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The UK Food Standards Agency convened a group of expert scientists to review current research investigating folate and colo-rectal cancer risk.

The workshop aimed to examine current research and establish research priorities. The timing of folate exposure with respect to carcinogenesis, as

well as the dose and form of folate, were considered key issues for future research. Also, the need to study further the influence of genetically

defined subgroups was highlighted for future research.

Colo-rectal cancer: Folate: Folic acid: Food Standards Agency

The UK Food Standards Agency (FSA) convened a workshop
on 29 November 2006, on folate and colo-rectal cancer (CRC)
risk. The results from recently completed studies, both FSA
and non-FSA funded, were presented. The workshop was
chaired by Professor John Baron.

Background

Folate is a generic term for a B-group vitamin (vitamin B9)
found widely in foodstuffs. Folic acid (pteroylmonoglutamic
acid) is the synthetic form used in supplements and food for-
tification. Folates function coenzymatically in the transfer and
processing of one-carbon units and play an important role in
nucleotide synthesis, methylation, and the regulation of gene
expression.

A meta-analysis of prospective cohort and case–control
studies1 concluded that folate has a modest inverse association
with risk of CRC, although confounding by other dietary fac-
tors could not be ruled out. The inverse association observed
was stronger for dietary folate than total folate (food and sup-
plemental folate) intakes. Of the prospective cohort studies
published since the meta-analysis, one has observed an inverse
association between dietary folate intake and colon cancer

risk2, which was more pronounced among smokers, while,
in contrast, a nested case–control study observed a bell-
shaped association between plasma folate concentration and
CRC risk; subjects with a plasma folate in the lowest concen-
tration quintile had a lower CRC risk3. One other prospective
study observed dietary folate not to be associated with the risk
of CRC, but that intake of folate (and vitamin B6) were inver-
sely associated with risk among women not taking sup-
plements4.

In general, prospective cohort studies of an association
between folate and colo-rectal adenoma risk provide some
support for a role of folate in modulating colo-rectal carcino-
genesis5–7.

Methylenetetrahydrofolate reductase is a key enzyme regu-
lating folate metabolism. Homozygotes (TT) for the MTHFR
677C . T gene polymorphism have been associated with a
moderately reduced CRC risk8, particularly among individuals
who are folate-replete. Results from studies of the association
between MTHFR 677C . T and risk of adenomatous polyps
are inconsistent.

Overall the epidemiological evidence is suggestive of a
modest inverse association between dietary folate and CRC
risk, but confounding by other dietary factors may be a
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factor9. Polymorphisms in folate-metabolizing enzymes may
also modify CRC risk in relation to folate intake.

Folate: a magic bullet or a double-edged sword for colo-
rectal cancer prevention?

Professor Young-In Kim presented the evidence from animal
studies investigating the role of folate in colo-rectal carcino-
genesis. Studies using chemical colon carcinogens in rodent
models have shown that a moderate degree of folate deficiency
promotes, whereas modest levels of folic acid supplementation
up to four times the basal daily requirement inhibits the devel-
opment of CRC10,11. In contrast, folic acid supplementation
exceeding the basal daily requirement by 20 to 10,000 times
enhanced colo-rectal carcinogenesis in the chemical carcino-
gen rodent model of CRC12–15.
In a genetically engineered murine model of CRC, the

ApcMin mouse, both semi-synthetic diets that contained one-
third and twice the basal daily requirement for folic acid,
respectively, increased the number of small intestinal
polyps16. In the ApcMin and ApcMin £ Msh22/2 mouse
models, moderate dietary folate deficiency enhanced, whereas
modest levels of folic acid supplementation (four- to ten-times
basal daily requirement) suppressed the development and pro-
gression of CRC, if folate intervention was started before the
establishment of neoplastic foci in the intestine17,18. If, how-
ever, folate intervention was started after the establishment
of neoplastic foci, the same degree of folate deficiency inhib-
ited the progression and induced regression of the established
neoplastic foci17,18. Furthermore, a potential tumour-promot-
ing effect of folic acid supplementation on established neo-
plastic foci (aberrant crypt foci) was demonstrated in the
azoxymethane-treated rat model19.
Collectively, these animal studies suggest that folate pos-

sesses dual modulatory effects on colo-rectal carcinogenesis
depending on the timing and dose of folate intervention.
Folate deficiency has an inhibitory effect whereas folate sup-
plementation may have a promoting effect on the progression
of established colo-rectal neoplasms. In contrast, folate
deficiency in normal colo-rectal mucosa appears to predispose
it to neoplastic transformation, and modest levels of folic acid
supplementation suppress, whereas supraphysiologic sup-
plemental doses enhance the development of cancer in
normal colo-rectal mucosa.

Folic acid in relation to DNA methylation and uracil
misincorporation

Epigenetic events including genomic hypomethylation and
aberrant hypermethylation of cytosine–guanine islands in
the promoter regions of a sub-set of genes appear important
in the development of human cancer20. Hypermethylation of
cytosine–guanine islands results in the silencing of gene
expression. Epigenetic alterations may play a central role in
establishing the conditions under which tumourigenesis can
become more likely, as epigenetic events in apparently
normal tissue are likely to be present long before neoplasms
are detectable21. Folate is required for the synthesis of S-ade-
nosylmethionine, the primary methyl group donor for DNA
methylation.

Thymidylate synthase converts deoxyuridine 50-monophos-
phate (dUMP) to deoxythymidine-50-monophosphate (dTMP)
for the provision of thymidine. Folate is required as a cofactor
for the reaction and deficiency can lead to uracil misincorpora-
tion associated with an increased risk of double-strand breaks
leading to chromosomal breaks and genomic instability22.
Thymidylate synthase is also a primary target for chemother-
apeutic agents, e.g. 5-fluorouracil. Nucleotide synthesis and
DNA methylation, therefore, provide relevant mechanisms
linking folate metabolism to colo-rectal carcinogenesis.

Professor John Mathers presented the results from an FSA-
funded trial of folic acid and riboflavin supplementation on colo-
nic mucosa DNA methylation and uracil misincorporation.
Three groups of volunteers were recruited to the study: individ-
uals with no evidence of neoplasia (n 95); patients with colonic
adenomatous polyps (n 102); and patients with CRC (n 74). At
baseline, blood samples and rectal mucosal biopsies were col-
lected, habitual diet was assessed and volunteers were geno-
typed for MTHFR 677C . T status. In a double-blind,
placebo-controlled intervention trial, normal subjects and
those with polyps received either placebo (n 48), 400mg folic
acid/d (n 49), 1200mg folic acid/d (n 53), or 400mg folic acid/
d plus 5mg riboflavin/d (n 54) for 50 d. A further set of blood
samples and mucosal biopsies was collected at the end of the
intervention period. At baseline, overall folate status was good
and there was the expected inverse relationship between
plasma folate and homocysteine. Mucosal folate concentration
was positively correlated with plasma folate concentration.
Methylation of the P16 gene promoter region increased signifi-
cantly with age and was higher in those with polyps and cancer
than in normal subjects. Folic acid supplementation produced
dose-dependent increases in plasma and mucosal folate concen-
trations and there were concomitant falls in plasma homocys-
teine concentration. Riboflavin supplementation increased
riboflavin status. Methylation specific PCR (MSP) detected
methylation in the promoter regions of the P16, HPP1, MLH1
and APC genes in 83–100% of volunteers. In contrast, only
3–12% of volunteers had detectable methylation of the DNA
repair gene MGMT. There were no significant effects of the
interventions on DNA methylation (genomic or gene-specific)
or on the misincorporation of uracil into DNA. The collection
of colo-rectal mucosal cells for biomarker analysis using a
‘brush biopsy’, whichwas safer for, andmore acceptable to, vol-
unteers, was shown to be possible. There was no evidence of
differences in response between normal subjects and those
with polyps. This apparent lack of effect in both subject
groups may be due to the relatively short intervention period
or to the good folate status of the volunteers pre-supplemen-
tation.

Dr Ellen Kampman presented results from a case–control
study and a human intervention trial examining the relation-
ship between gene promoter methylation and intake of folate
and folic acid respectively. Cytosine–guanine island methyl-
ation of APC, p14, P16, MLH1, MGMT and RASSF1A gene
promoter regions was determined by MSP. In the case–control
study analyses, patients with colorectal adenoma (n 149) and
controls (n 286) with folate intake in the upper (.212mg/d)
or lower (,183mg/d) tertile who were CC or TT homozygotes
were included. MSP was performed for patients only, using
paraffin-embedded colo-rectal adenoma tissue23. The percen-
tages of promoter methylation ranged from 15·7% to
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64·2%. Folate intake showed a non-significant inverse associ-
ation with promoter methylation in colo-rectal adenomas in
case–case comparisons, especially among those with the TT
genotype. This appeared to be most pronounced for MGMT.
The MTHFR 677C . T genotype alone was not associated
with promoter methylation.

In the intervention trial, uracil misincorporation assays and
MSP were performed on ‘normal’ rectal mucosa from eighty-
six subjects with a history of colo-rectal adenomas who were
randomly assigned to receive either a high dose of folic acid
(5mg/d) and vitamin B12 (1·25mg/d) or placebo for 6
months. Randomization was stratified for MTHFR 677C . T
genotype. MGMT gene promoter methylation was significantly
increased and uracil misincorporation and methylation of the
other gene promoter regions examined showed a non-signifi-
cant increase in the intervention group, which appeared to
be more pronounced in subjects with the TT genotype.

These studies suggest that dietary folate may be inversely
associated with MGMT promoter methylation in colo-rectal
adenomas, especially for those with the TT genotype, but
that a high dose of folic acid, in subjects with a recent history
of adenomas, may adversely affect DNA methylation (silen-
cing of the DNA repair gene, MGMT) and possibly DNA syn-
thesis (increased uracil misincorporation), especially among
TT homozygotes.

The application of microarray techniques to the measure-
ment of gene-specific methylation status potentially offers the
advantage of identifying in which genes methylation status is
altered in disease processes, e.g. CRC, and in response to
specific stimuli, e.g. diet. Professor Stephen Downes presented
the preliminary results from an FSA-funded project to develop
a methylation-sensitive microarray-based technique that could
screen many genes simultaneously for changes in methylation.
The technique employs standard gene expression cDNA
microarrays: the number of genes screened is limited to
the number of genes on the microarray. It involves cutting
genomic DNA with methylation-sensitive and, separately,
with methylation-insensitive, isoschizomers, adding linkers
that are then annealed to the DNA, and PCR amplifying
the products with primers at the linkers. DNA from the
different isoschizomer digestions are labelled with different
fluorochromes, and competitively hybridized to the array.
The greater the number of methylated sites in or adjacent to
any one gene, the weaker is the signal from the methylation-
sensitive digest.

Folate depletion and repletion studies with SW620 colon
tumour cells and the analysis of colon biopsy samples from
patients with high and low folate status, and from subjects
who participated in the trial presented by Professor John
Mathers described earlier, led to the identification of several
candidate genes, e.g. H1F0, whose methylation appeared to
be sensitive to folate status. These findings are preliminary
and validation with established techniques is ongoing.

Folic acid polyp recurrence trials

Professor Ken Muir presented results from the United King-
dom Colorectal Adenoma Prevention Consortium trial, in
which subjects with a recent history of adenomas were ran-
domly assigned to receive placebo (n 421) or 0·5mg folic
acid (n 432) daily with or without aspirin. The treatment

was for 3 years, after which subjects received a second
follow-up colonoscopy. Folic acid supplementation had no
effect on overall adenoma occurrence (relative risk (RR)
1·07, 95% CI 0·85, 1·34) nor on risk of advanced adenoma
occurrence (RR 0·98, 95% CI 0·68, 1·40). The effect of
folate metabolism genotypes on adenoma risk, in relation to
folic acid supplementation, was examined in a subset of sub-
jects (n 546). A significant reduction in recurrence risk was
observed in subjects heterozygous for the methionine synthase
reductase gene polymorphism (MTRR 66A . G) (RR 0·64,
95% CI 0·46, 0·90) who received folic acid supplements,
but not in those who did not receive folic acid; when homozy-
gous subjects were included in the analysis, however, there
was no significant effect24. No significant effect of folic acid
supplementation on adenoma risk was observed in subjects
analysed for other folate metabolism genotypes: MTHFR
677C . T, MTHFR 1298A . C, MTR 2756A . G, TSER,
TSER 3R G . C, and TS 1494del6.

Professor John Baron presented results from the North
American Aspirin–Folate Polyp Prevention Study, in
which subjects with a recent history of adenomas were ran-
domly assigned to receive placebo (n 505) or 1mg folic
acid (n 516) daily with or without aspirin. This trial was
conducted in the context of the folic acid fortification of
flour in North America, which is estimated to provide
about 200mg folic acid/d25. Initially designed with a 3-
year treatment and follow-up, subjects were offered the
option to continue randomized treatment for a second colo-
noscopic surveillance cycle (74% accepted extended treat-
ment). In the first surveillance cycle, adherence to study
medications and avoidance of folic-acid-containing vitamin
supplements was good, with compliance rates varying
over time between 87% and 96% of subjects. In the first
3 years, folic acid supplementation had no effect on overall
adenoma occurrence (RR 1·04, 95% CI 0·90, 1·20) and
showed a non-significant increase in the risk of advanced
(RR 1·32, 95% CI 0·90, 1·92) or multiple lesions (RR
1·20, 95% CI 0·80, 1·81). In the second follow-up interval,
the RR were higher. For all adenomas, the RR was 1·13
(95% CI 0·93, 1·37), for advanced lesions it was 1·67
(95% CI 1·00, 2·80) and for multiple adenomas it was
2·32 (95% CI 1·23, 4·35).

Folic acid supplementation at 1mg/d did not reduce the
incidence of colorectal adenomas in subjects with a recent his-
tory of adenomas. There was some evidence that folic acid
supplementation of 1mg/d may increase the risk of multiple
adenomas in these subjects, but this needs confirmation in
other studies.

There is ambiguity about how to interpret the suggestions of
increased risks during the second surveillance cycle. It could
be that more prolonged folic acid supplementation is required
for such an adverse effect, or that the original 3 years’ sup-
plementation was responsible for the increase, but it became
evident only after a latent period of 3 years.

Discussion

The functions of folate in nucleotide synthesis and DNA meth-
ylation are considered central to a possible role in carcinogen-
esis and provide mechanisms by which it could be involved in
both a beneficial and detrimental way26. Some animal studies

Folate and colo-rectal cancer risk 3



suggest that folic acid supplementation may help prevent the
development of new cancers, but such studies also suggest
that folic acid supplementation may promote the progression
of existing premalignant/preneoplastic and neoplastic lesions.
Furthermore, chemotherapeutic agents, e.g. methotrexate and
5-fluorouracil, target folate metabolism. A crucial issue with
regard to this possible dual effect is the timing of exposure
and dose of folic acid used.
The results from human intervention studies investigating

an effect of folic acid supplementation on putative markers
for CRC risk, e.g. DNA methylation and uracil misincorpora-
tion, are inconclusive. Studies investigating an effect of folic
acid supplementation on global DNA methylation are compli-
cated by differences in the analytical methods used; further-
more, most widely used methods for assessing genomic
methylation provide no information on which cytosine resi-
dues within the genome are methylated and it is possible
that reported changes in global DNA methylation are weighted
towards changes within ‘junk’ DNA regions with no obvious
implications for genomic stability, gene expression or cell
function27.
In the trial presented by Professor John Mathers there was

no effect of folate supplementation on global DNA methyl-
ation in colo-rectal mucosa. In a previous trial in adenoma
patients, high-dose folic acid supplementation (5mg/d) for 6
months increased genomic DNA methylation in colonic muco-
sal biopsies, but when supplementation was continued for 12
months, genomic methylation was no different from that in
placebo-treated subjects28. A similar trial in adenoma patients
observed that, compared with placebo, folic acid supplemen-
tation (400mg/d) increased genomic DNA methylation in leu-
cocytes and non significantly in the colonic mucosa29. Other
studies have shown that a few weeks of moderate folate
depletion resulted in reduced global DNA methylation in cir-
culating leucocytes, but any effect of folate repletion was
inconsistent30–32.
In healthy subjects, no effect on leucocyte genomic DNA

methylation was observed after folic acid supplementation
(1·2mg/d for 10 weeks), but uracil misincorporation was
reduced with the effect being more pronounced in those
with lower erythrocyte folate concentration at baseline33.
The study presented by Professor John Mathers, however, pro-
vides no evidence that folic acid supplementation (up to
1·2mg/d for 50 d) alters colo-rectal mucosa uracil misincor-
poration. In contrast, results from the trial presented by Dr
Ellen Kampman suggest that high-dose folic acid supplemen-
tation (5mg/d for 6 months) may actually increase colo-rectal
mucosa uracil misincorporation in subjects with a recent his-
tory of adenomas. This finding needs confirmation in a
larger trial.
Two trials presented at the workshop assessed the effect of

folic acid supplementation on gene-specific DNA methylation
in the colo-rectal mucosa. While the trial presented by Pro-
fessor John Mathers observed no effect of folic acid sup-
plementation on DNA methylation in the genes examined
(including MGMT), the trial presented by Dr Ellen Kampman
showed high-dose folic acid supplementation to increase
MGMT methylation status. This may be an adverse effect
since MGMT methylation in the colo-rectal mucosa may
result in gene silencing34 and could represent a field effect pre-
disposing to CRC35.

The results from two polyp recurrence trials were presented
at the workshop, neither of which demonstrated a beneficial
effect on adenoma risk of folic acid supplementation (either
0·5mg or 1mg/d) over 3 years; however, in the North Amer-
ican trial the continued supplementation with 1mg/d for a
further 3–5 years was associated with an increased risk
for more advanced lesions and multiple adenomas, suggesting
folic acid supplementation may have promoted the progression
of premalignant lesions. The United Kingdom Colorectal
Adenoma Prevention Consortium trial provided no evidence
of any adverse effects of 0·5mg folic acid/d for 3 years on
adenoma risk.

Overall, human intervention trials to date do not support a
protective role of folic acid supplementation on CRC risk
and there is some evidence to suggest an adverse effect of
1mg/d or more when administered after colo-rectal neoplastic
lesions have been established.

It has been suggested that if folate promotes the progression
of preneoplastic lesions in human subjects, as demonstrated in
some animal models, then a trial of recurrent polyps in sub-
jects with a recent history of adenomas may be more relevant
to investigating possible deleterious effects of folate sup-
plementation26. Even conducting trials in adults without vis-
ible adenomas, however, raises the issue that many, perhaps
most, would have transformed foci by the time they are
middle-aged. This obviously raises ethical issues with regard
to future trials and highlights the need to address the possi-
bility that a key issue is the timing of exposure with respect
to carcinogenesis.

To date all intervention trials investigating the relationship
of folate to CRC risk have used the synthetic form of folate,
folic acid. In human subjects, the degree to which folic acid
is reduced and methylated in the mucosal epithelial cells to
5-methylenetetrahydrofolate remains unclear and dihydrofo-
late reductase activity appears to be more limited than in
rodents36. A dose of about 260mg has been reported to be
the threshold at which folic acid starts to appear in the
plasma postprandially37. There appears to be marked inter-
individual variation in this response and repeated adminis-
tration with smaller doses may result in the appearance of
unmetabolized folic acid in plasma postprandially38. The con-
centrations of unmetabolized folic acid observed in the blood
after the ingestion of supplements or fortified foods may have
different effects on folate-binding proteins and transporters
than naturally occurring folates37. Folic acid enters the one-
carbon cycles at a different point to 5- methylenetetrahydrofo-
late and could, therefore, have different effects26.

A cross-sectional study in the USA39, where supplement use
is common and the mandatory fortification of flour with folic
acid was introduced in 1998, detected unmetabolized folic
acid in fasting plasma samples of 78% of subjects (n 105).
The amount of unmetabolized folic acid in the plasma was
inversely associated with natural killer cell cytotoxicity, an
index of innate immune function and implicated in cancer
risk40.

Research recommendations

Future research should give consideration to the supplemental
form, as well as the timing and dose, of folate employed. The
inherent differences in folate absorption and metabolism
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between rodents and human subjects36 make it difficult to
extrapolate the animal data to human subjects and further
work is required to define dose–response effects. The further
investigation of metabolic genotypes, e.g. MTHFR 677C . T,
that may modulate the relationship between folate and CRC
risk was also highlighted at the workshop. The prognostic sig-
nificance of DNA methylation and uracil misincorporation for
CRC risk, as well as their relationship to diet, still need to be
determined.

Attendees

Professor John Baron, Dr Young-In Kim, Professor Joseph
Rafter, Professor David Shuker, Dr Ellen Kampman, Professor
John Mathers, Professor C Stephen Downes, Professor Ian
Johnson, Dr Nigel Belshaw, Dr Elizabeth Williams, Professor
Hilary Powers, Dr Susan Duthie, Professor John Toy, Pro-
fessor Martin Wiseman, Dr Helga Refsum, Professor Richard
Logan, Professor Ken Muir, Dr Paul Haggarty, Dr Andrew
Povey, Professor Sheila Bingham, Professor Ian Rowland,
Dr Alison Tedstone, Dr Elaine Stone, Ms Rachel Elsom, Dr
Peter Sanderson.

References

1. Sanjoaquin MA, Allen N, Couto E, Roddam AW & Key TJ

(2005) Folate intake and colorectal cancer risk: a meta-analyti-

cal approach. Int J Cancer 113, 825–828.
2. Larsson SC, Giovannucci E & Wolk A (2005) A prospective

study of dietary folate intake and risk of colorectal cancer:

modification by caffeine intake and cigarette smoking. Cancer

Epidemiol Biomarkers Prev 14, 740–743.
3. Van Guelpen B, Hultdin J, Johansson I, Hallmans G, Stenling R,

Riboli E, Winkvist A & Palmqvist R (2006) Low folate levels

may protect against colorectal cancer. Gut 55, 1461–1466.
4. Zhang SM, Moore SC, Lin J, Cook NR, Manson JE, Lee IM &

Buring JE (2006) Folate, Vitamin B6, Multivitamin Sup-

plements, and Colorectal Cancer Risk in Women. Am J Epi-

demiol 163, 108–115.
5. Baron JA, Sandler RS, Haile RW, Mandel JS, Mott LA &

Greenberg ER (1998) Folate intake, alcohol consumption, ciga-

rette smoking, and risk of colorectal adenomas. J Natl Cancer

Inst 90, 57–62.
6. Giovannucci E, Stampfer MJ, Colditz GA, Rimm EB, Tricho-

poulos D, Rosner BA, Speizer FE & Willett WC (1993)

Folate, methionine, and alcohol intake and risk of colorectal

adenoma. J Natl Cancer Inst 85, 875–884.
7. Martinez ME, Henning SM & Alberts DS (2004) Folate and col-

orectal neoplasia: relation between plasma and dietary markers

of folate and adenoma recurrence. Am J Clin Nutr 79, 691–697.
8. Sharp L & Little J (2004) Polymorphisms in Genes Involved in

Folate Metabolism and Colorectal Neoplasia: A HuGE Review.

Am J Epidemiol 159, 423–443.
9. Bingham SA, Norat T, Moskal A, et al. (2005) Is the association

with fiber from foods in colorectal cancer confounded by folate

intake? Cancer Epidemiol Biomarkers Prev 14, 1552–1556.
10. Cravo ML, Mason JB, Dayal Y, Hutchinson M, Smith D, Selhub

J & Rosenberg IH (1992) Folate deficiency enhances the devel-

opment of colonic neoplasia in dimethylhydrazine-treated rats.

Cancer Res 52, 5002–5006.
11. Kim YI, Salomon RN, Graeme-Cook F, Choi SW, Smith DE,

Dallal GE & Mason JB (1996) Dietary folate protects against

the development of macroscopic colonic neoplasia in a dose

responsive manner in rats. Gut 39, 732–740.
12. Wargovich MJ, Chen CD, Jimenez A, Steele VE, Velasco M,

Stephens LC, Price R, Gray K & Kelloff GJ (1996) Aberrant

crypts as a biomarker for colon cancer: evaluation of potential

chemopreventive agents in the rat. Cancer Epidemiol Bio-

markers Prev 5, 355–360.
13. Le Leu RK, Young GP & McIntosh GH (2000) Folate

deficiency reduces the development of colorectal cancer in

rats. Carcinogenesis 21, 2261–2265.
14. Le Leu RK, Young GP & McIntosh GH (2000) Folate

deficiency diminishes the occurrence of aberrant crypt foci in

the rat colon but does not alter global DNA methylation

status. J Gastroenterol Hepatol 15, 1158–1164.
15. Wargovich MJ, Jimenez A, McKee K, Steele VE, Velasco M,

Woods J, Price R, Gray K & Kelloff GJ (2000) Efficacy of

potential chemopreventive agents on rat colon aberrant crypt

formation and progression. Carcinogenesis 21, 1149–1155.
16. Bashir O, FitzGerald AJ & Goodlad RA (2004) Both suboptimal

and elevated vitamin intake increase intestinal neoplasia and

alter crypt fission in the ApcMin/þ mouse. Carcinogenesis

25, 1507–1515.
17. Song J, Sohn KJ, Medline A, Ash C, Gallinger S & Kim YI

(2000) Chemopreventive effects of dietary folate on intestinal

polyps in Apc þ /2Msh2 2 /2 mice. Cancer Res 60,
3191–3199.

18. Song J, Medline A, Mason JB, Gallinger S & Kim YI (2000)

Effects of dietary folate on intestinal tumorigenesis in the

apcMin mouse. Cancer Res 60, 5434–5440.
19. Lindzon GM, Medline A, Sohn KJ, Gallinger S, Croxford R &

Kim YI (in press) Effect of folic acid supplementation on the

progression of colorectal aberrant crypt foci. Proc Am Assoc

Cancer Res.

20. Jones PA & Baylin SB (2002) The fundamental role of epige-

netic events in cancer. Nat Rev Genet 3, 415–428.
21. Feinberg AP, Ohlsson R & Henikoff S (2006) The epigenetic

progenitor origin of human cancer. Nat Rev Genet 7, 21–33.
22. Duthie SJ, Narayanan S, Sharp L, Little J, Basten G & Powers H

(2004) Folate, DNA stability and colo-rectal neoplasia. Proc

Nutr Soc 63, 571–578.
23. van den Donk M, van Engeland M, Pellis L, Witteman BJM,

Kok FJ, Keijer J & Kampman E (2007) Dietary folate intake

in combination with MTHFR C677T genotype and promoter

methylation of tumor suppressor and DNA repair genes in

sporadic colorectal adenomas. Cancer Epidemiol Biomarkers

Prev 16, 327–333.
24. Hubner RA, Muir KR, Liu JF, Sellick GS, Logan RFA, Grainge

M, Armitage N, Chau I & Houlston RS & The United Kingdom

Colorectal Adenoma Prevention Consortium (2006) Folate

metabolism polymorphisms influence risk of colorectal ade-

noma recurrence. Cancer Epidemiol Biomarkers Prev 15,
1607–1613.

25. Quinlivan EP & Gregory JF III (2003) Effect of food fortifica-

tion on folic acid intake in the United States. Am J Clin Nutr 77,
221–225.

26. Ulrich CM & Potter JD (2006) Folate supplementation: too

much of a good thing? Cancer Epidemiol Biomarkers Prev

15, 189–193.
27. Mathers JC (2005) Reversal of DNA hypomethylation by folic

acid supplements: possible role in colorectal cancer prevention.

Gut 54, 579–581.
28. Kim YI, Baik HW, Fawaz K, Knox T, Lee YM, Norton R,

Libby E & Mason JB (2001) Effects of folate supplementation

on two provisional molecular markers of colon cancer: a pro-

spective, randomized trial. Am J Gastroenterol 96, 184–195.
29. Pufulete M, Al Ghnaniem R, Khushal A, Appleby P, Harris N,

Gout S, Emery PW & Sanders TAB (2005) Effect of folic acid

Folate and colo-rectal cancer risk 5



supplementation on genomic DNA methylation in patients with

colorectal adenoma. Gut 54, 648–653.
30. Jacob RA, Gretz DM, Taylor PC, James SJ, Pogribny IP, Miller

BJ, Henning SM & Swendseid ME (1998) Moderate folate

depletion increases plasma homocysteine and decreases lym-

phocyte DNA methylation in postmenopausal women. J Nutr

128, 1204–1212.
31. Rampersaud GC, Kauwell GP, Hutson AD, Cerda JJ & Bailey

LB (2000) Genomic DNA methylation decreases in response

to moderate folate depletion in elderly women. Am J Clin

Nutr 72, 998–1003.
32. Shelnutt KP, Kauwell GP, Gregory JF III, Maneval DR, Quinli-

van EP, Theriaque DW, Henderson GN & Bailey LB (2004)

Methylenetetrahydrofolate reductase 677C– . T polymorphism

affects DNA methylation in response to controlled folate intake

in young women. J Nutr Biochem 15, 554–560.
33. Basten GP, Duthie SJ, Pirie L, Vaughan N, Hill MH & Powers

HJ (2006) Sensitivity of markers of DNA stability and DNA

repair activity to folate supplementation in healthy volunteers.

Br J Cancer 94, 1942–1947.
34. Shen L, Kondo Y, Rosner GL, et al. (2005) MGMT promoter

methylation and field defect in sporadic colorectal cancer.

J Natl Cancer Inst 97, 1330–1338.

35. Giovannucci E & Ogino S (2005) DNA methylation, field

effects, and colorectal cancer. J Natl Cancer Inst 97,
1317–1319.

36. Wright AJA, Finglas PM, Dainty JR, Wolfe CA, Hart DJ,

Wright DM & Gregory JF (2005) Differential kinetic behavior

and distribution for pteroylglutamic acid and reduced folates:

a revised hypothesis of the primary site of PteGlu metabolism

in humans. J Nutr 135, 619–623.
37. Kelly P, McPartlin J, Goggins M, Weir DG & Scott JM (1997)

Unmetabolized folic acid in serum: acute studies in subjects

consuming fortified food and supplements. Am J Clin Nutr 65,
1790–1795.

38. Sweeney MR, McPartlin J, Weir DG, Daly L & Scott JM (2006)

Postprandial serum folic acid response to multiple doses of folic

acid in fortified bread. Br J Nutr 95, 145–151.
39. Troen AM, Mitchell B, Sorensen B, et al. (2006) Unmetabolized

folic acid in plasma is associated with reduced natural killer cell

cytotoxicity among postmenopausal women. J Nutr 136,
189–194.

40. Imai K, Matsuyama S, Miyake S, Suga K & Nakachi K (2000)

Natural cytotoxic activity of peripheral-blood lymphocytes and

cancer incidence: an 11-year follow-up study of a general popu-

lation. Lancet 356, 1795–1799.

P. Sanderson et al.6


