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1. Introduction

Epigenetic events , most prominently manifested by stable and heritable changes in gene 

expression that are not due to any alteration in the primary DNA sequence, signify the 

fundamental molecular principles in which genetic information is organized and read. 

Epigenetic alterations may play as important or even more prominent role in tumor 

development, Epigenetic modifications include change in methylation patterns of cytosines in 

DNA , modifications of the proteins that bind to DNA, and the nucleosome positioning along 

DNA. These epigenetic marks are tightly and interdependently connected and are essential for 

the normal development and the maintenance of cellular homeostasis and functions in adult 

organisms, particularly for X-chromosome inactivation in females, genomic imprinting, 

silencing of repetitive DNA elements, regulation of chromatin structure, and proper expression 

of genetic information. In recent years, some research has shifted to focusing on detailing 

epigenetic contributions to the development and progression of cancer. These changes occur 

apart from primary genomic sequences and include DNA methylation, histone modifications, 

and miRNA expression. Epigenetic modulation of gene regulation and cell metabolism 

processes can be affected by dietary components. Natural compounds with reported 

mechanisms targeting cancer cell metabolism include micronutrients, polyphenols, genistein, 

isoflavones, flavonoids, ellagitannin. This review specifically summarizes the main epigenetic 

mechanisms and their role in cancer.

The epigenetic changes refer to any heritable modifications in 

gene expression without alterations of the DNA sequence; they 

occur more frequently than gene mutations and may persist for 

the entire cell life and even for multiple generations [1]. The 

transcription of each gene may change from high-level 

expression to complete silencing, depending on the influence of 

the “epimutations” which interfere with the action of activators 

and suppressors on specific promoters in the chromatin context. 

Epigenetic changes can switch genes on or off and determine 

which proteins are transcribed. Epigenetics is involved in many 

normal cellular processes. Consider the fact that our cells all 

have the same DNA, but our bodies contain many different types 

of cells: neurons, liver cells, pancreatic cells, inflammatory cells, 

and others. How can this be? In short, cells, tissues, and organs 

differ because they have certain sets of genes that are "turned 

on" or expressed, as well as other sets that are "turned off" or 

inhibited. Epigenetic silencing is one way to turn genes off, and it 

can contribute to differential expression. Silencing might also 

explain, in part, why genetic twins are not phenotypically identical. 

In addition, epigenetics is important for X-chromosome 

inactivation in female mammals, which is necessary so that 

females do not have twice the number of X-chromosome gene 

products as males. Thus, the significance of turning genes off via 

epigenetic changes is readily apparent [2].

 EPIGENETIC MECHANISMS AND THEIR CROSS TALK

Within cells, there are three systems that can interact with each 

other to silence genes: DNA methylation, histone modifications, 

and RNA-associated silencing .

DNA Methylation 

 DNA methylation is the most common and the best-studied 

epigenetic modification. It is a chemical process that adds a methyl 

group to DNA. It is highly specific and always happens in a region in 

which a cytosinenucleotide is located next to a guanine nucleotide 

that is linked by a phosphate; this is called a CpG site. CpG sites are 

methylated by one of three enzymes called DNA methyl 

transferases (DNMTs). CpG islands of growth-regulatory genes 

promoter regions are often found hypermethylated in tumors, this 

event causing the transcriptional “silencing” of tumor suppressor 

genes [3, 4] , contributing to cancer progression; on the contrary, it 
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has also been described the derepression of proto-oncogenes 

transcription by hypo/demethylation, this leading to increased 

mutation rates and to chromosome instability, which constitutes 

an early hallmark of tumor cells [5] . Moreover, the loss of 

function of tumor-suppressor genes, which often occurs in 

tumors, has been ascribed more frequently to epigenetic 

silencing through methylation than to genetic defects [6] , 

Inserting methyl groups changes the appearance and structure 

of DNA, modifying gene's interactions with the machinery within 

a cell's nucleus that is needed for transcription. DNA methylation 

is used in some genes to differentiate which gene copy is 

inherited from the father and which gene copy is inherited from 

the mother, a phenomenon known as imprinting.

Chromatin dynamics and Histone Modifications

The chromatin structure is highly regulated by complex 

interactions between many molecular pathways, that influence 

normal and tumor cell fate, for that concerning DNA replication, 

transcription, and repair, cell growth and differentiation, 

apoptosis and every crucial cell functions. Histones and 

chromatin modifiers mainly induce changes of chromatin 

architecture. Histones are proteins that are the primary 

components of chromatin, which is the complex of DNA and 

proteins that makes up chromosomes. Histones act as a spool 

around which DNA can wind. When histones are modified after 

they are translated into protein (i.e., post-translation 

modification), they can influence how chromatin is arranged, 

which, in turn, can determine whether the associated 

chromosomal DNA will be transcribed. Histones have a 

structural role in the chromatin architecture entering into the 

constitution of nucleosomes. Acetylation, methylation, 

phosphorylation and ubiquitination are major histone 

modifications, combination of which may constitute the “histone 

code” that extends and modulates the genetic code . Among 

molecules that regulate the chromatin assembly, histone 

chaperones play an essential role. They drive histones 

incorporation into newly synthesized or remodeled chromatin 

[7]. In this process, the Chromatin Assembly Factor-1 (CAF-1) 

exerts a pivotal role; it destabilizes heterochromatic structures 

during replication, allowing the replication machinery to 

progress through heterochromatin. CAF-1 is a protein complex, 

formed of three subunits with different molecular weight (p48, 

p60 and p150) and delivers histones H3 and H4 on newly 

synthesized DNA  during DNA replication and DNA repair. CAF-1 

facilitates the incorporation and assembly into chromatin of 

H3K56 acetylated histones, in response to oxidative stress  and 

DNA damage ; moreover it contributes to resolve the mismatch-

containing strands, Histones are proteins that are the primary 

components of chromatin, which is the complex of DNA and 

proteins that makes up chromosomes. Histones act as a spool 

around which DNA can wind. When histones are modified after 

they are translated into protein (i.e., post-translation 

modification), they can influence how chromatin is arranged, 

which, in turn, can determine whether the associated 

chromosomal DNA will be transcribed. If chromatin is not in a 

compact form, it is active, and the associated DNA can be 

transcribed. Conversely, if chromatin is condensed (creating a 

complex called heterochromatin), then it is inactive, and DNA 

transcription does not occur. There are two main ways histones 

can be modified: acetylation and methylation [8,9] . These are 

chemical processes that add either an acetyl or methyl group, 

respectively, to the amino acid lysine that is located in the histone. 

Acetylation is usually associated with active chromatin, while 

deacetylation is generally associated with heterochromatin. On the 

other hand, histone methylation can be a marker  for both active 

and inactive regions of chromatin. For example, methylation of a 

particular lysine (K9) on a specific histone (H3) that marks silent 

DNA is widely distributed throughout heterochromatin. This is the 

type of epigenetic change that is responsible for the inactivated X 

chromosome of females. In contrast, methylation of a different 

lysine (K4) on the same histone (H3) is a marker for active genes .

RNA-Associated Silencing

Genes can also be turned off by RNA when it is in the form of 

antisense transcripts, noncoding RNAs, or RNA interference. RNA 

might affect gene expression by causing heterochromatin to form, 

or by triggering histone modifications and DNA methylation. 

MicroRNAs (miRNAs) are a recently discovered class of non-

coding endogenous small RNAs [10], which have a crucial role in 

the control of gene expression and are associated with promotion 

and progression of malignancies . They are involved in many 

fundamental cellular processes such as proliferation, 

development, differentiation and apopotosis in normal and 

neoplastic cells, where they are referred to as oncomiRs 

(oncogenic miRNA). They act as mediators of epigenetic gene 

regulation, by interacting with mRNA, either by inhibiting mRNA 

translation or causing mRNA degradation. Recent studies have 

been shown that miRNAs act as putative tumor suppressors and 

may also undergo epigenetic silencing in cancer [11,16]. 

EPIGENETIC 'S  ROLE IN CANCER

The first human disease to be linked to epigenetics was cancer, 

in 1983. Researchers found that diseased tissue from patients with 

colorectal cancer had less DNA methylation than normal tissue 

from the same patients (Feinberg & Vogelstein, 1983). Because 

methylated genes are typically turned off, loss of DNA methylation 

can cause abnormally high gene activation by altering the 

arrangement of chromatin. On the other hand, too much 

methylation can undo the work of protective tumor suppressor 

genes. As previously mentioned, DNA methylation occurs at CpG 

sites, and a majority of CpG cytosines are methylated in mammals. 

However, there are stretches of DNA near promoter regions that 

have higher concentrations of CpG sites (known as CpG islands) 

that are free of methylation in normal cells. These CpG islands 

become excessively methylated in cancer cells, thereby causing 

genes that should not be silenced to turn off. This abnormality is 

the trademark epigenetic change that occurs in tumors and 

happens early in the development of cancer [12].

Hypermethylation of CpG islands can cause tumors by shutting 

off tumor-suppressor genes. In fact, these types of changes may be 

more common in human cancer than DNA sequence mutations . 

Furthermore, although epigenetic changes do not alter the 

sequence of DNA, they can cause mutations. About half of the genes 

that cause familial or inherited forms of cancer are turned off by 

methylation. CpG island of the promoter of the DNA-repair genes 
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h M L H 1 ,  B R C A 1 ,  M G M T  ( O 6 - m e t h y l g u a n i n e – D N A  

methyltransferase), and the gene associated with Werner's 

syndrome (WRN). In each case, silencing of the DNA-repair gene 

blocks the repair of genetic mistakes, thereby opening the way to 

neoplastic transformation of the cell, suppress tumor formation 

and help repair DNA, including O6-methylguanine-DNA 

methyltransferase (MGMT), MLH1 cyclin-dependent kinase 

inhibitor 2B (CDKN2B), and RASSF1A. For example, 

hypermethylation of the promoter of MGMT causes the number 

of G-to-A mutations to increase [13]. Hypermethylation can also 

lead to instability of microsatellites, which are repeated 

sequences of DNA. Microsatellites are common in normal 

individuals, and they usually consist of repeats of the 

dinucleotide CA. Too much methylation of the promoter of the 

DNA repair gene MLH1 can make a microsatelliteunstable and 

lengthen or shorten it. Microsatellite instability has been linked 

to many cancers, including colorectal, endometrial, ovarian, and 

gastric cancers.

The low level of DNA methylation in tumors as compared with 

the level of DNA methylation in their normal-tissue counterparts 

was one of the first epigenetic alterations to be found in human 

cancer. The loss of methylation is mainly due to hypomethylation 

of repetitive DNA sequences and demethylation of coding 

regions and introns — regions of DNA that allow alternative 

versions of the messenger RNA (mRNA) that is transcribed from 

a gene. A recent large-scale study of DNA methylation with the 

use of genomic microarrays has detected extensive 

hypomethylated genomic regions in gene-poor areas. During the 

development of a neoplasm, the degree of hypomethylation of 

genomic DNA increases as the lesion progresses from a benign 

proliferation of cells to an invasive cancer [14].

Mass spectrometry, the most reliable method for detecting 

changes in histones, is time-consuming and highly specialized. 

Moreover, histone modifications occur in different histone 

proteins, histone variants (e.g., H3.3), and histone residues such 

as lysine, arginine, and serine. These modificationsalso involve 

different chemical groups (e.g., methyl, acetyl, and phosphate) 

and have di f ferent  degrees  of  methylat ion (e .g . ,  

monomethylation, dimethylation, and trimethylation). 

Acetylation and methylation of histones have direct effects on a 

variety of nuclear processes, including gene transcription, DNA 

repair, DNA replication, and the organization of chromosomes 

[15] . Generally, histone acetylation is associated with 

transcriptional activation, but the effect of histone methylation 

depends on the type of amino acid and its position in the histone 

tail. The many permutations and combinations form a complex 

web of histone modifications.

Short, 22-nucleotide, noncoding RNAs that regulate gene 

expression by sequence-specific base pairing in the 3' 

untranslated regions of the target mRNA are called miRNAs. The 

result is mRNA degradation or inhibition of translation. Patterns 

of miRNA expression are tightly regulated and play important 

roles in cell proliferation, apoptosis, and differentiation. The 

number of human genes known to lose activity as a result of the 

binding of an miRNA to the untranslated regions of the mRNA is 

growing rapidly. Recent studies have shown that profiles of 

miRNA expression differ between normal tissues and tumor 

tissues and among tumor types. Down-regulation of subgroups 

of miRNAs, a common finding implies a tumor-suppressor 

function for miRNAs, as in the examples of downregulated let-7 

and miR-15/miR-16, which target the RAS and BCL2 oncogenes, 

respectively [17,18].

Influence of dietary factors on cancer cell metabolism and 

epigenetic mechanisms

It has been estimated that about 30% of all cancers in Western 

high-income societies a causally related to food and nutrition. 

However, diet is also a source of bioactive food components with 

cancer preventive potential. So far, only few dietary agents have 

been described that are able to suppress tumor-specific 

metabolic pathways. The recent emergence of technologies that 

allow sensitive monitoring of cell metabolism via the detection 

of small molecule metabolites (metabonomics) will be 

instrumental for the identification and mechanistic 

investigations of bioactive food components with influence on 

cancer cell metabolism. On the other hand, accumulating 

evidence over the past few years indicates that natural products 

and dietary constituents have an impact on epigenetic 

mechanisms, including DNA and histone methylation, 

acetylation of histones and nonhistone proteins, and miRNA 

expression. Food bioactive compounds targeting the epigenome 

include micronutrients (folate, selenium, retinoic acid, Vit. D and 

E), the carbohydrate fermentation product butyrate, 

polyphenols (from green tea, apples, coffee, and other dietary 

sources), genistein and soy isoflavones, curcuminound in curry, 

e l lag i tannin  from berr ies ,  indol-3-carbinol   and 

diindolylmethane derived from cruciferous vegetables, the 

lignan nordihydroguaiaretic acid, lycopene from tomatoes, 

sulfur-containing compounds from Allium and cruciferous 

vegetables (such as sulforaphane, phenylethyl isothiocyanate 

and diallyldisulfide), compounds affecting sirtuin activity 

(resveratrol, dihydrocoumarin, cambinol), inhibitors of histone 

acetyl transferases (anacardic acid, garcinol, ursodeoxycholic 

acid), and modulators of histone lysine methylation [19, 20] .

By targeting epigenetic mechanisms they affect signal 

transduction pathways mediated by nuclear receptors and 

transcription factors such as NF-kB, cell cycle progression, 

cellular differentiation, induction of apoptosis, senescence and 

others. Investigations on whether their influence on epigenetic 

mechanisms might normalize alterations in cancer cell 

metabolism might be an interesting field of future research.

Role of Epigenetic Alterations in Chemical Carcinogenesis

Many environmental and occupational exposures to natural 

substances, man-made chemical and physical agents are 

considered to be causative of human cancer. In a broad sense, 

carcinogenesis may be induced through either genotoxic or non-

genotoxic mechanisms. Genotoxic carcinogens are agents that 

interact directly or after metabolic activation with DNA, causing 

mutations and leading to tumor formation. Non-genotoxic 

carcinogens are a diverse group of chemical compounds that are 

known to cause tumors by mechanisms other than direct 
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damage to DNA. The emphasis in carcinogenesis research, until 

recently, has focused mainly on the investigation of various 

molecular signaling events, DNA damage, DNA adduct repair, and 

genetic aberrations, despite the fact that the importance of 

epigenetic mechanisms in carcinogenic process was first 

suggested by Miller in 1970  .

Arsenic

 Arsenic was classified as a known human carcinogen by the 

International Agency for Research on Cancer (IARC) in 2004, 

when sufficient evidence for human carcinogenicity became 

available; even though limited evidence for animal 

carcinogenicity of arsenic existed. Several potential mechanisms 

have been proposed to explain arsenic-induced carcinogenesis, 

including induction of oxidative stress, DNA–protein 

crosslinking, chromosomal aberrations, disruption of signaling 

pathways, and epigenetic dysregulation, particularly DNA 

demethylation. In addition to global and gene-specIfic [21, 22] 

DNA hypomethylation, arsenic exposure causes concurrent 

methylation-induced transcriptional silencing of a number of 

tumor suppressor genes, including p53, CDKN2A (p16 INK4A) , 

Ras association domain family member 1 ( RASSF1A ), and 

death-associated protein kinase (DAPK) , various histone 

modification changes, and alterations in miRNA expression [ 23 ] 

1,3 - Butadiene

The gaseous olefin 1,3-butadiene is a major industrial 

chemical monomer widely used in production of synthetic 

rubber, resins, and plastic. It is well-established that methylation 

of lysine residues 9 and 27 at histone H3 and lysine 20 at histone 

H4 plays a fundamental role in the formation of a condensed 

heterochromatin structure and transcriptional repression. 

Hence, loss of H3K9 and H4K20 trimethylation induced by 1,3-

butadiene-exposure may compromise genomic stability via 

chromatin relaxation and activation of mobile repetitive 

elements. Indeed, a recent report showing decondensation of 

chromatin and activation of main repetitive elements in the 

livers of 1,3-butadiene-exposed C57BL/6J mice support this 

suggestion [ 24 ] . Additionally, an open chromatin structure may 

increase further vulnerability of DNA to the genotoxicity of 

reactive 1,3-butadiene metabolites.

Pharmaceuticals

Diethylstilbestrol is a synthetic non-steroidal estrogen that 

was widely used to prevent potential miscarriages and as 

emergency contraceptive (morning-after pill). Currently, 

diethylstilbestrol is classified by the IARC as a known human 

carcinogen. Perinatal exposure to diethylstilbestrol causes 

persistent demethylation and transcriptional activation of 

several critical cancer-related genes in the mouse uterus, 

including lactoferrin (Lf) , nucleosomal binding protein 1 ( 

Nsbp1 ), and c –fos [25].

Tamoxifen is a selective non-steroidal anti-estrogen, is a 

widely used drug for chemotherapy and for chemoprevention of 

breast cancer worldwide. However, recently the IARC classified 

tamoxifen as a known human carcinogen based on evidence for 

endometrial canceR. One of the possible mechanisms of 

carcinogenic effects of tamoxifen in the uterus is tamoxifen-

induced gene expression changes [26,27], particularly, 

hypomethylation-linked activation of paired box 2 ( PAX2 ) gene  

.

Phenobarbital is widely used anticonvulsant worldwide, is a 

well-established mitogenic non-genotoxic rodent liver 

carcinogen. It is known to increase cell proliferation, alter cell 

cycle checkpoint control, including delaying and attenuating the 

G1 checkpoint, inhibit the induction of p53, thereby resulting in 

accumulation of DNA damage, and induce extensive epigenetic 

abnormalities. Number of hypermethylated regions was 

noticeably smaller than hypomethylated regions, among which 

cytochrome P450, family 2, subfamily b, polypeptide 10 

(Cyp2b10) gene is concomitantly hypomethylated and 

transcriptionally activated early after Phenobarbital treatment [ 

28 ] .

Oxazepam is widely used as a sedative-hypnotic and 

antianxiety drug. oxazepam-induced tumors display a decreased 

expression of Apc and phosphatase and tensin ( Pten ) homolog 

tumor suppressor genes and genes involved in regulation of DNA 

methylation and histone modi fi cation [ 29] .

Biological Agents

Mycotoxins are structurally diverse class of molecules of 

fungal origin that are common contaminants of the human and 

animal food products. It is well-established that aflatoxin B₁ , 

fumonisin B₁ , and ochratoxin A are genotoxic carcinogens; 

however, accumulating evidence indicates that their 

carcinogenicity involves also a complex network of epigenetic 

alterations [ 30] .

AfLatoxin B₁  induces several epigenetic abnormalities that 

may induce and promote tumor development. Specifically, 

exposure to aflatoxin B₁  causes methylation induced 

transcriptional silencing of MGMT, p16 INK4A and RASSF1A 

genes, a fundamental epigenetic event in liver carcinogenesis 

[31]. Conversely, aflatoxin B₁ is a strong inducer of epigenetically 

regulated SNCG gene. Studies has demonstrated that cytosine 

methylation at the CpG site at codon 14 of the K-ras gene is the 

major reason for preferential aflatoxin B₁ induced DNA-adduct 

formation at this codon in normal human bronchial epithelial 

cells [32]. 

Fumonisin B₁ , in addition to various genotoxic and non-

genotoxic alterations, increases the level of 5-methylcytosine in 

genomic DNA from 5 to 9% in human intestinal Caco-2 cells [33]. 

Helicobacter pylori infection is associated with development 

of gastric cancer, one of the most prevalent human cancers 

worldwide. The results of several comprehensive studies 

indicate that H. pylori infection causes marked DNA methylation 

changes in infected normal or preneoplastic gastric mucosa [34]. 
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CONCLUSION

Recognition of the fundamental role of epigenetic alterations 

in cancer has resulted in the identification of numerous 

epigenetic abnormalities that may be used as potential 

biomarkers for the molecular diagnosis of cancer and prognosis 

of survival or treatment outcome metabolic processes are 

involved in providing essential co-factors for epigenetic 

mechanisms such as DNA methylation and acetylation reactions. 

Alterations studies to better define their impact on epigenetics 

and cancer cell metabolism and understand mechanistic links. In 

cancer, cell metabolism might therefore shift the availability of 

co-factors and influence epigenetic gene regulation. In 

combination with genome wide detection methods for 

epigenetic alterations and bioinformatic tools to systematically 

integrate available information, systems are available to address 

open questions in future.
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