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Abstract

Significance: The progressive, dose-dependent, and potentially reversible epigenetic changes observed in cancer
present new opportunities in cancer risk modification and prevention using dietary and lifestyle factors. Folate, a
water-soluble B vitamin, has been of intense interest because of an inverse association between folate status and
the risk of several malignancies (particularly colorectal cancer) and its potential to modulate DNA methylation.
Aberrant patterns and dysregulation of DNA methylation are mechanistically related to carcinogenesis. Recent
Advances: The effects of folate on DNA methylation patterns have recently been investigated in two important
life stages: pre- and early postnatal life and aging. Recent studies have demonstrated that folate exposure in the
intrauterine environment and early life and during the aging process may have profound effects on DNA
methylation with significant functional ramifications, including the risk of cancer. Critical Issues: Evidence from
animal, human, and in vitro studies suggest that the epigenetic effects of folate on DNA methylation are highly
complex. The effects are gene and site specific and appear to depend on cell type, target organ, stage of
transformation, the degree and duration of folate manipulations, interactions with other methyl group donors
and dietary factors, and genetic variants in the folate metabolic pathways. Future Directions: The potential for
folate to modulate DNA methylation and, thus, modify the risk of cancer in humans is worthy of further
investigation. Due to the complex relationship between folate exposure and DNA methylation, more elaborate
epidemiological, clinical, and mechanistic studies that determine the clinical, biological, and molecular effects of
folate are warranted. Antioxid. Redox Signal. 17, 302-326.

Introduction DNA Methylation

HE FIELD OF EPIGENETICS is the study of modifications of

DNA and DNA-binding proteins that alter the structure
of chromatin without altering the nucleotide sequence of
DNA; some of these modifications may be associated with
heritable changes in gene function (38). DNA methylation is
one epigenetic modification in particular, of which changes in
DNA methylation patterns have been shown to occur with the
development of cancer, specifically colorectal cancer (CRC).
The provision of folate, a water-soluble B vitamin, and the
synthetic form, folic acid (FA), are known to modulate DNA
methylation patterns. This has led to extensive research on
elucidating the role of folate and FA in epigenetic changes,
particularly related to the progression of cancer. The aim of
this review is to highlight the current literature investigating
this relationship, as well as the growing research areas ex-
amining the effects of folate status on DNA methylation
during the highly critical intrauterine developmental period
and during aging.

The inheritance of information based on gene expression
levels is known as epigenetics, as opposed to genetics, which
refers to the information transmitted on the basis of gene se-
quence (40). Epigenetic mechanisms include DNA methyla-
tion, covalent modifications of histones, and RNA
interference, all of which alter gene expression and function
(38). In contrast to genetic changes in human diseases, epi-
genetic changes are gradual in onset and progressive, their
effects are dose dependent, and are potentially reversible by
dietary and pharmacologic manipulations (11, 86).

Of the various epigenetic mechanisms, DNA methylation
of the cytosines located within the cytosine-guanine (CpG)
sequences is the most widely studied and well characterized.
DNA methylation is heritable, tissue- and, species specific,
and an important epigenetic inverse determinant in gene ex-
pression (11, 72). Methylation also plays a pivotal role in the
maintenance of DNA integrity and stability, and in chromatin
modifications (41, 72). In normal cells, up to 80% of all CpG
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sites in human DNA are methylated (41, 72). However, this
global methylation occurs primarily in the bulk of the genome
where CpG density is low, including exons, noncoding re-
gions, and repeat DNA sites, and allows correct organization
of chromatin in active and inactive states (Fig. 1) (61). By
contrast, most CpG rich areas clustered in small stretches of
DNA termed “CpG islands,” which span the 5 end of ap-
proximately half of all transcribed human genes including the
promoter, untranslated region, and exon 1, are unmethylated
in normal cells, thereby allowing transcription to occur (Fig. 1)
(41,72, 135). The methylation of promoter region CpG islands,
termed gene-specific methylation, causes stable, heritable
transcriptional silencing (41, 72). This is mediated by the
transcriptional repressor, methyl-CpG binding protein-2
(MeCP2), which binds methylated CpG islands and recruits a
complex containing a transcriptional co-repressor and a his-
tone deacetylase (16, 73). The deacetylation of histones sup-
presses transcription by allowing tighter nucleosomal
packaging, thus rendering an inactive chromatin conforma-
tion (15, 23).

DNA methylation is a dynamic process between active
methylation, mediated by CpG DNA methyltransferases
(DNMTT1, 3a, 3b) using S-adenosylmethionine (SAM) as the
methyl donor, and active and passive removal of methyl
groups from 5-methylcytosine residues by a purported de-
methylase (MBD2) (99). During embryogenesis, active and
passive demethylation of the paternal and maternal methyl-
ation patterns, respectively, occurs, which erases significant
parts of the parental DNA methylation. This is followed by de
novo methylation, which establishes a new DNA methylation
pattern soon after implantation, with methylation limited to
non-CpG island areas, except for the rare genes silenced in
normal cells (Fig. 2) (99, 133). Themaintenance of CpG DNA
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FIG. 1. Distribution of CpG dinucleotides in the human
genome and CpG methylation patterns in normal and tu-
mor cells. In contrast to methylated CpG sites in the CpG-
poor bulk of the genome and unmethylated CpG islands in
normal cells, cancer cells simultaneously harbor widespread
loss of methylation in the CpG depleted regions, where most
CpG dinucleotides should be methylated and gains in the
methylation of CpG islands in gene promoter regions. Open
circles represent unmethylated CpG sites, whereas filled cir-
cles are methylated CpG sites. Boxes 1, 2, and 3 represent
exons, and line between exons are introns. X at the tran-
scription start site represents transcriptional silencing.
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methyltransferase (DNMT1) uses hemimethylated sites that
ensure DNA methylation patterns, whereas de novo CpG
DNA methyltransferases (DNMT3a, 3b) do not require pre-
existing methylation and, therefore, establish a new DNA
methylation pattern (99).

DNA methylation is critically involved in regulating many
developmental and cellular processes, including embryonic
development, transcription, chromatin structure, X chromo-
some inactivation, genomic imprinting, and chromosome
stability (134). Aberrant patterns and dysregulation of DNA
methylation are mechanistically related to the development of
several human diseases, including cancer (41, 72).

Folate

Folate is a water-soluble B vitamin that is naturally present
in many foods, including green leafy vegetables, asparagus,
broccoli, Brussels sprouts, citrus fruit, legumes, dry cereals,
whole grain, yeast, lima beans, liver, and other organ meats.
FA is the fully oxidized monoglutamyl synthetic form of fo-
late that is commercially used in supplements and in fortified
foods (Fig. 3). Naturally occurring folates are very unstable,
rapidly lose their activity in foods, and are easily oxidized
under low pH (114). Folate bioavailability varies widely de-
pending on the food source and preparation method (114).
Approximately 50%-75% of the original folate values are lost
through food harvesting, storage, processing, and prepara-
tion (114). In contrast, FA is highly stable for months or even
years and has a higher bioavailability compared with natu-
rally occurring folates (114). FA is neither found in nature nor
is it a normal metabolite. It should be reduced, first to dihy-
drofolate (DHF) and then to tetrahydrofolate (THF) by DHF
reductase (DHFR) and methylated to 5-methylTHF (the pre-
dominant folate found in blood) in the liver and, to a lesser
degree, in the intestine (179), before it can enter the folate cycle
(Fig. 4). Since the capacity to reduce folate is limited, high
intakes of FA result in its appearance of being unaltered in
circulation (76).

Biochemical Functions of Folate

Folate participates in the transfer of one-carbon units in-
volved in nucleotide biosynthesis, methionine cycle, and bi-
ological methylation reactions (Figs. 4 and 5) (141). As an
essential cofactor for the de novo biosynthesis of nucleotides
(106, 141, 169), folate is important in DNA synthesis, stability
and integrity, and repair. In the methionine cycle, 5-methyl THF
transfers single methyl groups to homocysteine, catalyzed by
methionine synthase (20, 98), to synthesize methionine. This
ensures the provision of SAM, the primary methyl group donor
for most biological methylation reactions (84, 86). After donat-
ing the methyl group, 5-methylTHF is converted to THF and
then to 5,10-methyleneTHF by serine hydroxymethyltrans-
ferase (58, 155). 5,10-methyleneTHF is a key substrate in folate
metabolism, which can be directed toward nucleotide biosyn-
thesis or toward methionine regeneration (59). Methylene-
tetrahydrofolate reductase (MTHFR) catalyzes the irreversible
conversion of 5,10-methyleneTHF to 5-methylTHF (161).

Folate in Health and Disease

Folate plays an important role in human health and disease.
Folate deficiency has been linked to the development of
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FIG. 2. DNA methylation throughout the life cycle. DNA methylation patterns are reprogrammed during embryogenesis
by genome-wide demethylation after fertlization. Active demethylation of the paternal and passive demethylation of the
maternal genome erases significant parts of the parental DNA methylation patterns, followed by de novo methylation, which
establishes a new DNA methylation pattern soon after implantation when the blastocyst is formed. The maintenance of CpG
DNA methyltransferase (DNMT1) uses hemimethylated sites to ensure DNA methylation patterns, whereas de novo CpG
DNA methyltransferases (DNMT3a, 3b) do not require pre-existing methylation patterns. Later in life, factors such as aging,
cancer, and environmental exposures can cause epigenetic divergence with increased or decreased methylation levels.
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FIG. 3. Chemical structures of folic acid (A) and folate (B). Folic acid consists of three moieties: the pterin (or pteridine)
ring, which is conjugated to para-aminobenzoic acid (PABA) by a methylene bridge, which is, in turn, joined to a glutamic
residue via a peptide bond. Folic acid is the fully oxidized monoglutamyl form of this vitamin that is commercially used in
supplements and in fortified foods. Folate is the generic term referring to compounds that have similar chemical structures
and nutritional properties. All naturally occurring folates found in food differ from the oxidized folic acid in the oxidation
state of the pteridine ring and are typically reduced. Furthermore, one-carbon units (R) can be linked to tetrahydrofolate
(THF) at the N-5 and N-10 positions, which confers folate the role of mediating the transfer of one-carbon units. In addition,
multiple glutamate residues of varying numbers (up to nine) can be added via a y-peptide linkage.
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FIG. 4.

Intracellular folate metabolism. Simplified scheme of intracellular folate metabolism and one-carbon transfer

reactions in epithelial cells, highlighting the genes that are involved in intraluminal folate hydrolysis (GCPII, glutamate
carboxypeptidase II), intracellular folate uptake (FR-o, folate receptor; RFC, reduced folate carrier; PCFT, proton coupled
folate transporter), intracellular folate retention (FPGS, folylpolyglutamyl synthase) and hydrolysis and efflux (GGH, y-
glutamyl hydrolase), methionine cycle (MS, methionine synthase; MTRR, methionine synthase reductase; MTHFR, methy-
lenetetrahydrofolate reductase), maintenance of intracellular folate pool (DHFR, dihydrofolate reductase; SHMT, serine
hydroxylmethyltransferase), and nucleotide biosynthesis (TS, thymidylate synthase), DNA methylation (DNMT1, 3a, 3b,
CpG DNA methyltransferases), and DNA demethylation (methyl-CpG binding domain protein 2 [MBD2], DNA demethy-
lase). Intracellular folate exists primarily as polyglutamates. Intracellular folate is converted to polyglutamates by FPGS,
while GGH removes the terminal glutamates. Polyglutamylated folates are better retained in cells and are better substrates
than monoglutamates for intracellular folate-dependent enzymes involved in one-carbon transfer reactions. Folate mediates
the transfer of one-carbon units necessary for DNA synthesis, methionine cycle, and biological methylation reactions. dTMP,
deoxythymidine-5-monophosphate (thymidylate); dUMP, deoxyuridine-5-monophosphate; Hcyt, homocysteine; Met, me-
thionine. Filled circle represents a pteridine ring conjugated to para-aminobenzoic acid. Each filled triangle represents a

glutamate, which is linked via a peptide bond to form various chain lengths of polyglutamylated folate.

anemia, cardiovascular disease, neural tube defects (NTDs)
and congenital disorders, adverse pregnancy outcomes,
neuropsychiatric disorders, and cognitive impairments (114).
In addition, a substantial amount of epidemiologic evidence
suggests an inverse association between folate status (as-
sessed by dietary folate intake or by the measurement of blood
folate levels) and the risk of several malignancies, including
cancer of the lungs, oropharynx, esophagus, stomach, color-
ectum, pancreas, cervix, ovary, prostate, and breast and the risk
of neuroblastoma and leukemia (82, 83, 87, 88). More recently,
an emerging body of evidence has warned of the potentially
harmful effects of FA supplementation, including resistance or
tolerance to antifolate drugs used against arthritis (34, 79) and
cancer (19, 136, 182); decreased natural killer cell cytotoxicity
(160); genetic selection of disease alleles (147); an increased risk
of insulin resistance and obesity (181), and asthma (175) in
children born to mothers supplemented with high levels of FA;
and an increased risk of cognitive impairment in the elderly in
combination with low vitamin B12 status (116, 137, 138, 140).

Except for anemia and NTDs, the precise nature and magni-
tude of the relationship between folate status and the risk of
these diseases have not been uniformly consistent and remain
to be clearly elucidated (114, 147).

Folate and CRC

The highly controversial relationship between folate and
carcinogenesis has been most widely studied for CRC. In
general, the portfolio of epidemiologic and clinical evidence
indicates ~20%—40% reduction in the risk of CRC or adenoma
in subjects with the highest dietary intake or blood levels of
folate compared with those with the lowest intake or blood
levels (77, 82, 87, 88). The role of folate in colorectal carcino-
genesis has been further strengthened by the observations that
genetic polymorphisms in the folate metabolic pathway (e.g.,
MTHFR C677T polymorphism) modify CRC risk (8, 89, 126).

Although there is no definitive evidence supporting the
protective effect of folate supplementation on colorectal


http://online.liebertpub.com/action/showImage?doi=10.1089/ars.2012.4554&iName=master.img-003.jpg&w=420&h=297

306

LY ET AL.

Deoxyuridine

TS

Deoxyt?ridylate

10°-formylTHF

SHMT
Purine

Dihydrofolate % THF

DHFRA
Folic Acid

-~

MS

B12

Methionine
SAM
Synthase

SAM

Betaine

4

Choline

Dimethyl-

Diet glycine

DNMT

DNA---CpG--DNA

Thymidylate ———3p DNA
Purines

5°,10°-methyleneTHF

5’-methylTHF

Homocysteine mmp ——p

DNA---CpG--DNA

FIG. 5. Simplified scheme
of folate metabolism and
one-carbon transfer reac-
tions involved in DNA syn-
thesis and biological
methylation reaction, in-
cluding that of DNA. SAM is
both an allosteric inhibitor of
MTHEFR and an activator of
cystathionine f-synthase.
B12, vitamin B12; CpS, cy-
stathionine f-synthase; CH3,
methyl group; CpG, cytosine-
guanine dinucleotide  se-
quence, DHF, dihydrofolate;
DHEFR, dihydrofolate reduc-
tase; DNMT, DNA methyl-
transferase; MS, methionine
synthase; SAH, S-adeno-
sylhomocysteine; SAHH,
S-adenosylhomocysteine hy-
drolase; SAM, S-adeno-
sylmethionine; SHMT, serine
hydroxymethyltransferase; TS,

Synthesis

\MTHFR \

SAM

/

CBS

TSAHH
SAH

CH
ys

carcinogenesis from human experiments at present, several
small intervention studies have demonstrated that folate
supplementation can improve or reverse surrogate endpoint
biomarkers of CRC (14, 28, 30, 80, 90, 97, 121), and some
epidemiologic studies have shown a beneficial effect of mul-
tivitamin supplements containing >0.4mg FA on CRC risk
and mortality (56, 57, 69). However, in the Aspirin/Folate
Polyp Prevention Study, FA supplementation was associated
with a 67% increased risk of advanced lesions with a high
malignant potential in men and women with a history of co-
lorectal adenomas (27). Furthermore, a positive association
between FA supplementation and prostate cancer risk was
reported as a secondary observation in this trial (43). In con-
trast, some human FA CRC chemoprevention trials have
failed to demonstrate the tumor-promoting effect of FA sup-
plementation (70, 104, 121, 180). In a study from Norway in
which the primary endpoint was the cardiovascular outcome
in response to FA and other B vitamin supplementation,
treatment with FA (0.8 mg/day) and vitamin B12 (0.4mg/
day) for a median period of 36 months significantly increased
overall cancer incidence and mortality by 21% and 38%, re-
spectively (37). However, in a meta-analysis of 8 randomized
trials of FA supplementation involving 37,485 individuals at
increased risk of cardiovascular disease, FA supplementation
of a median duration of 5 years had no significant effects on
vascular outcomes (the primary endpoint), overall cancer in-
cidence, cancer mortality, or all-cause mortality (25). Two
recent ecologic studies that examined a temporal post-
fortification trend of CRC incidence in the United States, Ca-
nada, and Chile reported increased CRC rates in these
countries following fortification, suggesting that FA fortifi-
cation may have been wholly or partly responsible for this
disturbing trend (63, 111). However, two large prospective
epidemiologic studies conducted after FA fortification in the
United States have suggested a CRC protective of consuming
adequate amounts of folate and have not demonstrated a
CRC-promoting effect of FA supplementation (55, 153).

thymidylate synthase.

The data from animal studies generally support a causal
relationship between folate depletion and CRC risk and an
inhibitory effect of modest levels of folate supplementation on
colorectal carcinogenesis (83). However, animals studies have
also shown that folate supplementation may increase CRC
risk and accelerate CRC progression if physiological levels are
exceeded or if it is provided after neoplastic foci are estab-
lished in the colorectum (83, 84).

Mechanisms of action. Several biologically plausible
mechanisms exist that explain this seemingly dual role of fo-
late in CRC cancer. As an essential cofactor for nucleotide
biosynthesis, folate plays an important role in DNA synthesis,
integrity, and repair, aberrancies of which are mechanistically
related to cancer development (87). In normal tissues, FA
supplementation provides nucleotide precursors for DNA
synthesis and replication. This ensures DNA fidelity, main-
tenance of DNA integrity, and optimal DNA repair, therefore
reducing the risk of neoplastic transformation (Fig. 6) (87). In
contrast, FA supplementation promotes the progression of
(pre)neoplastic lesions by providing nucleotide precursors to
the rapidly replicating transformed cells, allowing accelerated
proliferation (Fig. 6) (87). Folate also modulates DNA meth-
ylation of cytosine within the cytosine-guanine (CpG) se-
quences because of its role in the provision of SAM (86).
Neoplastic cells simultaneously harbor widespread global
DNA hypomethylation and gene-specific promoter CpG is-
land hypermethylation (86). Global DNA hypomethylation is
an early and consistent event in colorectal carcinogenesis and
contributes to CRC development through several mecha-
nisms, including chromosomal instability (86). DNA methyl-
ation at promoter CpG islands silences transcription and,
hence, inactivates the function of a wide array of tumor sup-
pressor and cancer-related genes (86). FA supplementation is
able to reverse pre-existing global DNA hypomethylation
and increase the extent of global DNA methylation above the
pre-existing level (Fig. 6) (86), thereby reducing the risk of
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FIG. 6. Dual modulatory role of folate in carcinogenesis. Cancer develops over decades, if not lifetime, through different
stages of premalignant lesions in the target organ. Folate deficiency in normal tissues predisposes them to neoplastic
transformation, and modest supplemental levels suppress, whereas supraphysiologic doses of supplementation enhance, the
development of tumors in normal tissues. In contrast, folate deficiency has an inhibitory effect, whereas folate supplemen-
tation has a promoting effect on the progression of established neoplasms. At present, the effect of folate deficiency and
supplementation on the progression of early precursor or preneoplastic lesions of colorectal cancer is unknown (e.g., aberrant
crypt foci, ACF) to adenoma and to frank cancer. The mechanisms by which folate exerts dual modulatory effects on
carcinogenesis depending on the timing and dose of folate intervention relate to its essential role in one-carbon transfer
reactions involved in DNA synthesis and biological methylation reactions.

neoplastic transformation. In contrast, FA supplementation
may cause de novo methylation of CpG islands of tumor
suppressor genes, with consequent gene inactivation leading
to tumor development and progression (Fig. 6) (87).

Folate and DNA methylation. Due to the folate’s in-
volvement in converting homocysteine to methionine, lead-
ing to the provision of SAM (Fig. 4) (141), we and others have
been investigating whether folate deficiency or supplemen-
tation can modulate DNA methylation. In addition, there
are certain periods of growth and development that are
particularly vulnerable to environmental dietary exposures,
and this may modify DNA methylation patterns with conse-
quent permanent changes in phenotype and other functional
ramifications.

Effects of folate status on DNA methylation
in animal studies

Folate deficiency. The effect of folate deficiency and
supplementation on DNA methylation in rodents has been
previously reviewed (31, 85, 86). Briefly, it appears that pro-

longed and severe folate deficiency induces global DNA hy-
pomethylation in the rodent liver (10, 22), while moderate
deficiency does not have a consistent effect. Despite altering
hepatic levels of one-carbon metabolism intermediates and
reducing SAM to S-adenosylhomocysteine (SAH) concentra-
tion ratios, moderate folate deficiency did not induce hepatic
global hypomethylation (36, 91, 162). In contrast, there are
some reports of folate deficiency increasing genomic meth-
ylation. Moderate folate deficiency for 5 weeks in mice was
shown to induce a significant 56% increase in genomic DNA
methylation in the liver followed by the return of genomic
DNA methylation value to that of the baseline by 8 weeks
(149). In a more recent study, dietary folate deficiency pro-
vided during the postweaning period through childhood to
puberty significantly increased genomic DNA methylation by
34%—48% in rat liver that persisted into adulthood after a
return to the control diet at puberty (93).

In the colorectum, the majority of animal studies demon-
strate a resistance to altered SAM and SAH levels and do not
support an association between folate deficiency and genomic
DNA methylation (31, 85, 86). However, a recent study re-
ported that chronic, severe folate deficiency in older adult
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mice induced significant genomic DNA hypomethylation in
the colon, and a nonsignificant degree of genomic DNA hy-
pomethylation in the small intestine and spleen (103). Con-
trary to this observation, a study by Sohn et al. (148)
demonstrated that folate deficiency of a short duration and
severe degree may induce genomic DNA hypermethylation
in the colon (148). The paradoxical effect of folate deficiency
on increasing genomic methylation in hepatic and colonic
tissue is likely due to the compensatory up-regulation of
Dnmt and of the choline and betaine-dependent trans-
methylation pathway. If adequate levels of dietary folate and
other methyl group donors are provided in adolescence and
continued into adulthood, then this pattern of genomic DNA
hypermethylation is maintained. On the other hand, if con-
tinual dietary folate deficiency is imposed, then this com-
pensatory hypermethylation pattern will not be maintained.

Folate supplementation. The effect of folate supplemen-
tation alone on DNA methylation in rodent liver has not yet
been clearly elucidated. A recent study has found that dietary
folate supplementation at four times the basal dietary re-
quirement of the rat (8 mg/kg) did not affect genomic DNA
methylation in adult rat liver, regardless of the timing or du-
ration of supplementation (93). Another study found that die-
tary folate supplementation at 20 times the basal dietary
requirement of the rat (40mg/kg) provided for 4 weeks in
weanling rats did not alter SAM and SAH, SAM to SAH con-
centration ratios, and genomic DNA methylation in the liver
(1). Interestingly, in older rats fed a folate deficient (0 umol /kg),
replete (4.5 umol/kg), or supplemented (18 umol/kg) diet for 8
and 20 weeks, hepatic SAH levels decreased, while genomic
DNA methylation in liver increased incrementally with in-
creasing levels of dietary folate, and folate-supplemented rats
demonstrated a significantly greater degree of genomic DNA
methylation compared with folate-deplete rats at both 8 and 20
weeks (22). In the colon, one study found that dimethylhy-
drazine administration in conjunction with folate supplemen-
tation of 8 and 40 mg/kg for 20 weeks in weanling rats did not
alter concentrations of SAM, SAH, SAM to SAH concentration
ratios, and DNA methylation (92). At the same time, weanling
rats fed a folate-supplemented diet (8 mg/kg) for 5 weeks
showed no change in colonic concentrations of SAM, SAH,
SAM to SAH concentration ratios, and colonic DNA methyla-
tion, and, in addition, p53-specific DNA methylation was not
altered (148). Interestingly, dietary folate supplementation
(18 umol/kg) in both young and older rats for 8 and 20 weeks
resulted in a decrease in colonic SAH concentrations, although
genomic DNA methylation in the colon was not altered (21).

The results from these studies suggest that in rodents, the
liver and colon are generally resistant to changes in the SAM
and SAH levels from folate supplementation, and, conse-
quently, are resistant to changes in DNA methylation. Taken
together, the results from animal studies suggest that DNA
methylation patterns are gene and site specific and depend on
cell type, target organ, and stage of transformation as well as
on the timing, degree, and duration of folate intervention.

Effects of folate status on global DNA methylation
in human studies

Folate deficiency. There are several observations in hu-
mans suggesting that an altered folate status can affect ge-
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nomic DNA methylation (see Table 1). In a metabolic unit
setting, folate depletion in older female volunteers (49-63
years of age) for 7-9 weeks has been demonstrated as re-
ducing genomic DNA methylation in leukocytes (67, 132).
Furthermore, FA supplementation, even at modest levels, was
shown to reverse the extent of genomic hypomethylation in
one study (67). However, in an earlier study by the same
group, changes in in vivo methylation capacity (as measured
by the ability to methylate orally administered nicotinamide
as detected in the urine as methylated metabolites) in re-
sponse to dietary folate (25 ug folate/day) and methyl group
restriction for 30 days was not observed in healthy male
volunteers (3346 years of age) (68).

Folate supplementation. In some human intervention
studies, folate supplementation at 12.5-25 times the daily
requirement for 3-12 months significantly increased the
extent of colonic genomic DNA methylation in subjects with
resected colorectal adenoma or cancer (28, 30, 90), whereas
no such effect was observed in patients with chronic ulcer-
ative colitis who were given folate supplementation at 12.5
times the daily requirement for 6 months (29) or in partici-
pants from the Aspirin/Folate Polyp Prevention Study, as
determined by the methylation of long interspersed nucle-
otide elements (LINE-1) (44). Folate supplementation at
three and five times the daily requirement, which was suf-
ficient to improve and correct a marker of DNA damage,
also failed to modulate genomic DNA methylation in the
lymphocytes of healthy volunteers (12, 42). In another study,
daily folate supplementation with 15mg 5-methyltetrahy-
drofolate for 8 weeks has been observed as restoring geno-
mic DNA methylation in lymphocytes to normal levels in 32
men with uremia, hyperhomocysteinemia, and pre-existing
genomic DNA hypomethylation (65). In patients with colo-
rectal adenomas, a physiological dose of FA (0.4 mg/day)
for 10 weeks has been demonstrated as significantly in-
creasing genomic DNA methylation in both lymphocytes
(by 31%) and colonic mucosa (by 25%) compared with pla-
cebo (127).

Observational studies. Several human observational
studies have investigated correlations between DNA meth-
ylation and folate status (see Table 2). In subjects with ade-
quate folate, no significant correlations between genomic
lymphocyte DNA methylation and red blood cell (RBC) folate
and plasma homocysteine concentrations have been reported
(42, 118), whereas a positive relationship has been found in
adults chronically exposed to arsenic (123). Studies evaluating
the relationship between serum folate status and methylation-
related intermediates have also generally failed to demon-
strate an association in healthy adults (62) and the elderly (13).
On the other hand, colonic global DNA methylation is posi-
tively correlated with serum and RBC folate concentrations
and negatively correlated with plasma homocysteine con-
centrations in individuals with colonic adenomas and ade-
nocarcinomas (3, 128) and in those without these lesions (129).
Folate levels and SAM to SAH concentration ratios have also
been reported as being lower (by 28%) in malignant tissue
compared with normal-appearing adjacent colon mucosa in
subjects with CRC (4). Additional evidence lends support to a
positive relationship between folate status and global DNA
methylation. In a combined analysis of CRCs from
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TABLE 1. SUMMARY OF DIETARY FOLATE DEFICIENCY AND SUPPLEMENTATION
oN DNA METHYLATION IN HUMAN STUDIES

Study (references) Subjects Dose Duration  DNA methylation Effect
Rampersaud et al., Women 60-85 118 ug/day 7 weeks  Leukocytes, 10% decrease
2000 (132) years genomic (p=0.0012)
Jacob et al., 1998 ~ Women 49-63 56-111 pug/day 9 weeks  Lymphocytes, 120% decrease
(67) years genomic (p<0.05)
Jacob et al., 1995  Men 25 ug/day 30 days  Methylation No change
(68) capacity (not
DNA)
Cravo et al., 1994 Patients with colon 10mg/day 6 months Rectal mucosa, 93% increase
(28) cancer and genomic (p<0.002)
adenoma
Cravo et al., 1998 Patients with 5mg/day 3 months Rectal mucosa, 37% increase in
(30) colonic adenoma genomic patients with 1
adenoma (p=0.05)
and no change in
those with >1
adenomas
Kim et al., 2001 Patients with 5mg/day 6 months Rectal mucosa, 57% increase
(90) colonic adenoma 1 year genomic (p=0.001)
No change
Cravo et al., 1998  Patients with 5mg/day 6 months Rectal mucosa, = No change
(29) inflammatory genomic
bowel disease
Figueiredo et al.,  Patients with 1mg/day 6-8 years Colonic mucosa, No change
2009 (44) colonic adenoma genomic
Fenech et al., 1998 Normal subjects 2mg/day 12 weeks Lymphocytes, No change
(42) genomic
Basten et al., 2006 Normal subjects 1.2mg/day 12 weeks Lymphocytes, No change
(12) genomic
Ingrosso et al., Uremic patients 15mg/day 8 weeks  Lymphocytes, Restored to normal
2003 (65) with hyper- 5-methyltetrahydrofolate genomic levels
homocyteinemia
and pre-existing
DNA
hypomethylation
Pufulete et al., Patients with 400 ug/day 10 weeks Lymphocytes, 31% increase
2005 (127) colonic adenoma genomic (p=0.05)
Rectal mucosa, 25% increase
genomic (p=0.09)

participants from the Nurse’s Health Study and the Health
Professionals Follow-up Study, the risk of genomic hypo-
methylation (determined by <55% LINE-1 methylation) was
43% lower in subjects with a high (>0.4 mg) total daily folate
intake compared with those with a low (<0.2mg) total daily
folate intake (139). In a study that stratified folate intake ac-
cording to pre- and postfortification levels, the observed
inverse association between leukocyte genomic DNA meth-
ylation and adenoma was stronger among subjects with a low
(<0.317mg pre- and <0.413 mg postfortification) total folate
intake as compared with those with a high (>0.317 mg pre-
and >0.413 mg postfortification) total folate intake in either of
the fortification periods (102). Furthermore, in women posi-
tive for the human papillomavirus, supraphysiological con-
centrations of plasma folate (>19 ng/ml) in combination with
sufficient levels of vitamin B12 (>200.6 ng/ml) were signifi-
cantly associated with greater genomic methylation of pe-
ripheral blood mononuclear cells compared with women with
lower folate and lower vitamin B12 (124). One human study
reported that serum and cervical tissue folate concentrations
correlated inversely, albeit weakly, with cervical genomic

DNA methylation (47); however, such a relationship was not
observed for RBC (46) or circulating plasma folate (124) in
exfoliated cervical cells.

In summary, the data from human clinical studies suggest
that controlled folate depletion in a metabolic unit appears to
reduce genomic DNA methylation in leukocytes of older in-
dividuals. However, there are no conclusive data suggesting
that folate deficiency of a physiologically and clinical relevant
degree induces significant genomic DNA hypomethylation in
the colorectum. In contrast, folate supplementation, even at
modest supplemental levels, appears to be able to increase
genomic DNA methylation in the colorectum in certain situ-
ations. The majority of observational studies have described a
direct relationship between dietary and blood levels of folate
and genomic DNA methylation in both lymphocytes and
colonic tissues such that a low folate status is associated with
genomic hypomethylation. This positive association is more
consistent in individuals with colorectal adenomas, adeno-
carcinomas, or previously resected neoplastic tumors as well
as in those at a greater risk of health complications compared
with normal subjects.
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TABLE 2. SUMMARY OF ASSOCIATIONS BETWEEN DIETARY AND BLooD FoLATE AND GENOMIC DNA
METHYLATION IN HUMAN EPIDEMIOLOGICAL STUDIES

Study Folate source
(references) Design Subjects and levels DNA methylation Effect

Fenech et al.,
1998 (42)

Narayanan et al.,
2004 (118)

Pilsner et al.,
2007 (123)

Hirsch et al.,
2008 (62)

Becker et al.,
2003 (13)
Pufulete et al.,
2003 (128)

Al-Ghnaniem
et al., 2007 (3)

Pufulete et al.,
2005 (129)

Alonso-Aperte
et al., 2008 (4)

Schernhammer
et al., 2009
(139)

Lim et al., 2008
(102)

Fowler et al.,
1998 (47)

Flatley et al.,
2009 (46)

Piyathilake et al.,
2011 (124)

Cross-sectional

Cross-sectional

Cross-sectional

Cross-sectional

Cross-sectional

Case—control

Case—control

Cross-sectional

Cross-sectional

Prospective

Case—control

Prospective

Cross-sectional

Prospective

Normal subjects

Normal subjects

Bangladeshi
adults
chronically
exposed to
arsenic

Men

Normal subjects

Patients with
colon cancer or
adenoma

Patients with
colon cancer or
adenoma

Patients without
colon cancer or
adenoma

Patients with
colon cancer

Patients with
colon cancer

Women 50-79
years with
colonic
adenoma

Patients with
cervical
dysplasia

Patients with
cervical cancer

Women positive
for high-risk
human
papillomavirus

RBC (nM) 363.8-
440.0

Plasma (nM)
15.2-20.6

RBC (nM) 191.9-
254.2

Plasma (nM) <9
versus 29

Plasma (nM) 8.6

Serum (nM) 62.9
(high) versus
20.5 (normal)

RBC (nM) 551

Serum (nM) 12.2
versus 18.1

Serum (nM) 12.3
versus 17.9

Serum (nM) 18.6
RBC (nM) 648.1
Hcey (uM) 9.9
Colon (nmol/g)
0.49 versus 0.95

Dietary intake
(ng/day) >400
versus <200

Prefortification
dietary intake
(g /1000 kcal/
day) <317
versus =317

Postfortification
dietary intake
(DFE): <413
versus =413

Serum (nM) 5.2

Cervical tissue
(ng/mg
protein) 1.2

RBC (nM) 685

Plasma folate
(ng/ml) and
B12 (pg/ml)

>19.8 and >200
versus <19.8
and <200

Lymphocytes,
genomic

Lymphocytes,
genomic

Leukocytes,
genomic

Blood, genomic

Blood, genomic

Colon mucosa,
genomic

Leukocytes,
genomic

Colon mucosa,
genomic

Colon mucosa,
genomic

Neoplastic versus
normal colon,
genomic

Colon cancer,
genomic

Leukocytes,
genomic

Cervical tissue,
genomic

Cervical cells,
genomic

Peripheral blood
mononuclear
cells, genomic

Cervical cells,
genomic

No associations

No associations

3% decrease (p=0.03)
r=0.12 (p<0.05)

No associations

No associations

26% decrease
(p=0.009)

14% decrease
(p<0.001)

38% decrease
(p<0.001)

r=-0311 (p=0.01)
r=-0.356 (p=0.03)
r=0.256 (p=0.04)
28% decrease
(p=0.08)

43% decreased risk of
hypomethylation
(p=0.05)

Methylation inversely
associated with
colonic adenoma
risk, especially in
subjects with low
folate intake in pre-
and
postfortification

r=-0.239 (p=0.06)
r=-0279 (p=0.02)
No associations
~4-fold increase

(p=0.04)
No associations

RBC, red blood cell; DFE, dietary folate equivalent.

Effects of folate status on gene-specific methylation

in human studies

Observational studies investigating CRC. For gene-spe-
cific DNA methylation, the majority of human observational

studies have investigated the role of folate status in CRC (see
Table 3). Aberrant CpG island methylation is characteristic of
tumor development, and specific promoter CpG islands are

frequently and simultaneously methylated in sporadic CRC,
leading to transcriptional silencing (32, 75, 110, 158). In the
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TABLE 3. SUMMARY OF ASSOCIATIONS BETWEEN DIETARY AND BLoOD FOLATE AND GENE-SPECIFIC
DNA METHYLATION IN HUMAN EPIDEMIOLOGICAL STUDIES

Study Folate source
(references) Design Subjects and levels DNA methylation Effect
van Engeland Prospective Patients with Dietary intake (ug/  Colon cancer: APC-  Increased prevalence
et al., 2003 colon cancer day)/alcohol 1A, EMARF , for all genes
(165) <215/high versus p16™ 4, hMLH1, (p>0.05)
>215/low O°-MGMT
RASSFIA
de Vogel et al.,  Prospective Patients with Dietary intake (ug/  Colon cancer: MLH1  No associations
2008 (33) colon cancer day)
142.4-163.2 versus
247-279.9
Al-Ghnaniem Case—control Patients with Serum (nM) 12.3 Colon mucosa: ERa,  No associations
et al., 2007 (3) colon cancer versus 17.9 MLH1
or adenoma
van Guelpen Case—control Patients with Plasma (nM) >6.8 Colon cancer: ~3-fold increase

et al., 2009
(166)

Kawakami
et al., 2003
(75)

Other sites
Flatley et al.,
2009 (46)

Tao et al., 2009
(157)

Stidley et al.,
2010 (154)

Wang ef al.,
2008 (171)

Jin et al., 2009
(71)

Cross-sectional

Cross-sectional

Case—control

Prospective

Prospective

Cross-sectional

colon cancer

Patients with
colon cancer

Patients with
cervical
cancer

Patients with
breast cancer

Subjects with a
history of
smoking
(=15 years)

Patients with
ESCC

Patients with
NSCLC

versus <6.8

5,10-methylene-
tetrahdrofolate
(pmol/g tissue)
2.95 versus 1.53

Tetrahydrofolate
(pmol/g tissue)
3.71 versus 1.99

RBC (nM) 685

Dietary intake (mg/
day) 267 versus
275-286

Dietary intake per
750 pg/day

Dietary intake (ug/
day) 0 versus 311.1

5,10-methylene-THF
& THF (pmol/g
protein) 3.23

CDKN2A, MLH1,
CACNAIG,
NEUROGI,
RUNX3, SOCS1,
IGF2, CRABP1

Colon cancer:
hMLH]1, p16,
TIMP3, ARF,
MINT?2, DAPK,
APC

Cervical cells:
hMLH1, DAPK,
CDH1, HIC,
MGMT, RARB,
GSTP1

Breast cancer:

E-cadherin, p16,
RAR-B,

Sputum: p16,
MGMT, DAPK,
RASSF1A, PAXab,
PAX5B, GATA-4,5

ESCC:
pl6
hMLH1
MGMT

NSCLC: LINE-1
CDH13
RUNX3

(p<0.05)

Tumors with
methylated
promoters had
higher tissue
concentration of
folate
intermediates

No associations

No associations

16% decrease in
methylation status
(=2 genes
methylation)
(p=0.04)

No associations

No associations

34% decrease
prevalence
(p=0.03)

r=0.243 (p=0.041)

r=0.007 (p=0.034)
r=0.247 (p=0.038)

ESCC, esophageal squamous cell carcinoma; NSCLC, nonsmall cell lung cancer.

Netherlands Cohort Study on Diet and Cancer, the prevalence
of CpG island promoter hypermethylation was higher, albeit
nonsignificantly, in CRCs derived from patients with low
folate/high alcohol intake compared with CRCs from patients
with high folate/low alcohol intake for each of the six tested
genes (APC, p14, pl6, hMLHI, O°-MGMT, and RASSF1A)
(165). The number of CRCs with at least one gene methylated
was higher (84%) in the low folate intake/high alcohol intake
group compared with the high folate intake/low alcohol in-
take group (165). A later follow-up analysis in a subcohort of

this population did not report any effect of isolated dietary
folate intake on the risk of CRCs specifically presenting
with MLHI hypermethylation (33). Al-Ghnaniem ef al. also
examined gene-specific methylation in biopsies of normal-
appearing colorectal mucosa from subjects with and without
colorectal neoplasia (3). In general, patients with neoplasia
were reported to have lower serum folate and promoter CpG
hypermethylation of the ERx and MLHI genes compared
with disease-free patients. Estrogen receptor alpha (ERw)
methylation was also positively correlated with plasma
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homocysteine in all subjects, but significant inverse correla-
tions between promoter CpG methylation and folate status
were not observed (3). In contrast, a modest degree of colo-
rectal CpG hypermethylation of the ERa and SFRP1 genes
was significantly associated with higher RBC folate levels in
participants from the Aspirin/Folate Polyp Prevention Study
(170). The odds of promoter methylation of CDKN2A, MLH1,
CACNAIG, NEUROGI1, RUNX3, SOCS1, IGF2, and CRABP1
in colorectal tumors are also greater in patients with high
circulating levels of plasma folate (166). Colorectal carcinomas
with frequent promoter methylation have been shown as
having higher tumor concentrations of different folate me-
tabolites, including 5,10-methyleneTHF and THF (75).

Observational studies investigating other cancers. The
effect of folate status on gene-specific methylation patterns at
other tissue sites has also been examined. In women with
cervical dysplasia, although lower RBC folate and cervical
promoter hypermethylation of several tumor suppressor
genes were both independently associated with increasing
severity of cervical cancer, inverse correlations between folate
and methylation were not observed (46). Similarly, no asso-
ciations were found between dietary folate intake and pro-
moter methylation of E-cadherin, p16, and RAR-B, in breast
tumors (157). For the ERa gene, however, lower dietary folate
intake was associated with twofold greater odds, albeit non-
significantly, of breast cancer with ERa promoter methyla-
tion. In addition, high folate intake has been shown to offer
protection against methylation of several genes in subjects
with a long history of smoking (154). The dietary folate intake
derived from fruits was positively associated with a 34% in-
crease in methylation frequency of the MGMT gene in
esophageal squamous cell carcinoma (171) and tissue folate
levels, measured as the sum of 5,10-methyleneTHF and THF,
whereas it positively correlated with LINE-1, CDH13, and
RUNX3 methylation in nonsmall cell lung cancer (71).

In summary, the direction and magnitude of effect due to
dietary and blood folate concentrations on gene-specific
methylation remain unclear. Some studies demonstrate a
greater prevalence or risk of aberrant hypermethylation of
certain genes involved in colorectal carcinogenesis in subjects
with low folate, while others have reported this in subjects
with high folate. The discrepancies in identifying a clear as-
sociation between folate status and gene-specific methylation
may be explained, in part, by the different methods of strati-
fying folate levels for comparison and the use of different
markers to evaluate folate status. Dietary intake and serum
levels of folate may not necessarily be reflective of folate
concentrations in the target organ. Moreover, blood as a sur-
rogate marker of methylation is not always representative of
tissue-specific methylation (113). These studies are also com-
plicated by the lack of consistency in the specific genes in-
vestigated and the sampling of different CpG sites in different
tissues.

Recently, the possibility of an inverse relationship between
folate supplementation and DNA methylation status has been
raised. Among reproductive-age women not previously ex-
posed to FA in China, FA supplementation (0.1, 0.4, and
4mg/day) for 1 month significantly decreased genomic
methylation by 13% and continued to remain significantly
lower with further intervention (130). An interesting obser-
vation in this study is that after a 3 month washout period
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after FA treatment, genomic methylation decreased even
further (by 23%) relative to baseline values. This seemingly
paradoxical effect of FA supplementation on global DNA
methylation may be partly explained by the preferential
shuttling of the flux of one-carbon units to the nucleotide
synthesis pathway over the methionine cycle necessary for
biological methylation reactions in response to FA supple-
mentation. Although FA is an inhibitor of DHFR (9), and an
enzyme important in the maintenance of the intracellular fo-
late pool, in certain situations, it may upregulate DHFR (74),
and this upregulation may increase thymidylate synthase
activity, because the transcription of these genes is co-regu-
lated by several transcription factors (Fig. 4) (145, 150). A
mathematical modeling framework has indicated that this
would increase thymidylate production, thereby increasing
cellular proliferation, at the expense of biological methylation
reactions (119).

MTHFR Polymorphisms and DNA Methylation

There is evidence that folate status influences DNA meth-
ylation through an interaction with the MTHFR C677T poly-
morphism (see Table 4). MTHFR is a critical enzyme in folate
metabolism that catalyzes the irreversible conversion of
5,10-methyleneTHF to 5-methyltetrahydrofolate, thereby
playing an important role in DNA synthesis, maintenance of
nucleotide pool balance, and DNA methylation (Fig. 4) (49,
82). The MTHFR C677T polymorphism causes thermolability
and reduced MTHEFR activity, leading to lower levels of 5-
methyltetrahydrofolate, an accumulation of 5,10-methyleneTHF,
increased plasma homocysteine levels (a sensitive inverse
indicator of folate status), and changes in the cellular com-
position of one-carbon folate derivatives (Fig. 4) (49, 82).
Studies have also indicated that another polymorphism in the
MTHFR gene (A1298C) may modulate the genomic DNA
methylation in human lymphocytes, although the degree
and direction of change have not been clearly established
(17, 50). More recent investigations of folate status and DNA
methylation in humans include analysis of common MTHFR
polymorphisms.

In human intervention trials, daily folate restriction with
135 ug of dietary folate equivalents (DFEs) for 7 weeks fol-
lowed by a repletion with 400 or 800 ug DFE for 7 weeks did
not influence leukocyte genomic DNA methylation in a group
of young and healthy women wild type for MTHFR C677T
(5). However, another study by the same group observed
significantly lower leukocyte genomic DNA methylation in
women homozygous for the polymorphism relative to wo-
men with the CC or CT genotype at the end of the 14-week
period of folate treatment (6). Similarly, Shelnutt et al. re-
ported a nonsignificant decrease in leukocyte genomic DNA
methylation in women depleted of folate (115 ug DFE/day for
7 weeks) (142). This was corrected by the folate repletion of
400 ug DFE/day for 7 weeks but only in women with the
MTHEFR 677TT genotype. However, an in vivo analysis of
genomic monocyte DNA methylation in a subgroup of wo-
men from this same population, as determined by methyl-
deoxycytidine enrichment after radiolabeled infusions of
[**Cs]methionine, indicated that folate-dependent intracellu-
lar one-carbon metabolism was suppressed after 7 weeks of
folate restriction (115+20 ug DFE/day), but this effect was
independent of the MTHFR genotype (131). Among a small



TABLE 4. SUMMARY OF STUDIES THAT EXAMINED THE INTERACTION BETWEEN THE MTHFR C677T GENOTYPE
AND DIETARY FOLATE INTAKE IN ASSOCIATION WITH DNA METHYLATION

Study Folate dose, source DNA

(references) Design Subjects and levels Duration methylation Effect

Axume Clinical Normal female 135 ug/day, then 7 weeks Leukocytes, ~4% decrease (p<0.05)
et al., 2007 subjects with 400 or 800 ug/ 7 weeks genomic in women with MTHFR
(6) MTHFR 677TT, day 677TT

CT or CC

Shelnutt Clinical Normal female 115 ug/day, then 7 weeks Leukocytes, 5% decrease (p=0.08)
et al., 2004 subjects 20-30 400 ug/day 7 weeks genomic after folate depletion
(142) years with then ~8% increase

MTHEFR 677TT (p=0.04) in women
or CC with MTHFR 677TT

Quinlivan Clinical Normal female [**Cs]methionine 7 weeks Monocytes, MdC enrichment of
et al., 2005 subjects with infusion and methyldeoxy- monocyte DNA
(131) MTHEFR 677TT folate depletion cytidine 1- increased (p=0.012)

or CC (115£20 ug carbon with folate depletion
DFE/day) enrichment but no effect by
genotype

Pizzolo Clinical Hyperhomocystei- 5mg/day 8 weeks Peripheral blood No change
et al., 2011 nemic men with mononuclear
(125) MTHFR 677TT cells, genomic

Friso et al.,  Cross- Patients with and  Plasma (nM) <12 NA Peripheral blood 61% decrease (p<0.0001)
2002 (49) sectional without versus >12 mononuclear in subjects with

coronary artery RBC (nmol/g cells, genomic MTHEFR 677TT

disease with Hb) <1.1 65% decrease (p<0.0001)
MTHEFR 677TT versus 21.1 in subjects with

or CC MTHEFR 677TT

Stern et al.,  Cross- Healthy volunteers RBC (nmol/g NA Leukocytes, r=-0.738 (p=0.02) in
2000 (152) sectional with MTHFR Hb) 2.3 genomic subjects with MTHFR

677 TT or CC 677TT

La Merrill Prospective Pregnant women  Dietary intake NA Blood, genomic No associations with
et al., 2011 (mg/day) genotype
(96) <0.6 versus 20.6

Van den Case— Patients with Dietary intake NA CRC adenomas: 70% decrease (P-int
Donk control colorectal (ug/day) >212 APC-1A >0.05)
et al., 2007 adenoma and versus <183 4ARE 51% decrease (P-int
(164) MTHER TT p16™NKsA >0.05)

genotype hMLH1 28% decrease (P-int
O°-MGMT >0.05)
RASSFIA 74% decrease (P-int
>0.05)
63% decrease (P-int=0.02)
22% decrease (P-int=0.06)
Curtin et al., Case— Patients with colon Dietary intake NA Colon cancer: Increased in subjects with
2007 (32) control cancer (ug/1000 keal/ plé, MLHI, low folate/low
day) MINT-1, -2, methionine/high
<135-152 (low), -3 alcohol and MTHFR
135-201 1228AC/CC
(medium),
>180-201
(high)

Kraunz Case— Patients with Dietary intake NA HNSCC: >2.3 increase (p<0.05)
et al., 2006  control HNSCC low versus high p16™NKsA and the MTHFR 677T
(94) polymorphism

augmented the risk of
methylation associated
with low folate

Mokarram  Prospective Patients with Serum (ng/ml) NA CRC tumors: Frequency of methylated
et al., 2008 sporadic CRC >5.5 versus plé6, hMLHI, tumors was
(115) <55 hMSH?2 significantly higher in

high versus low folate
group in those with
MTHEFR 677CT
(p=0.01) and CT/TT
(p=0.002) genotypes

MTHEFR, methylenetetrahydrofolate reductase; CRC, colorectal cancer; NA, not applicable; HNSCC, head and neck squamous cell

carcinoma.
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group of hyperhomocysteinemic men with normal renal
function and homozygous for the MTHFR C677T polymor-
phism, supplementation with 5mg FA/day for 8 weeks also
did not induce any genomic methylation changes in periph-
eral blood mononuclear cells (125).

In observational studies, genomic DNA hypomethylation
in peripheral blood monouclear cells has been observed in
subjects homozygous for the MTHFR 677TT genotype when
compared with CC wild-type individuals (49). When ana-
lyzed according to folate status, however, only TT subjects
with low levels of folate had hypomethylated DNA (49). In
healthy human volunteers, leukocyte genomic DNA methyl-
ation was positively and significantly related to RBC folate
concentrations in subjects with the MTHFR 677TT genotype,
but not in those with wild-type MTHFR (152). Furthermore, a
strong trend toward diminished DNA methylation was also
observed in subjects with the TT variant with lower plasma
folate levels (152). However, in a population of pregnant
women, where the majority were deficient in folate (< 0.6 mg/
day according to World Health Organization and Institute of
Medicine guidelines), dietary folate consumption did not in-
fluence global methylation in maternal blood, while women
carrying the MTHFR 677 T allele had a greater risk of global
DNA hypomethylation if they were vitamin B6 deficient (96).

In a study that investigated the combined effects of FA (12.5
times the daily requirement) and vitamin B12 (1.25mg/day)
supplementation for 6 months on the promoter methylation of
six tumor suppressor and DNA repair genes frequently re-
ported to be aberrantly methylated in CRC, a trend toward a
67% increase in promoter hypermethylation was reported in
the rectal mucosa of patients with resected colorectal adeno-
mas, although this did not reach statistical significance (163).
However, further investigation of the six genes revealed that
folate intake interacted with the MTHFR C677T polymor-
phism to influence CpG promoter methylation in colorectal
adenomas such that among individuals homozygous for this
variant, the risk of promoter methylation was inversely re-
lated to dietary folate intake, but statistical significance was
only observed for the O°-MGMT DNA-methyltransferase
gene (164). The results from this research group suggest that
higher folate intakes may increase methyltransferase expres-
sion and subsequent methylation activity, particularly in in-
dividuals with adenomas and reduced MTHFR enzyme
activity (164). Furthermore, Slattery et al. initially failed to
identify a significant association between dietary folate and
colon tumor CpG island methylation of p16, MLH1 and MINT-
1, =2, and —3 loci (146), but in their follow-up analysis, sub-
jects heterozygous or homozygous for the MTHFR A1298C
genotype with low folate/low methionine/high alcohol in-
take had more than twofold greater odds of developing tu-
mors presenting CpG island hypermethylation compared
with subjects with the wild-type genotype and high folate/
high methionine/low alcohol intake (32). A greater risk of p16
hypermethylation in head and neck squamous cell carcino-
mas was also observed in subjects with low dietary folate
compared with those with high dietary folate, which was
further exacerbated in subjects with the MTHFR 677TT ge-
notype (94). In contrast, one study reported that the preva-
lence of promoter methylation of p16, but not hMLHI or
hMSH?2, was significantly higher in CRCs from patients with
high serum folate concentrations, that the odds of tumor
promoter methylation were significantly higher in patients
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with high circulating folate levels, and that this positive
association was further modified by the MTHFR C677T
polymorphism, reaching significance only in subjects hetero-
zygous or homozygous for the MTHFR C677T polymorphism
(115).

Taken together, these studies suggest that common
MTHFR polymorphisms associated with impaired enzyme
activity interact with folate in a manner that modulates both
genomic and gene-specific DNA methylation. Human obser-
vational studies provide evidence that the MTHFR C677T
polymorphism is associated with genomic hypomethylation
in leukocytes, which may be mediated, in part, by a low status
in folate or other methyl donors. For the colorectum and other
tissue sites, whether or not the MTHFR C677T and A1298C
polymorphism in conjunction with marginal folate status af-
fects DNA methylation needs to be further characterized.
These studies emphasize the importance of taking into
consideration the interactions between folate status and crit-
ical genes in the folate and one-carbon metabolic pathway
when investigating the effect of folate nutrition on DNA
methylation.

Periods of Increased Susceptibility to Folate
and DNA Methylation Changes

Pregnancy and early postnatal life

The importance of the immediately surrounding environ-
ment during critical periods of prenatal and early postnatal
development has been known to affect lifelong health and the
risk of disease. This field of study, known as the develop-
mental origins of health and disease (DOHaD), has been in
existence for nearly 50 years, but recent developments have
generated tremendous interest in this area of research. Since
epigenetic patterns are established in utero, aberrations in this
dynamic process have been proposed to be an underpinning
mechanism in the DOHaD hypothesis. One possibility is such
that maternal exposures, including nutrition, can alter the
intrauterine one-carbon precursor milieu and, as a result,
disrupt one-carbon metabolism in the developing offspring.
At present, the study of maternal nutrition and its effects on
DNA methylation patterns as a predictor of health and risk of
disease in the offspring has become a rapidly emerging field in
the research community. Several preliminary studies have
shown that maternal FA supplementation during pregnancy
can modify the offspring’s methylome with subsequent
changes in phenotype.

Effects of maternal environment on DNA methylation in
the offspring. Studies using viable yellow agouti mice have
unequivocally demonstrated that maternal dietary methyl
group supplementation containing FA can permanently alter
the phenotypic coat color of the offspring via increased CpG
methylation in the promoter region of the agouti gene (174,
178). Similarly, a methyl group-rich diet has been shown as
significantly reducing the proportion of progeny with a
kinked tail phenotype, and this was paralleled to a higher
degree of CpG methylation in the promoter region of the
AxinFused gene (173). In the agouti mouse model, folate has
also been shown as interacting with other environmental ex-
posures during the intrauterine period to modulate methyl-
ation patterns in the developing offspring. Bisphenol A is an
estrogenic xenobiotic chemical used in the manufacturing of
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polycarbonate plastics and is associated with higher body
weight, increased risk of cancer, and other chronic health
conditions (108). Exposure to this chemical has been shown to
shift the coat color of agouti mice by decreasing CpG meth-
ylation of the agouti gene when provided in utero. Moreover,
maternal methyl donor supplementation including FA suc-
cessfully reversed the epigenetic and phenotypic effects of
bisphenol A (35). In rats, promoter methylation of the Ppary
and Gr genes has been observed as being significantly lower,
by 20% and 22.8%, respectively, in offspring from dams fed a
protein-restricted diet compared with those fed a control diet
during pregnancy (101). Accompanying increases in protein
expression of the Ppary and Gr genes were also reported, and
maternal supplementation with FA prevented these changes
(101).

Effects of maternal folate status on DNA methylation in the
animal offspring. The effect of FA supplementation alone in
utero on epigenetic modulation in the offspring has been dis-
played in other animal studies (see Table 5). In mice hetero-
zygous for the folate binding protein gene (Folbp1 +/-), daily
administration of folinic acid by gavage during the peri-
conceptional period until day 15.5 of gestation significantly
decreased genomic DNA methylation in both the liver and
brain tissues of the offspring (45). In other rodent studies,
maternal folate deficiency and supplementation with other
nutritional factors were not observed as affecting offspring
liver genomic methylation (39, 109). However, in hyperho-
mocysteinemic rats, maternal dietary folate deficiency was
significantly associated with placenta genomic DNA hypo-
methylation (81). In addition, positive significant correlations
between placental genomic DNA methylation and folate
levels in the placenta, plasma, and liver were reported (81).
Kulkarni ef al. also investigated the effects of altered maternal
FA in the presence or absence of vitamin B12 on placental
global DNA methylation in rats and reported that FA sup-
plementation (8 mg/kg) in the absence of vitamin B12 results
in genomic DNA hypomethylation, suggesting that the ratio
of FA and vitamin B12 that may have an important role in
determining genomic methylation patterns (95). More re-
cently, a study examining both maternal and postweaning
folate supply on global methylation in the small intestine of
adult mice offspring observed that maternal folate depletion
(0.4mg/kg) during pregnancy and lactation is associated
with DNA hypomethylation compared with control (2mg/
kg) and supplemented (8 mg/kg) groups, regardless of post-
weaning folate diet (112). In an animal model involving sheep,
maternal periconceptional folate and vitamin B12 restriction
led to aberrant methylation patterns in 4% of the 1400 CpG
islands examined (144). Furthermore, the adult male offspring
displayed increased adiposity, insulin resistance, altered im-
mune function, and high blood pressure (144).

Experimental animal tumorigenesis models have shown
that maternal dietary folate manipulation can modify both
DNA methylation patterns and the risk of cancer in the de-
veloping offspring. Maternal FA supplementation, equivalent
to ~1mg FA/day in humans, provided in utero and during
lactation significantly decreased mammary genomic methyl-
ation by 7%, and increased the risk of mammary tumors in the
offspring (107). In contrast, maternal FA supplementation at
the same level and duration significantly increased colorectal
genomic methylation by 3%, and reduced the odds of devel-
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oping colorectal tumors in the offspring (143). Similarly, in the
Apc'®®N spontaneous mouse model of CRC, the offspring of
B-vitamin (including FA) supplemented mothers displayed a
mild degree of genomic hypomethylation in the small intes-
tine mucosa and decreased tumor occurrence (24). This sug-
gests that the effect of maternal FA supplementation on cancer
risk in the offspring may be organ specific, and the outcome
may be mediated by changes in global DNA methylation.

Effects of maternal folate status on DNA methylation in the
human offspring. Recent human studies provide further
support of the effect of folate supplementation in utero on
epigenetic consequences in the offspring (see Table 5). A
preliminary prospective study in the United Kingdom found
an inverse correlation between cord plasma homocysteine
concentrations and global DNA methylation using methyla-
tion of LINE-1 sequences as a surrogate in cord lymphocytes
in the offspring of 24 pregnant women (52). Although the
results of this study are consistent with the biological func-
tions of folate, significant associations between maternal FA
use and cord blood folate and genomic lymphocyte methyl-
ation were not reported. Interestingly, an association between
genomic lymphocyte methylation and fetal birth weight was
identified (52). Further interrogation of CpG loci associated
with specific genes in a subset of the same cohort by Fryer ef al.
found that CpG dinucleotide methylation patterns were also
significantly correlated with plasma homocysteine, LINE-1
methylation, and birth weight centile (51).

A limited number of studies have investigated the effect of
maternal folate exposure on CpG methylation of the im-
printed insulin-like growth factor-2 gene (IGF2), which is
important for growth and development. A cross-sectional
examination of a population unexposed to FA supplements
before and during pregnancy revealed no significant associ-
ations between cord blood promoter methylation of the IGF2
gene and serum folate levels in either mother’s or umbilical
cord blood (7). However, in an observational study conducted
in the Netherlands, periconceptional maternal FA use of
400 pg/ day significantly increased, by 4.5%, the methylation
of the IGF2 differentially methylated region (IGF2 DMR) in
whole blood derived from children at 17 months of age (151).
An independent inverse association was also observed be-
tween IGF2 DMR methylation and birth weight. More re-
cently, the North American Newborn Epigenetic Study also
evaluated the effect of the exposure of maternal FA supple-
mentation before and during pregnancy on the methylation
profile of two DMRs known to regulate IGF2 expression (64).
Using cord blood leukocytes, no evidence for methylation
differences at the IGF2 DMR was found while methylation
levels at the second H19 DMR decreased significantly among
FA users compared with nonusers (64). Both IGF2 DMR hy-
pomethylation and H19 DMR hypermethylation have been
independently associated with increased IGF2 transcriptional
activity and loss of imprinting, and have been observed in
several malignancies (64). While both studies report favorable
shifts in methylation changes of the IGF2 and H19 DMRs with
FA supplementation, the functional outcomes of these meth-
ylation changes require further investigation. More recently,
the question of whether mothers themselves may be suscep-
tible to changes in DNA methylation as a result of modified
folate nutrition during pregnancy has been raised. In mice fed
folate-adequate (2mg/kg) and folate-deficient (0.4 mg/kg)



TABLE 5. SUMMARY OF IN UTERO AND PERINATAL FOLATE SUPPLEMENTATION ON DNA METHYLATION IN THE OFFSPRING

Study Folate source DNA
(references) Species and levels Duration Tissue methylation Effect
Finnell et al., Mice 25mg/kg/day 2 weeks before Liver Genomic ~4-fold decrease
2002 (45) Folbp1*/~ folinic acid by mating to Brain (p<0.05)
gavage gestational day ~2-fold decrease
15.5 (p<0.05)
Periconceptional
Maloney Rats 1. Control 2 weeks before  Liver Genomic No change
et al., 2007 2. Folate — / — mating to D21
(109) 3. Folate — / — and of gestation
low methionine  Periconceptional
4. Folate — / — and
low choline
5. Folate — / — and
low methionine
and low choline
Kim et al., Rats 1. 8mg/kg FA 4 weeks before Placenta Genomic r=0.752 (p=0.0003)
2009 (81) 2. 8mg/kg FA and day 20 of correlation r=0.700 (p=0.0012)
0.3% Hcy pregnancy with r=0.819 (p<0.0001)
3. 0.3% Hcy Periconceptional Plasma
folate
Liver folate
Placenta
folate
Kulkarni Rats 8mg/kg FA and Pregnancy Placenta Genomic Decreased (p<0.05)
et al., 2011 B12 — / — versus
(95) 2mg/kg FA and
B12 - /-
McKay et al., Mice 0.4mg/kg FA versus Mating, Small Genomic Decreased (p=0.009)
2011 (112) 2mg/kg FA or pregnancy, and  intestine Decreased (p=0.006)
8mg/kg FA lactation
Sinclair et al., Sheep Vitamin B12 and 8 weeks before 6 Liver 1400 CpG 4% of CpG sites had
2007 (144) folate deficient days after sites altered status
versus control conception (p<0.001)
Periconceptional
Ly et al., 2011 Rats 5mg/kg FA versus 3 weeks before =~ Mammary Genomic 7% decrease (p=0.03)
(107) 2mg/kg FA mating through
pregnancy and
lactation
Sie et al., 2011 Rats 5mg/kg FA versus 3 weeks before ~ Colorectum Genomic 3% increase (p=0.007)
(143) 2mg/kg FA mating through
pregnancy and
lactation
Ciappio et al., Apc'®*®N Vitamin B 4 weeks before  Small Genomic ~3% decrease (p=0.07)
2011 (24) Mice supplemented mating through  intestine
(8 mg/kg FA) pregnancy and mucosa
versus control lactation
(2mg/kg FA)
Fryer et al., Humans FA Supplement Pregnancy Cord blood Genomic r=0.364 (p=0.08)
2009 (52) 400 mg/day
Cord serum 15.8 uM r=0.209 (p>0.05)
Cord Hcy 10.8 uM r=-0.688 (p=0.001)
Ba et al.,, 2011 Humans Cord serum NA Cord blood IGF2 NS
(7) 7.29ng/ml (observational promoter2
Maternal serum design) IGF2
2.29ng/ml promoter3
Steegers- Humans FA Supplement Periconceptional Whole IGF2 4.5% higher (p=0.014)
Theunissen 400 pug/day blood at
et al., 2009 17
(151) months
old
Hoyo et al., Humans FA users versus NA Cord blood IGF2 DMR  No associations 2.8%
2011 (64) nonusers before (observational H19 DMR decrease (p=0.03)
or during design) before pregnancy, 4.9%
pregnancy decrease (p=0.04)

during pregnancy

FA, folic acid; IGF2, insulin-like growth factor-2; DMR, differentially methylated region; NS, not significant; NA, not applicable.
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diets before mating and during pregnancy and lactation,
postpartum methylation of Igf2 DMR1 and Sic39a4 at specific
CpG sites was significantly lower in folate-deficient rats
(DNA methylation measured as an average across blood, li-
ver, and kidney) (112). Interestingly, for Igf2 DMR2, a signif-
icant interaction between dietary folate and tissue type for
overall methylation was observed where CpG methylation
was lower in blood and higher in liver in low-folate dams
(112).

Given the association between folate deficiency and the risk
of NTDs, a limited number of human studies have investi-
gated whether aberrant DNA methylation patterns can be an
underlying mechanism of congenital malformations. Two
case-control studies have examined the relationship between
maternal folate status and genomic methylation of neural
tissue from NTD-affected human fetuses (18, 172). While both
studies reported lower maternal circulating folate concentra-
tions and genomic brain hypomethylation in NTD fetuses
compared with controls, only the study by Chang et al. ob-
served a significant correlation between the methylation
changes and folate status (18). Both studies suggest that folate
inadequacy may interfere with one-carbon metabolism and
affect normal fetal development.

Although it is difficult to directly compare the outcomes of
the studies just reviewed due to inherent differences in study
design and research models utilized, several lines of evidence
support the theory that DNA methylation patterns of the
developing offspring can be significantly modulated by en-
vironmental intrauterine exposures, including varying levels
of FA alone or in combination with other methyl donors.
Furthermore, the changes in methylation status may be as-
sociated with developmental changes and permanent alter-
ations in phenotype with potential health consequences in
later adult life. Whether or not folate-mediated epigenetic
changes in utero can affect the risk of chronic disease devel-
opment in adulthood remains unclear. Several studies indi-
cate that maternal nutrition during pregnancy accurately
predicts early life nutrition of the developing offspring (117,
120). Maternal biomarkers of B vitamins, including folate,
have been shown as significantly correlating with cord blood
folate (120) and infant folate at 6 months (60). Furthermore,
folate levels in umbilical cord blood are thrice the level found
in the mother (156). Thus, in this specific population of
pregnant women, the possibility exists that an increased ex-
posure to dietary and circulating folate translates to a
heightened intrauterine folate environment, and this may
have significant implications in the growth, development, and
subsequent risk for disease in the offspring.

Aging

The study of age-related epigenetic changes has recently
become a growing topic in research. As we age, a variety of
internal and external factors play a role in disease suscepti-
bility. Exposure to numerous environmental factors
throughout life alters epigenetic patterns previously estab-
lished in utero. Studies involving monozygotic twins
clearly illustrate how environmental factors, including diet,
can lead to the divergence of epigenetic modifications with
age (48). Therefore, research on modifying or limiting expo-
sures, which lead to epigenetic changes, is of significant
interest.
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Mechanism of action. Aging has been shown as modi-
fying patterns of DNA methylation in a variety of species and
tissues and is generally associated with genomic DNA hy-
pomethylation and gene-specific promoter hypermethylation
in a tissue-specific manner (53, 66, 167, 176). Genomic DNA
hypomethylation is thought to occur with decreased activity
of DNMT1, the methyltransferase responsible for maintaining
and translating methylation patterns to subsequent DNA
strands (168). Although not yet clear, gene-specific hy-
permethylation is thought to be due to upregulation of me-
thyltransferases DNMT3a and 3b, which are responsible for de
novo methylation (105).

Age-related methylation is a common event in human tis-
sues and an important contributor to promoter CpG island
hypermethylation of several genes with consequent gene in-
activation of tumor suppressor genes observed in colorectal
and other cancers (159). Furthermore, aging is an independent
determinant of CRC risk (177). It is, therefore, possible that
age-related DNA methylation of certain genes serves as a
functional link between aging and CRC by providing a se-
lective advantage for normal colon cells through deregulating
growth and differentiation (159). These cells may then be at a
higher susceptibility for acquiring genetic lesions such as
mutations.

Effects of folate status and aging on DNA methylation in
animal studies. It has been proposed that environmental
exposures or modifier genes may play a role in age-related
methylation changes (2). FA exposure plays a significant role
in this phenomenon, as folate participates in methylation re-
actions. A number of studies have shown that folate and aging
may act synergistically to alter DNA methylation patterns (see
Table 6). A recent animal study reported diminished genomic
and increased p16 promoter DNA methylation in the colon of
aged mice compared with those of young mice (78). Inter-
estingly, both genomic and p16 promoter DNA methylation
increased in a manner that was directly related to dietary
folate in old mice, whereas this pattern was not evident in
young mice (78). In older rat liver, dietary folate over a wide
range of intakes was also shown as modulating genomic DNA
methylation, as genomic DNA methylation increased with
increasing levels of dietary folate (22). Another rodent study
has shown the elder rat colon to be highly susceptible to folate
depletion, with consequent changes in SAM and SAH, com-
pared with the young colon (21). Therefore, folate deficiency
in the aging colon may predispose it to changes in SAM and
SAH and consequent DNA methylation changes more readily
than that in the young colon. Therefore, folate status and DNA
methylation changes may serve as a functional link between
aging and CRC.

Effects of folate status and aging on DNA methylation in
human studies. In human studies, moderate folate deple-
tion has been shown as being associated with diminished
genomic DNA methylation in lymphocytes (67) and leuko-
cytes (132) in healthy, postmenopausal women. This direct
relationship between folate status and genomic DNA meth-
ylation is similar to the trends demonstrated in previous
animal studies. Interestingly, however, genomic hypo-
methylation in lymphocytes was reversed after 3 weeks of
folate repletion (286-516 ug/day) (67), but no such reversal
was observed in leukocyte genomic methylation after folate
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TABLE 6. SUMMARY OF EFFECTS OF FOLATE STATUS AND AGING ON DNA METHYLATION
Study Folate source DNA
(references) Species and levels Duration Tissue methylation Effect
Keyes et al., C57BL/6 mice, 0 umol FA/ 20 weeks Colonic Genomic 4.5% in old wversus 6.0%
2007 (78) old (18 kg diet mucosa pl6 in young (p<0.001)
months) 61.0 versus 10.8%
versus young (p<0.05)
(4 months) 4.5 umol FA/ 4.8% in old versus 5.3%
kg diet in young (NS)
69.7% wversus 8.4%
(p<0.05)
18 umol FA/ 4.9% in old versus 5.9%
kg diet in young (p<0.001)
87.1% wversus 4.9%
(p<0.05)
Choi et al., Rats, Weanling 0 versus 4.5 8 weeks Colonic Genomic No associations
2003 (21) versus 1 year versus 20 weeks mucosa
old 18 umol
FA/kg diet
Choi et al., Rats 0 versus 4.5 8 weeks Liver Genomic Stepwise increase in
2005 (22) versus 20 weeks DNA methylation
18 umol FA/ with increasing folate
kg diet at 8 (NS) and 20
weeks (p=0.025)
Rampersaud Humans 118 ug/day 7 weeks Leukocytes Genomic 10% decrease
et al., 2000 Female 60-85 (p=0.0012)
(132) years
Jacob et al., Humans 56-111 ug/ 9 weeks Lymphocytes ~ Genomic 120% decrease
1998 (67) Female 49-63 day (p<0.05)
years
Wallace et al.,  Humans Placebo 3 years Colorectal ERa 1.7% increase (p <0.001)
2010 (170) versus 1mg mucosa SFRP1 2.9% increase (p<0.001)
FA/day for each 10 years of
age
No associations with FA
Li et al., 2010 Human 40 or 10 nM NA CD4+ Tcells KIR2DL2 Decreased in older cells
(100) mononuclear folate in 40 nM versus
cells younger cells in either

folate concentration
(p<0.05)

NS, not significant.

repletion (415 ug/day) for 7 weeks (132). It has been sug-
gested that older age and lower levels of folate may increase
the response time of returning methylation levels to normal
levels (132).

In terms of gene-specific methylation, a recent multi-center
chemoprevention trial found a 1.7% increase (p<0.001) in
methylation levels in normal colorectal mucosa of the ERa
and a 2.9% methylation increase (p <0.001) in secreted friz-
zled related protein-1 (SFRPI) for each 10 years of age. ERo
and SFRP1 are thought to regulate cell growth and differen-
tiation and are, therefore, two genes important for cancer
development. There was a positive, nonsignificant association
between year 3 RBC folate levels and methylation levels in
ERa and SFRP1. However, there were no associations indi-
cating percentage ERa or SFRP1 methylation levels leading to
an increased risk of adenoma or hyperplastic polyps (170),
indicating that the epigenetic changes may not lead to detri-
mental phenotypic outcomes.

Li et al. found that human cells from older subjects (>50
years old) cultured in low folate (10 nM) resulted in decreased
killer cell immunoglobulin-like receptor 2DL2 (KIR2DL2)

promoter region DNA methylation levels in T cells than in
cells from younger subjects (100). Interestingly, the cells from
older subjects exposed to higher folate levels (40 nM) had less
methylation in the KIR2DL2 promoter region than those in
younger subjects exposed to either folate concentration, in-
dicating that adequate folate levels did not return methylation
levels to those found in younger subjects. The partial de-
methylation in KIR2DL2 resulted in increased gene expression
of KIR2DL? but only in the older subjects, and homocysteine
exacerbated this relationship (100). However, these data are
based on a small subset (three older, three younger) of study
subjects. The resulting promoter region hypomethylation of
KIR2DL? is the opposite of what is usually associated with
aging. Nonetheless, the study indicates low folate and age
lead to changes in methylation patterns that result in the
differential expression of a gene involved in autoimmunity
and acute coronary syndromes.

Since folate and increased age have been shown as having a
synergistic effect on altered DNA methylation patterns, it is
important to consider folate exposure in this population. Re-
cent data indicate folate exposure in the elderly and are
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adequate across all age groups with <1% of the Canadian
population being folate deficient (26). Furthermore, median
RBC folate levels were the highest among 60-79 year olds at
1409nM. This is above the high RBC folate concentration
cutoff of 1360 nM, which reflects the 97th percentile from the
National Health and Nutrition Examination Survey (1999-
2004) (122). The effects of supraphysiological FA levels in a
population who is at a higher risk for cancer development are
currently unknown; however, the potential for increased ab-
errant DNA methylation patterns and subsequent altered
gene expression cannot be ignored. Concerns for increased FA
levels in this vulnerable population have recently been
raised (54).

The results from these studies suggest that the aging pro-
cess can alter DNA methylation, and folate may further
modify DNA methylation in the elderly in a tissue-specific
manner. At present, the precise mechanism of how folate and
aging interact to modulate DNA methylation has not been
clearly elucidated. Folate intakes in the elderly seem to be
adequate, and there is some concern that this population is
reaching supraphysiological levels. However, data on epige-
netic changes in the elderly suggest that it is important to
consider environmental exposures over a lifetime and short-
term folate exposure, in this case, may not be enough to return
methylation levels to those found in younger individuals.
However, therapeutic measures targeted at epigenetic modi-
fications are desirable and worth researching while consid-
ering that epigenetic pathways are potentially reversible.
Further studies are required to investigate the interaction
between folate and aging on genomic and gene-specific DNA
methylation and subsequent disease susceptibility.

Conclusions

Genetic changes in cancer are abrupt in onset, their effects
are often all-or-nothing, the loss of function occurs at a fixed
level, and they are not reversible in most cases. In contrast,
epigenetic changes are gradual in onset and progressive, their
effects are dose dependent, and are potentially reversible.
These observations present new opportunities in cancer risk
modification and prevention using dietary and lifestyle fac-
tors and potential chemopreventive drugs. In this regard,
folate has been a focus of intense interest because of an inverse
association between folate status and the risk of several ma-
lignancies and due to its potential ability to modulate DNA
methylation. The portfolio of evidence from animal, in vitro,
and human studies collectively suggests that the effects of
folate deficiency and supplementation on DNA methylation
are highly complex and appear to depend on cell type, target
organ, and stage of transformation and are gene and site
specific. These studies also suggest that changes in DNA
methylation depend on the magnitude and duration of folate
manipulations, on interactions with other methyl group do-
nors and dietary factors, and on genetic variants in the folate
metabolic and one-carbon transfer pathways. Although some
similarities exist, animal models differ from humans in several
important physiological aspects, including bioavailability,
metabolism, and excretion of folate. Therefore, any extrapo-
lation of the observations from these models to human situ-
ations should be very cautiously made. Furthermore, animal
models may produce variable results owing to species dif-
ferences, different diet compositions, and variable dose, time,
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and duration of folate manipulations. Recent studies have
demonstrated the exposure to folate deficiency, and supple-
mentation in the intrauterine environment and early life and
during the aging process may have profound effects on DNA
methylation with significant functional ramifications. Al-
though the jury is still out, the potential for folate to modulate
DNA methylation and, thus, modify the risk of chronic dis-
eases including cancer in humans remains provocative and is
worthy of further studies.
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Abbreviations Used

5-methylTHF = 5-methyltetrahydrofolate
5,10-methyleneTHF = 5,10-methylenetetrahydrofolate
ACF = aberrant crypt foci
CH3 = methyl group
CpG = cytosine-guanine dinucleotide
sequence
CRC = colorectal cancer
CfiS = cystathionine f-synthase
DFE = dietary folate equivalent
DHEF = dihydrofolate
DHER = dihydrofolate reductase
DMR = differentially methylated region
DNMT =DNA methyltransferase
ERo = estrogen receptor alpha
FA =folic acid
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Abbreviations Used (Cont.)

FPGS = folylpolyglutamyl synthase
FR-o = folate receptor
GCPII = glutamate carboxypeptidase II
GGH = y-glutamyl hydrolase
IGF2 =insulin-like growth factor 2
KIR2DL2 = killer cell immunoglobulin-like
receptor 2DL2
LINE-1 =long interspersed nucleotide
element 1
MBD2 = methyl-CpG binding domain
protein 2
MeCP2 = methyl-CpG binding protein 2
MS = methionine synthase
MTHEFR = methylenetetrahydrofolate reductase

MTRR = methionine synthase reductase
NA =not applicable
NS = not significant
NTD =neural tube defect
PABA = para-aminobenzoic acid
PCFT = proton coupled folate transporter
RBC =red blood cell
RFC =reduced folate carrier
SAH = S-adenosylhomocysteine
SAHH = S-adenosylhomocysteine hydrolase
SAM = S-adenosylmethionine
SFRP1 = secreted frizzled related protein-1
SHMT = serine hydroxymethyltransferase
THF = tetrahydrofolate
TS = thymidylate synthase
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