5- mC 2 and
TET2 enzyme mutation are considered important in the progression of tumors, and especially
in chronic myelomonocytic leukemia 1. Different DNA repair genes are also
hypermethylated in tumor tissues, reinforcing the evidence that classical genetic damage like
mutations can be promoted by epigenetic events ?2. This is exemplified by MGMT (O-6-
methylguanine-DNMT), which prevents the negative impact of DNA alkylation occurring in
healthy tissues and has been found to be silenced in many different kinds of carcinomas [,
A malfunction in DNA mismatch repair is seen in a considerable fraction of gastric neoplasia
and is linked to hypermethylation of hMLH1 gene promoter [,

Integrative multi-omic approaches have provided deeper insights into the role of
DNA methylation in cancer, highlighting the importance of comprehensive profiling in the
development of targeted therapies °%. DNA methylation changes the metabolism of cancer
cells. In fact, metabolic reprogramming is now considered one of the most important
characteristics of cancer cells, as they must adapt their metabolism to meet energy and
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biosynthetic needs and ensure their proliferation [°X. Many tumor-related genes, including
hMLH1, p16, BRCA1, MGMT, GSTP1, DAPK-1 and TIMP-3, undergo suppression in human
cancers by regional DNA hypermethylation around their promoter regions 2. Indeed,
IDH1/2 isocitrate dehydrogenase mutations have been documented to promote a loss of their
normal catalytic capacity, which is the generation of a-KG by isocitrate decarboxylation, and
an increase in their ability to act as a catalyst for the conversion of a-KG to 2-
hydroxyglutarate (2-HG), which in turn suppresses the action of the a-KG-dependent histone
demethylases and TET 5-methylcytosine hydroxylases. Changes in intermediate and energy
metabolism are also a key feature of a pattern of epigenetic instability that is typical of a
variety of malignancies, such as AML, myelodysplastic syndrome, and gliomas [*3 %4, It has
become known that many tumor-related genes, including hMLH1, p16, BRCAl, MGMT,
GSTP1, DAPK-1, and TIMP-3 are suppressed in human cancers by regional DNA
hypermethylation around their promoter regions [°21,

DNA hypomethylation was the initial epigenetic abnormality recognized in human
tumors. Chromosomal instability and gene activation are triggered by hypomethylation. It
can also promote abnormal expression of certain proto-oncogenes and reactivation of
retroviruses, DNA repeats (e.g., Alu, LINE, satellite DNA, epicentromeric, and centromeric
tandem repeats), and transposable elements (TEs) 621,

In cancer cells, DNA hypomethylation of single genes is relatively rare. Most of the
promoters involved in the loss of DNA methylation are tissue-specific genes 22, In this sense,
it has been found that MAGE (MAGE-A1 and MAGE-A3) gene promoter hypomethylation
enhances its expression in colorectal carcinomas (CRCs) as well as in gastric cancers and
may be involved in the early stages of human CRC development and progression [°°l. The
cancer/testis antigen (CT) family, which is confined to adult testicular germ cells under
normal circumstances, has been recorded to be aberrantly activated in different types of
human cancer 1,

Depending on the roles of genes impacted by hypomethylation, this process may be
correlated with different levels of tumorigenesis. DNA methylation loss in the CDH3 gene
promoter resulted in P-cadherin overexpression in both breast and CRCs. As a result,
decreased cell polarity enhances cell invasion, motility, and migration, which in turn are
linked to impaired patient survival [°7- %1 |oss of DNA methylation could also activate latent
viral sequences embedded in the genome, potentially leading to tumor progression. An
example is the human genital papillomavirus (HPV) genomes that are potently suppressed
by CpG methylation after infection. DNA hypomethylation phenomena allow HPV re-
expression, which can be associated with cervical cancer progression [, DNA
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hypomethylation may also act as a tumor suppressor. For instance, TE hypomethylation
(LINE1 and endogenous retrovirus "ERV") has been recorded to promote activation of their
anti-viral expression and signaling, leading to an intensified response to immune checkpoint
blockade in kidney cancer cell lines 1% In addition, hypomethylation was identified in
oncogene promoters such as MN/CA9 in human renal cell carcinoma 1%, It has also been
identified in IL-10 CpG islands, a cytokine that aids in the oncogenic promotion and
suppression of tumor suppressor genes in gastric cancer 121,

The issue of the underlying pathway of hypomethylation phenomena in cancer has
been challenged by a number of proposals concerning the possible role of DNMT3B in this
process. Recent hypotheses suggest a potential role for catalytically inactive variants of
DNMT3B in this event. In several cancer cell lines, over 20 variants of this enzyme, which
code for truncated proteins lacking a catalytic domain, have been discovered [, Inactive
DNMT3B variants have been suggested to negatively control DNMT function. They have
the potential to abrogate the DNA methylation machinery through the ability to titrate
DNMT3B binding partners, thereby interacting with the DNA methylation machinery, or by
competing with the active form to bind to target DNA sequences. In fact, increased levels of
DNMT3B4 in chronic myeloid leukemia are linked to DNA hypomethylation of LINEL.
Moreover, HEK293 cell lines that stably overexpress DNMT3B4 demonstrate demethylation
of satellite 2 after multiple passages. This suggests that overexpression of DNMT3B4 in any
way causes a loss of DNA methylation [1031,

Hypermethylation of CpG islands in the promoter region of a tumor suppressor or
other cancer-related gene is often associated with transcriptional silencing of the associated
gene. The number of gene-associated promoters that are known to become hypermethylated
during carcinogenesis is rapidly growing. Genes of numerous pathways involved in DNA
repair (MGMT, MLH1, BRCA1), signal transduction (APC), differentiation (MYOD1),
angiogenesis (THBS1, VHL), carcinogen-metabolism (GSTP1), cell adherence (CDHL1,
CDH13), cell cycle regulation (p15, p16, RB, p16INK4a, p15INK4b, p14ARF), apoptosis
(Caspases, p14, DAPK), and detoxification (GSTP1) are often inappropriately inactivated by
DNA methylation [2°4, In addition, tumor suppressor genes (p16INK4a, p14ARF, p15INK4b,
MGMT, hMLH1, BRCA1, GSTP1, DAPK, CDH1, p73, and APC) are commonly affected
according to the most common types of human tumors [,

DNA methylation alters the metabolism of cancer cells and vice versa. However, the
metabolic routes in which DNA methylation is implicated principally concern glycolysis, the
methionine cycle, and the tricarboxylic acid (TCA) cycle. Furthermore, demethylation of the
promoter is linked to HK2 and PKM2 overexpression, both of which promote enhanced
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glycolysis. Conversely, hypermethylation of the promoter results in the gene silencing of
FBP-1 and FBP-2, both of which identify the rate-limiting enzymes of glucogenesis. FBP-1
and FBP-2 silencing may inhibit gluconeogenesis but enhance glycolysis, thereby benefiting
tumor cell proliferation (101,

Global changes mediated by DNA hypo- and hypermethylation are of biological
importance in cancer. Indeed, they play an important role in tumorigenesis and have also
been shown to be involved in chromosomal instability, chemoresistance, metastasis, tumor
invasion, proliferation, and survival of cancer cells. These changes also result in decreased
immune responsiveness, apoptosis, and sensitivity to chemotherapy. In relation to
inflammation, chronic inflammation is known to induce global DNA hypomethylation [2°7],
DNA hypomethylation can lead to loss of imprinting (LOI) in tumors and activation of
growth promoting genes, such as R-Ras and MAPSIN in gastric cancer and S-100 in colon
cancer. Hypomethylation specific to genes in prostate cancer has been reported, including
CYP1B1, HPSE, PLAU, as well as for CRIP1, S100P, and WNT5A. Increased expression of
HPSE, which encodes heparanase, an extracellular matrix degradation protein that degrades
heparan sulfate, has been implicated in tumor invasion and metastasis %€,

Proper DNA methylation is fundamental for proper cell function and development.
Therefore, any defect or abnormality in this reorganization process can be linked to a wide
range of disorders, especially cancer. In fact, tumor cells are distinguished by the presence
of a distinct methylome from that of normal cells. It is noteworthy that both hypo- and
hypermethylation events can be identified in cancer. Typically, there is an overall reduction
in the level of methylated CpGs. This process is responsible for contributing to genome
instability and, less commonly, promoting silenced oncogenes 22,

3.2. Histone Modification and Cancer

Although epigenetics is the epi-information that extends DNA pattern that can be
transmitted from parents to offspring, years of investigation have revealed that histone
modifications are among the most important mechanisms through which epigenetic control
is achieved %1, Histones represent a group of structural proteins that cooperate with DNA
to provide a miraculous topology for DNA packaging into the nucleus as chromatin. This
chromatin is organized into repeating units called nucleosomes, each consisting of an octamer
of histone proteins formed by two copies of the four histone proteins (H2A, H2B, H3, and
H4) surrounded by 147 bp of DNA, and interconnected by a short DNA linker (121, A histone
linker H1 binds to DNA input/output sites on the nucleosomal core to enhance nucleosome
binding to DNA and ensure the stability of higher-order chromatin architecture ™. This
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complex is designed to monitor DNA accessibility and therefore regulate its replication,
transcription, recombination, and repair [*1%, Histone modifications can occur in the N- and
C-terminal tails as well as the core domain of these histone proteins due to a variety of
extrinsic and intrinsic alterations that can occur throughout the life cycle. They can be
modified post-transcriptionally, such as acetylation, phosphorylation of serines (S) and
threonines (T), methylation of lysines (K) and arginines (R), sumoylation of lysines, and
ubiquitination (1121,

3.3. Histone Methylation and Cancer

Histone methylation involves three different constituents; readers (histone
methylation recognition proteins), writers (histone methyltransferases: HMTSs), and erasers
(histone demethylases: HDMs) [¥2. Histone methylation, which usually occurs on the lysine
(K) and arginine (R) residues of histones H3 and H4 by the addition of methyl groups, is one
of the most prominent post-transcriptional modifications [*3l. This methylation is mediated
by histone methyltransferase (HMT), which uses S-adenosyl methionine (SAM) as a
substrate to transfer methyl groups to lysine and arginine residues of histones 41, Histone
lysine residues can be mono-, di-, and trimethylated (mel, me2, and me3, respectively) to
function as active or repressive marks on gene expression. Overall, H3K4, H3K36, and
H3K79 are considered active marks occupying regions of actively transcribed genes in
chromatin. However, H3K9, H3K27, and H4K20 are recognized as repressive marks
generally associated with gene expression silencing and chromatin condensation %1, Histone
demethylation is mediated by two HDMs; histone demethylases containing the Jumonji C
domain (JMJC) that demethylate tri-methyl states in lysine and arginine residues, and lysine-
specific demethylases of the amine oxidase type (LSD or KDM) that remove the methyl
group only from mono- and di-methylated lysines €1, Recurrent histone mutations, which
interfere with histone methylation and are involved in oncogenesis, are recognized in several
malignancies and are described as oncohistones. The latter can induce epigenomic and
transcriptomic reprogramming, eventually leading to oncogenesis. Well-documented
oncohistones, which include mutations in both H3.1 and H3.3, include H3K27M in glioma,
H3K36M in chondroblastoma, and the H3G34 mutations that occur in bone cancer and
glioma 4. Furthermore, altered histone methylation can initiate disruption of gene
expression, potentially contributing to the emergence of cancer. For example, mutations in
EZH2, a histone methyltransferase that suppresses gene transcription via H3K27, have been
linked to diffuse large B-cell lymphoma (DLBCL) [*7],
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3.4. Histone Acetylation and Cancer

Histone acetylation and acetylation are critical processes that are mediated by the
balance between two families; HDACs and histone acetyltransferases (HATS). Acetylation
can decrease the positive charge of lysine residues, which prevents histone tails from binding
to negatively charged DNA, potentially exposing the underlying DNA 8 HATs are divided
into three groups; p300/CREB binding protein (CBP), GCN5-related N-acetyl transferases
(GNAT), and MYST HATSs. They act as catalysts for the removal of an acetyl group from
the acetyl-CoA cofactor to the e-amino group of the lysine residues of histone proteins to
neutralize their base charge [**8. There are 18 HDACSs belonging to four classes in humans;
class | proteins of type Rpd3 (HDAC1-3 and HDACS), class Il proteins of type Hdal
(HDAC4-7, HDACY, and HDAC10), class 11 proteins of type Sir2 (SIRT1, SIRT2, SIRT3,
SIRT4, SIRT5, SIRT6, and SIRT7), and the class IV protein (HDAC11). The class | and
class Il HDACs, which catalyze the metal-dependent hydrolysis of acetylated histones, share
a conserved group of amino acid residues at their active sites [**]. On the other hand, histone-
lysine acetylated residues are recognized by Bromodomain and extra terminal domain (BET)
proteins, particularly BRD2, BRD3, and BRD4, which in turn recruit HDAC proteins. These
deacetylases induce DNA compaction and transcriptional repression and increase the
interaction between histones and DNA ™61, Both HDACs and HATSs are involved in the
preservation of chromatin accessibility and gene expression control. Nevertheless,
impairment of this process can contribute to the development of several disorders, such as
cancer. Different investigations have demonstrated the association of these enzymes with
cancer promotion and progression, and many inhibitory drugs (HDACi and HATi) have been
used as therapeutic agents to block the activity of these enzymes and consequently treat
cancer. HAT gene mutations have been linked to a variety of different cancers, whereas
HDAC mutations have so far been associated with some leukemia cancers 291,

The cyclic AMP response element-binding protein (CBP) and p300 HATSs were first
discovered by two independent groups in 1996. CBP frequently interacts with p300 to form
a CBP/p300 complex, which can subsequently engage other HATSs like PCAF (p300/CBP-
associated factor). Both CBP and p300 biallelic mutations have been observed in a number
of cancers, most notably gastric, breast, and colon cancers 4. HDAC1 has been reported to
be involved in promoting cell proliferation in gastric cancer through upregulation of long
non-coding RNAs BC01600 and AF116637 121 and is also overexpressed in prostate cancer
cells 1221, HDAC?2, on the other hand, is consistently overexpressed in human gastric
carcinoma 2% and breast cancer 124 12°1 |t is also significantly overexpressed in human lung
cancer cells and deregulates the expression of apoptotic and cell cycle proteins 261,
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Additionally, BET proteins function as a platform to recruit RNA polymerase Il and other
transcription factors to drive gene expression. BET protein overexpression and translocation
mutations are recognized in cancer tumorigenesis 1271 Blocking BRD4 binding to chromatin
by BET inhibitors, JQ1, has been shown to induce an anticancer effect and differentiation in
BRD4-dependent tumors 1281,

3.5. Chromatin remodeling and Cancer

Chromatin remodeling is a vital process involving dynamic modifications in
chromatin structure and is evolutionarily conserved from yeast to humans. High-order
chromatin structures are uneven, with some areas relaxed and others condensed. In the
relaxed chromatin areas, DNA is in an "open" state and is accessible by additional proteins
regulating gene expression, namely transcription factors and RNA polymerases [*21. Indeed,
this process regulates the accessibility of DNA regulatory elements that control chromosomal
processes (enhancers, promoters, replication origins) to regulate gene transcription, DNA
replication, repair, and recombination. Thus, it allows for the packaging and unpackaging of
the genome 3%, Chromatin remodeling is achieved via chromatin remodeling complexes.
ATP-dependent chromatin remodeling complexes use the energy of ATP hydrolysis to
disrupt the binding between DNA and histones, resulting in positional changes of

nucleosomes [131132]

Families of chromatin remodeling complexes can be divided into the imitation switch
(ISWI) family, chromodomain, helicase, DNA binding (CHD) family, switching
defective/sucrose non-fermenting (SWI/SNF) family, and Inositol requiring 80 (INO80)
family. Each of these families uses the energy of ATP hydrolysis to change the structure of
chromatin and control the proteins of the transcription mechanism by rearranging the
nucleosomes M4, The INO80 family of chromatin remodelers, INO80 and SWR1, are
involved in nucleosome editing by exchanging histone variants. ISWI remodelers, Isw1a,
Iswlb, and Isw2 complexes, as well as CHD, are implicated in nucleosome maturation and
spacing to create fixed-distance nucleosome arrays [*31. There are a number of chromatin
remodeling family members known to be mutated in malignancies, including SNF5, BRG1
and MTAL, indicating that they may be effective tumor suppressors. There is now strong
support for this assertion through the sequencing of cancer genomes, which identified high-
frequency mutations in several members of the SWI/SNF complex in a range of solid and
hematological malignancies 133, Evidence from mouse models has demonstrated that
impaired expression of these so-called tumor suppressors can enhance the susceptibility to
cancer development. In BRG1, even haploinsufficiency causes an increase in tumors 341,
Nevertheless, despite the abundance of data linking SWI/SNF complexes to cancer, no
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mechanistic evidence is available to demonstrate that altered chromatin remodeling resulting
from aberrant chromatin binding or loss of ATPase activity is required 133, Chromatin
remodeling mutations have been proven to be key catalysts for a range of diseases, especially
cancers 1135136 Numerous BAF proteins can function as cancer suppressors, in which their
loss or decrease in expression is reported to produce dysregulation of both gene expression
and tumorigenesis ¥71. SWI/SNF, which is considered a core tumor suppressor complex, is
one of the main mutation hotspots found in pancreatic carcinoma %, Furthermore, SNF5 is
a cancer-associated remodeler that exhibits mutations causing increased chromosomal
instability, leading to tumorigenesis [, INO80 dysfunction can dysregulate gene
expression, DNA synthesis, and DNA repair, potentially contributing to tumorigenesis and
genome instability. In fact, there are reports that INO8O is effective in establishing and
preserving the chromatin open state at enhancers to promote oncogene expression and tumor
growth in non-small cell lung cancers (NSCLCs) 1401,

3.6. Interplay Between DNMTs and Other Epigenetic Mechanisms

As highlighted by Liu et al. (2022) ], DNMT alterations in cancer are not isolated
events but part of a complex network of epigenetic changes that collectively drive
tumorigenesis. These include interactions between DNMTSs and histone modifications, such
as histone methylation and acetylation, as well as chromatin remodeling. This
interconnectedness suggests that DNMTs may influence cancer progression not only through
direct DNA methylation but also by modifying the chromatin landscape, thus affecting the
accessibility of transcription factors and other regulatory proteins to DNA. Furthermore, Liu
et al. (2022) “Ihave compiled extensive data on the expression of DNMTSs in various cancers
(1. Building on this foundation, it is crucial to explore how DNMT interactions with these
other epigenetic mechanisms contribute to the heterogeneity observed in tumor behavior and
patient outcomes. In fact, recent studies suggest that DNMT3B may interact with PRC2
(Polycomb Repressive Complex 2) 41481 enhancing its ability to maintain repressive
histone marks at certain loci, which could be pivotal in sustaining the malignant phenotype
in certain cancers. While Liu et al. (2022) provide a comprehensive overview of DNMT
expression and downstream effects [, there is a need to investigate how these enzymes
interact with other molecular pathways unique to specific cancer types. For example, the role
of DNMTs in regulating non-coding RNAs and their subsequent impact on chromatin
structure and gene expression is an emerging field that remains underexplored. Additionally,
understanding the crosstalk between DNMTs and the immune system could unveil new
therapeutic targets, particularly in cancers where immune evasion plays a critical role.
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4. Future Directions

Although DNA methylation is often acknowledged as a characteristic of gene
repression, recent findings indicate that its function in gene regulation is more intricate and
contextually sensitive than previously comprehended [144-1461_Gene repression facilitated by
DNA methylation does not consistently correspond directly with methylation levels. Various
elements, including DNA-bending proteins, engage with methylated sites to affect gene
silence. These proteins are essential for the structural conformation of chromatin, influencing
the efficacy of methylation in repressing transcription 4”1, The control of these DNA-
bending factors is extremely stochastic, indicating that their impact on gene expression may
fluctuate based on cellular context, environmental conditions, or other epigenetic
modifications. In some instances, these variables may augment gene repression, but in others,
they may not obstruct gene expression whatsoever. The unpredictability presents
considerable difficulties in analyzing methylation data, especially in cancer research, where
epigenetic alterations often exhibit intricate patterns.

To tackle these obstacles, modern methods like single-cell epigenomics provide
exciting opportunities for a more profound investigation of DNA methylation variability in
tumor tissues. Single-cell methodologies allow researchers to analyze the epigenetic
landscape with unparalleled precision, revealing cell-to-cell heterogeneity that is obscured in
bulk analysis [*48]. This heterogeneity significantly impacts cancer development, since several
cell types within a single tumor may have unigue methylation patterns that affect treatment
resistance or metastatic capability.

Future research should concentrate on using these advanced technologies to elucidate
the stochastic mechanisms associated with DNA methylation, explaining the interaction of
this epigenetic mark with chromatin architecture in various cancer cell types. These
researches will be essential for elucidating the specific processes by which DNA methylation
facilitates oncogenesis and for developing more effective, focused medicines that tackle this
complexity.

5. Conclusion

In this review, the involvement of DNA methylation in human cancers was described
and discussed. It is clear that alterations in this epigenetic modification play a key role in
cellular transformation and promotion. Specifically, these alterations can inhibit the
expression of tumor suppressor genes and lead to the overexpression of oncogenes, thereby
promoting cellular proliferation. Moreover, changes in DNA methylation can cause
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disruptions in other epigenetic pathways, further contributing to the development of human
cancers.

It is also evident that DNMTs play a multifaceted role in cancer progression.
However, the interaction between DNMTSs and other epigenetic regulators, such as histone
modifiers and chromatin remodelers, represents a particularly promising area for future
research. These studies should aim to deepen our understanding of these complex
interactions, especially in the context of personalized medicine, where a better understanding
of the epigenetic landscape of individual tumors could lead to more targeted and effective
therapies. Furthermore, the potential of DNMTs as biomarkers for cancer diagnosis and
prognosis merits further investigation. Their use in combination with other molecular
markers could enhance the precision and effectiveness of cancer detection and treatment
strategies. Continued investigation in this area is essential for the development of innovative
diagnostic and therapeutic tools that could transform the management of cancer patients.
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