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Molecular alterations in hepatocarcinogenesis induced

by dietary methyl deficiency
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A chronic deficiency of major dietary methyl group donors — methionine, choline, folic acid,
and vitamin Bj, — can induce the development of liver cancer in rodents. Feeding methyl-
deficient diets causes several molecular alterations, including altered lipid metabolism,
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oxidative stress, deregulated one-carbon metabolism, and a number of epigenetic abnorm-
alities that result in progressive liver injury culminating in the development of primary liver
tumors. Importantly, this methyl-deficient model of endogenous hepatocarcinogenesis is one
of the most relevant models of human liver carcinogenesis that allows studying liver cancer
pathogenesis by substantially complementing many shortcomings of humans-only studies.
In this review, we describe molecular changes and their role in pathogenesis of liver carci-

nogenesis induced by methyl deficiency.

Keywords:

DNA methylation / Hepatocarcinogenesis / Histone methylation / Methyl-deficient diet /

MicroRNA

1 Introduction

Emerging evidence suggests that nutritional status plays an
important role in etiology and pathogenesis of cancer by
causing and/or enhancing tumor development, or by
preventing and/or inhibiting tumorigenesis [1-5]. This is
supported by a wealth of epidemiological evidence showing
positive or negative correlations between the intake of
nutrients and human cancer incidence [6-8] and is also
supported by numerous experimental observations showing
that the tumor incidence in various animal cancer models
can be profoundly influenced by manipulating dietary
components [2]. Uncovering the mechanisms underlying
the action of dietary components associated with the onco-
genic processes is important for understanding the mole-
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cular events that promote tumorigenesis and may play a role
in cancer prevention.

A chronic deficiency of the major dietary methyl group
donors — methionine, choline, folic acid, and vitamin
B;, — can induce the development of liver cancer in rodents,
as was first reported by Copeland and Salmon in 1946 [9].
Over the years, a number of comprehensive studies have
demonstrated that diets lacking methyl donors may act as
co-carcinogens [10-12] and, more importantly, as complete
carcinogens that can induce liver tumor formation in the
absence of any exogenous carcinogens [11, 13-18]. All
formulations of “lipogenic methyl-deficient diets”, i.e.
choline-deficient, methionine-choline-deficient, methionine-
choline-folic acid-deficient [14-18], provoke several similar
molecular alterations, including altered lipid metabolism,
oxidative stress, deregulated one-carbon metabolism, and a
number of epigenetic abnormalities that result in progres-
sive liver injury culminating in the development of primary
liver tumors. More importantly, this methyl-deficient model
of endogenous hepatocarcinogenesis is one of the most
relevant models to study the pathogenesis of (i) human liver
carcinogenesis [17, 19] because the sequence of pathological
and molecular events is remarkably similar to the develop-
ment of human hepatocellular carcinomas; and (ii) non-
alcoholic fatty liver disease/non-alcoholic steatohepatitis
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[20, 21], a major risk factor for development of hepatocel-
lular carcinomas in developed countries [22, 23].

In this review, we describe molecular changes induced by
methyl-deficient diets and highlight their role in pathogen-
esis of liver carcinogenesis.

2 Deregulated one-carbon metabolism

Methionine, choline, folic acid, and vitamin B, are essential
for the proper functioning of several main interdependent
cellular metabolic processes critical for the biosynthesis of
S-adenosyl-L-methionine (SAM), the major methyl donor for
cellular methylation reactions. SAM is synthesized from
t-methionine and adenosine by an ATP-dependent reaction
catalyzed by methionine adenosyltransferase [24] in the cytosol
of every cell (Fig. 1); however, the liver is the primary location
for SAM Dbiosynthesis and degradation [25]. SAM is a key
component in transmethylation, transsulfuration, and poly-

Pol arnlnes

Decnrboxylated SAM

cozq\l PPi, Pi ATP

SAM Methionine
Dlmethvlgiycine
Cellular
Methylation Betaine
SAH Homocystein

Adenosine
Cystathionine

117

amine synthesis pathways [26, 27]. In the transmethylation
pathway, SAM donates its methyl group to a broad spectrum
of substrates, i.e. phospholipids, proteins, neurotransmitters,
DNA, and RNA, in reactions catalyzed by substrate-specific
methyltransferases. In the transsulfuration pathway, SAM is
an important precursor for glutathione biosynthesis. In the
synthesis of polyamines, SAM is decarboxylated and the
remaining propylamino moiety is donated to either putrescine
to form spermidine and methylthioadenosine or to spermidine
to form spermine and methylthioadenosine.

In the transmethylation pathway, after transfer of the
methyl group, SAM is converted to S-adenosyl-i-homo-
cysteine (SAH) within the active site of the methyltransfer-
ase enzyme [28]. SAH is a potent competitive inhibitor of
virtually all methylation reactions [26, 29], and since most of
cellular methyltransferases bind SAH with greater affinity
than SAM, the efficiency of methyltransferase reactions is
absolutely dependent upon the prompt removal of SAH.
This is effectively achieved by SAH hydrolase, which
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Figure 1. Pathways of methionine metabolism in mammalian cells. S-Adenosylmethionine (SAM) is synthesized from L-methionine and
adenosine by an ATP-dependent reaction catalyzed by methionine adenosyltransferase (MAT). In the transmethylation pathway, SAM
donates its methyl group in cellular methylation reactions catalyzed by methyltransferases (MT) and is converted to S-adenosylhomo-
cysteine (SAH). In polyamine synthesis, SAM is decarboxylated and the remaining propylamino moiety is donated for biosynthesis of
polyamines. SAH is hydrolyzed by SAH hydrolase (AHCY) to homocysteine and adenosine. Homocysteine can be (i) remethylated to
methionine either in a folate/Bi,-dependent methionine synthase (MS) reaction or a betaine-homocysteine methyltransferase (BHMT)
reaction; or (ii) converted to glutathione by cystathionine p-synthase (CBS) and cystathionine y-lyase (CTH) in a transsulfuration pathway.
Additionally, these metabolic pathways are tightly connected with folate-dependent DNA synthesis, since 5,10-methylenetetrahydrofolate
(5,10-CH,-THF) is not only a substrate for methylenetetrahydrofolate reductase (MTHFR), but also for thymidylate synthase (TS) and
methylenetetrahydrofolate dehydrogenase (MTHFD) enzymes responsible for biosynthesis of thymidine monophosphate (dTMP) and
purines, respectively.
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catalyzes the conversion of SAH, in a reversible reaction, to
homocysteine and adenosine. Since the equilibrium
constant of SAH hydrolase favors SAH synthesis, the
hydrolysis of SAH greatly depends on the efficient removal
of homocysteine (Fig. 1).

Homocysteine can be removed via remethylation to
methionine in a folate/B;,-dependent methionine synthase
(methylfolate-homocysteine  methyltransferase) reaction
and/or a betaine-homocysteine methyltransferase reaction.
Betaine-homocysteine methyltransferase uses betaine, a
metabolite of choline, as the methyl donor for homocysteine
methylation. A third route of homocysteine removal is the
irreversible transsulfuration pathway, which involves two
pyridoxal phosphate-dependent enzymes cystathionine
B-synthase and cystathionine y-lyase. Consequently,
continuous homocysteine recycling or removal is necessary
for the methionine cycle, choline synthesis, and folate
diversion for nucleotide synthesis. Therefore, homocysteine
is a key branching point metabolite point for methionine,
choline, folate, and vitamin B, and Bs metabolic pathways
[30]. Exogenous dietary deficiency in any of these nutrients
results in profound dysregulation and imbalance within
these several interdependent metabolic processes. Addi-
tionally, these metabolic pathways are tightly connected with
folate-dependent DNA synthesis, because 5,10-methylene-
tetrahydrofolate is not only a substrate for methylenete-
trahydrofolate reductase, but also for thymidylate synthase
and methylenetetrahydrofolate dehydrogenase (Fig. 1), key
enzymes that are required for biosynthesis of thymidine
monophosphate and purines for DNA synthesis, respec-
tively [31, 32).

The administration of the methyl-deficient diets is
generally associated with decreased levels of SAM, an
increased content of SAH, and decreased SAM/SAH
ratios in the livers of male rats and mice [33-35]. Impor-
tantly, these changes occur rapidly and persist in preneo-
plastic and neoplastic liver tissues. Similar changes have
been found with adequate levels of methyl donors during
chemically induced liver carcinogenesis [36-39]. The aber-
rant SAM content may contribute to liver carcinogenesis
through multiple mechanisms, including altered cellular
methylation reactions, induction of oxidative stress, dysre-
gulated cell proliferation and apoptosis, and altered DNA
repair.

3 Altered lipid metabolism

In addition to rapid SAM depletion, the initial changes in
the livers of rats or mice fed methyl-deficient diets include a
rapid — within days of administering the diets — increase in
the accumulation of intrahepatic triglycerides [19, 40, 41].
This accumulation has been attributed to increased long-
chain fatty acid uptake, increased de novo triglyceride
synthesis, compromised de novo lipogenesis, and altered
fatty acid B-oxidation [19, 40, 42]. Also, a lack of choline
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impairs biosynthesis of phosphatidylcholine, which affects
lipid export because phosphatidylcholine is a major
constituent of very low-density lipoprotein that transports fat
from liver to peripheral tissues [40]. Additionally, choline
deficiency causes a marked accumulation of 1,2-diradylgly-
cerol [43], a key intermediate in the triglyceride and
phosphatidylcholine biosynthesis. 1,2-Diradylglycerol is also
an important lipid second messenger involved in prolif-
erative signaling via activation of protein kinase C [44].
Feeding rat a choline-deficient diet causes a rapid and stable
increase in hepatic 1,2-diradylglycerol concentration
accompanied by a sustained up-regulation of protein kinase
C [16, 44, 45]. It is widely believed that these alterations may
be major procarcinogenic events induced by choline defi-
ciency.

Feeding methyl-deficient diets results in a significant
alteration in expression of numerous genes involved in lipid
metabolism [19, 40], including the gene encoding stearoyl-
coenzyme A desaturase-1 (Scdl). This is one of the most
significantly down-regulated genes in the livers of animals
exposed to methyl deficiency [40, 46, 47]. Scdl is a key
regulator of intracellular fatty acid composition. This
enzyme converts saturated fatty acids into monounsaturated
fatty acids, such as palmitoleic and oleic acids, key
substrates for the formation of triglycerides, phospholipids,
and cholesterol [47, 48]. Therefore, marked down-regulation
of the Scdl gene may enhance accumulation of saturated
free fatty acids and lead to the induction of oxidative stress
and lipid peroxidation in the liver.

4 Induction of oxidative stress

Dietary methyl deficiency causes the induction of “oxidative
stress” in the livers of exposed rats and mice. Reactive
oxygen species (ROS) and reactive nitrogen species (RNS)
are necessary for numerous cellular physiologic functions of
hepatocytes, including cell signaling, oxidative respiration,
microsomal defense, and apoptosis [49]. However, when
generation of ROS and/or RNS exceeds the capacity of the
cellular antioxidant defense system to control their produc-
tion oxidative stress arises [50]. Methyl deficiency promotes
oxidative stress by several possible mechanisms, including
alterations in mitochondrial metabolism, increased
production of oxygen/nitrogen free radicals, increased lipid
peroxidation, reduction of intracellular and mitochondrial
levels of reduced glutathione, depletion of the antioxidant
defense system, and altered DNA repair [19, 51-57]. In liver,
an excess of ROS and RNS generation causes, directly or
indirectly, chemical modifications of DNA, proteins, and
lipids. For instance, ROS induce either direct damage to
DNA and proteins or indirect damage through alterations in
lipid metabolism (e.g. induction of lipid peroxidation), in
which metabolites are also damaging agents. These ROS-
and RNS-induced chemical modifications of DNA, proteins,
and lipids result in their functional inactivation causing
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damage to all of the cells present in the liver, including
hepatocytes, stellate cells, Kupffer cells, and endothelial
cells, leading ultimately to the malignant transformation
[58].

5 DNA damage

One of the main consequences of oxidative stress is an
induction of DNA damage that is evidenced by sequential
accumulation of 8-oxodeoxyguanosine in DNA and single-
strand DNA breaks [59, 60] and the up-regulation of genes
involved in the base excision DNA repair pathway [19, 60].
The results of numerous studies have established that
feeding methyl-deficient diets results in sequential
progressive accumulation of 8-oxodeoxyguanosine in DNA
[59] and increased expression of base excision repair genes,
including Oggl, Parp, Ape, and Polp [19, 60]. The over-
expression of these genes is considered a sensitive in vivo
biomarker of persistent oxidative damage to DNA [61].

Oxidative stress has long been known to contribute to
carcinogenesis, mainly via the induction of oxidative
damage to DNA, which is widely believed to play a critical
role in the initiation of carcinogenesis [62]. However, despite
the fact that direct damage to DNA is one of the key events,
it is highly unlikely that it is sufficient for cancer develop-
ment [63]. For example, elevated levels of oxidative DNA
lesions are not always associated with increased cancer
incidence.

In addition to oxidative DNA lesions, DNA isolated from
animals fed methyl-deficient diets, especially those that
contain low levels of folic acid or vitamin Bj,, is character-
ized by a greater level of uracil misincorporation [64, 65].
Folic acid plays a fundamental role in the synthesis of
purine ring and de novo thymidylate biosynthesis (Fig. 1).
Thymidylate synthase converts deoxyuridine monopho-
sphate to thymidine monophosphate by using 5,10-methy-
lenetetrehydrofolate as a methyl donor. Low dietary folate
leads to a decrease in intracellular level of tetrahydrofolates,
particularly 5,10-methylenetetrehydrofolate, and, subse-
quently, to an imbalance in nucleotide precursors for DNA
synthesis [66, 67]. The results of numerous comprehensive
studies have established that feeding a folate-methyl-defi-
cient diet is associated with the accumulation of deoxyur-
idine monophosphate and misincorporation of uracil into
DNA in place of thymine [65-67] leading consequently to
genomic instability, especially under defects in folate
metabolism [68].

6 Epigenetic alterations

The most widely investigated hypothesis for the carcino-
genic properties of methyl-deficient diets is that dietary
methyl insufficiency results in variety of cancer-related

epigenetic abnormalities.
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6.1 DNA methylation changes

One of the earliest epigenetic changes during hepatocarci-
nogenesis induced by diets lacking methyl donors is a
sustained demethylation of genomic DNA [13, 15-18] that
occurs almost exclusively in the livers of methyl-deficient
animals [69]. The results of numerous studies have
suggested that this demethylation event is mainly
associated with decreased levels of SAM, an increased SAH
content, and a decreased SAM/SAH ratio [13], and altered
expression/activity of DNA methyltransferases [70].
However, the results of our studies, contrary to previous
reports, demonstrated that in addition to the inadequate
levels of methyl donors, compromised integrity of
DNA induced by methyl-deficient diets is a significant
contributor to DNA hypomethylation [60]. This DNA hypo-
methylation may be attributed to the induction of DNA
lesions, specifically 8-oxodeoxyguanosine, uracil, and, espe-
cially, 5-hydroxymethylcytosine [17, 71-73]. The presence of
these lesions in DNA severely compromises the ability of
DNA methyltransferases to methylate the target cytosine
and leads to demethylation of DNA [71]. In addition, acti-
vation of DNA repair pathway promotes active demethyla-
tion of DNA [74].

DNA hypomethylation represents one of the two major
DNA methylation states and refers to a relative situation in
which there is a decrease from the “normal” methylation
level. The methylation landscape of mammalian genomes
consists of short (<4kb) unmethylated CpG-island-
containing domains embedded in a matrix of long stably
methylated domains, which are composed predominantly of
interspersed and tandem repetitive sequences and exons
distal to first exons [75, 76]. A decrease in DNA methylation
largely affects only these specific areas of the genome.
Hypomethylation of DNA was the first epigenetic abnorm-
ality identified in cancer more than a quarter century ago
(reviewed in [77]), and it continues to be a central feature
and one of the most common molecular alterations in all
major human cancers, including liver cancer [78-80].
However, a decrease in DNA methylation, by itself, may not
be sufficient to explain its role in tumorigenesis, because
loss of DNA methylation could simply be a secondary
consequence of malignant cell transformation reflecting the
undifferentiated state of tumors. To provide evidence that
DNA hypomethylation has a significant role in cancer
development, it is necessary to demonstrate that: (i) the loss
of DNA methylation occurs at a considerable frequency at
early stages of carcinogenesis; (ii) changes occurring at
preneoplastic stages are also present during later stages of
cancer development; (iii) additional changes in methylation
are acquired during tumor progression; and (iv) a mechan-
istic link exists between hypomethylation of DNA and
cancer development.

Numerous studies using methyl-deficient models of
hepatocarcinogenesis have demonstrated: (i) the frequent
loss of genome-wide DNA methylation in the livers of rats
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and mice fed methyl-deficient diets occurs rapidly and is
associated with the development of preneoplastic foci
[41, 69, 81]; (ii) a greater degree of DNA hypomethylation in
liver tumors compared with preneoplastic tissues [82, 83];
and (iii) cumulative methylation changes during cancer
progression [84]. Together, these studies provide convincing
evidence that loss of DNA methylation during hepatocarci-
nogenesis is not a secondary event.

The mechanistic link between DNA demethylation and
cancer development is directly related to alterations in the
methylation landscape of mammalian genomes. As
mentioned above, loss of DNA methylation largely affects
areas of the genome composed of repetitive sequences
and exons other than first exons. There are three
well-established consequences associated with demethyla-
tion of DNA at these regions that may contribute to
tumorigenesis.  First, demethylation of repetitive
sequences located at centromeric, pericentromeric, and
subtelomeric chromosomal regions may cause the induction
of chromosomal abnormalities. For example, the recent
findings have demonstrated that DNA hypomethylation at
the centromeric regions causes permissive transcriptional
activity at the centromere [85] and the subsequent
accumulation of small minor satellite transcripts that
impair centromeric architecture and function. Similarly,
hypomethylation of the subtelomeric regions is associated
with enhanced transcription of the telomeric region [86].
Second, hypomethylation of retroviral mobile repetitive
elements causes their activation and transposition [87],
which may lead to genomic instability. Third, in addition to
loss of repetitive element DNA methylation, methyl-
deficient diets may promote liver carcinogenesis by causing
demethylation-induced activation of critical proto-onco-
genes, including ¢-myc, c-fos, and ¢-H-ras [13, 14]. The causal
role of these alterations in carcinogenesis is now commonly
accepted.

DNA hypermethylation is the alternative state of DNA
methylation referring to the relative increase of methylation
at normally unmethylated genomic regions, especially at
CpG islands. Promoters and first exons of the majority of
genes (>60%) in the genome are enriched in unmethylated
domains and depleted in methylated domains [75]. In
normal cells, CpG sites located in CpG islands are
undermethylated, while most of the remaining CpG
sites are methylated. Previous studies have demonstrated
that feeding rats methyl-deficient diets causes
hypermethylation of tumor-suppressor genes, including
p53, p16™%*, PtprO, Cdh1, and Cx26 [88-91]; however, it is
unclear whether these hypermethylation events are
caused by methyl deficiency or are a consequence of the
carcinogenic process. Recently, by using gene expression
and CpG island microarrays, we demonstrated that feeding
a methyl-deficient diet results in early hypermethylation and
transcriptional silencing of a number of genes prior to
formation of putative preneoplastic lesions in the livers of
mice [92].
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6.2 Histone modification changes

DNA methylation changes induced by methyl deficiency are
not isolated events. They occur in the environment of large-
scale disruption of the cellular epigenome and are associated
primarily with alteration of histone modifications, especially
acetylation, methylation, phosphorylation, biotinylation, and
ubiquitylation. These histone marks are essential for orga-
nizing higher order chromatin structure, maintaining
genome stability, silencing repetitive DNA elements, regu-
lating cell-cycle progression, recognizing DNA damage sites
and initiating/allowing DNA repair, and proper expression
of genetic information [93, 94].

Similar to alterations in DNA methylation, histone
modifications induced by methyl-deficient diets occur on
both genome-wide and gene-specific scales. Feeding a
methyl-deficient diet results in a rapid and progressive
decrease in hepatic histone H3 lysine 9 trimethylation
(H3K9me3), histone H3 lysine 9 acetylation (H3K9ac), and
histone H4 lysine 20 trimethylation (H4K20me3) and an
increase in histone H3 serine10 phosphorylation (H3S10ph)
[35, 95, 96]. Among these changes, a decrease in the levels of
H4K20me3 is the most pronounced and consistent. Several
possible explanations exist for the mechanism of loss
trimethylation of H3K9 and H4K20. First, it may be attrib-
uted to reduced histone methyltransferase activity as
a result of a decreased SAM levels, an increased SAH
content, and a decreased SAM/SAH ratio in the livers
of rats and mice fed methyl-deficient diets. Second, the loss
of histone trimethylation may be related to altered
expression of histone methyltransferases or to active
demethylation by histone demethylases. Feeding a methyl-
deficient diet results in decrease in H3K9 and H4K20
trimethylation that is accompanied by down-regulation of
Suv39hl, Prdm2/Rizl, and Suv420h2 histone methyl-
transferases [96, 97]. Importantly, these changes occur prior
to formation of preneoplastic lesions and gradually progress
in parallel with the formation of liver tumors. Third, since
the trimethylation status of histone H3K9 and histone
H4K20 is linked intimately to the degree of DNA methyla-
tion, the loss of H3K9me3 and H4K20me3 in the livers may
be affected by the loss of DNA methylation induced by
methyl deficiency.

Collectively, H4K20me3 and H3K9me3, along with
H3K27me3, are among the most prominent marks of
constitutive heterochromatin that affect higher order
chromatin  structure [98-101]. Additionally, histone
H4K20me3 is located predominantly in centromeric, peri-
centromeric, and telomeric regions and plays fundamental
role in genomic stability by silencing repetitive elements
[99, 102, 103]. Therefore, the loss of H3K9me3 and
H4K20me3 markedly compromises genome stability,
diminishes the ability of cells to maintain cell-cycle arrest,
and severely impairs the viability of cells. Any or all these
changes may contribute to initiation and progression of
carcinogenic process.
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6.3 MicroRNA alterations

In addition to the importance of gene-specific DNA
methylation and histone modification changes in the
regulation of gene expression, accumulated findings
during the recent years have established a critical role of
microRNAs (miRNAs) as negative regulators of gene
expression. Currently, there are more than 1200 mamma-
lian miRNAs that can potentially target up to one-third of
the protein-coding genes involved in diverse physiological
and pathological processes. The first evidence indicating
that miRNAs may play an important role in rat hepato-
carcinogenesis induced by a methyl-deficient diet
was reported by Kutay et al. [104], who showed altered
expression of miRNAs, especially decreased expression of
microRNA miR-122 in preneoplastic and malignant liver
tissues. Since then, a large amount of data have documented
a substantial microRNAone deregulation not only in liver
tumors induced by methyl deficiency, but also in preneo-
plastic pathological states linked to hepatocarcinogenic
process [105, 106]. The changes in miRNA expression,
especially down-regulation of miR-122 and miR-29,
and up-regulation of miR-34a, miR-155, and miR-221 are
associated with key pathophysiological and pathomorpho-
logical features of methyl-deficient liver carcinogenesis,
including altered lipid metabolism, induction of oxidative
stress, dysregulated cell proliferation and apoptosis, and
altered DNA  methylation reactions. Interestingly,
similar pattern of miRNA expression is specific to preneo-
plastic liver pathological states (e.g. non-alcoholic steatohe-
patitis) and full-fledged hepatocellular carcinoma in humans
(107, 108].

7 Concluding remarks

A large body of evidence indicates that any of the above-
mentioned molecular aberrations may be significant in
hepatocarcinogenesis induced by methyl deficiency;
however, not all aberrations are equally important for the
tumorigenic process. Specifically, it is highly unlikely that
all of the described changes play a causative role in tumor-
igenesis. For example, some changes may drive other events
that contribute to the formation of a transformed phenotype,
while others may be passenger events that accompany the
transformation process. In this respect, the identification of
alterations that drive and promote cell transformation is
crucially important for understanding mechanisms of
cancer progression and prevention.

It is well established that for any carcinogen-induced
preneoplastic alteration to be considered as neoplastic, it
needs to be stably maintained after the initiating factor
has been removed. Previously, we and other investigators
evaluated the evolution of hepatic molecular alterations
induced by methyl deficiency after re-feeding a diet with an
adequate level of methyl donors [34, 45, 60]. Only this
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approach allows discrimination between carcinogenic
and non-carcinogenic changes, because only changes that
persist after removal of carcinogen are regarded as
neoplastic. The results of those studies have demonstrated
that only epigenetic alterations, but not metabolic, DNA
damage, or other molecular abnormalities persist after
removal of the methyl-deficient diet [34, 60]. While these
results do not diminish the importance of other changes
during carcinogenesis, they signify the important role of
epigenetic changes as a driving force in progression of
hepatocarcinogenesis.

The unique feature of epigenetic aberrations is their
reversibility. This is the foundation for a novel therapeutic
approach in cancer treatment termed ‘“‘epigenetic therapy”
[109, 110]. However, the timely correction of epigenetic
alterations may be even more important for the prevention
of cancer development [111]. Accumulating evidence
suggests that dietary components may be significant regu-
lators of the cellular epigenome by providing and main-
taining the adequate levels of metabolites, such as
S-adenosylmethionine, flavin adenine dinucleotide, nicotine
adenine dinucleotide, acetyl coenzyme A, and a-ketogluta-
rate, which are essential for normal DNA methylation and
various histone modification reactions [112]. Additionally,
epigenetic processes may be optimized by efficient func-
tioning of many intracellular metabolic pathways, including
transmethylation and transsulfuration pathways. In addi-
tion, the accurate maintenance of the cellular redox balance
by dietary antioxidants may also assure the normal status of
epigenomic homeostasis. This indicates clearly that early
identification and timely correction of epigenetic alterations
by dietary interventions is a promising avenue for cancer
prevention.

The views expressed in this paper do not necessarily represent
those of the U.S. Food and Drug Administration.

The authors have declared no conflict of interest.
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