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during folate deficiency (Pogribny et al. 1995; Kim et al.
1997). Folic acid supplementation has also been observed to
prevent p53 mutations in subjects with chronic ulcerative
colitis, a disease associated with increased risk of CC
(Shapiro et al. 1997).

Human studies on DNA methylation

Methylation abnormalities are not confined entirely to the
neoplasm. One small study has shown that DNA from
normal-appearing colo-rectal mucosa was significantly
(P < 0·005) hypomethylated in twelve subjects with cancer
compared with eight controls (Cravo et al. 1994). A study
was carried out to investigate whether genomic DNA
methylation in normal-appearing colo-rectal mucosa
differed between thirty-five subjects with CA, twenty-eight
subjects with CC and seventy-six controls free of any colo-
rectal abnormality. DNA methylation was determined by
measuring [3H]methyl incorporation into DNA (Balaghi &
Wagner, 1993). Thus, an increase in [3H]methyl incorpor-
ation reflects a decrease in DNA methylation. After
adjusting for various lifestyle factors (gender, age, BMI,
smoking and alcohol intake) and polymorphisms in
MTHFR, MS and CBS genes, DNA methylation in normal-
appearing colo-rectal mucosa was 26 and 30 % lower in
subjects with CA (P = 0·009) and CC (P = 0·08) respectively
compared with controls (Pufulete et al. 2003; Fig. 2).

Leucocyte DNA methylation has been shown to decrease
in response to moderate folate depletion in post-menopausal
women (Jacob et al. 1998; Rampersaud et al. 2000). DNA
methylation was positively correlated with dietary folate
intake and plasma folate (Jacob et al. 1998) and negatively
correlated with plasma homocysteine (Rampersaud et al.
2000). This relationship was not confirmed in a study in
younger subjects (Fenech et al. 1998). Two studies have
also shown interactions between the MTHFR 677C→T
mutation, folate status and DNA methylation in leucocytes
(Stern et al. 2000; Friso et al. 2002).

To date, there are no published studies that have assessed
the influence of folate status on DNA methylation in colo-
rectal mucosa. This relationship was investigated in a cross-
sectional study of sixty-one subjects (twenty-nine men and
thirty-two women, 38–78 years) free from CA or CC. A
score based on estimates of dietary intake, serum and
erythrocyte folate concentrations was used to assess folate
status. DNA hypomethylation was negatively correlated
with folate status (P = 0·01) and positively correlated with
plasma homocysteine (P = 0·03; M Pufulete, P Emery and
TAB Sanders, unpublished results).

Folate supplementation and DNA methylation

A small number of randomised double-blind placebo-
controlled folate intervention trials in subjects with CC and
CA have shown that folate supplementation can alter
genomic DNA methylation. DNA hypomethylation in colo-
rectal mucosa was reversed following 6 months of supple-
mentation with folate (10 mg/d) in eleven subjects with
either CA or CC following the removal of these lesions
(Cravo et al. 1994). This outcome was not observed in the
eleven subjects receiving placebo. A 3-month crossover
study in twenty subjects with resected CA, using half the
dose of folate (5 mg/d), showed a 40% increase in genomic
DNA methylation in colo-rectal mucosa in subjects with a
single adenoma (P = 0·05), although subjects with multiple
adenomas did not respond (Cravo et al. 1998). In another
study both folate supplementation (5 mg/d) and placebo for
1 year in twenty subjects with CA increased genomic DNA
methylation and decreased strand breaks in exons 5–8 of
the p53 tumour suppressor gene (Kim et al. 2001). The
corresponding changes in the placebo group suggest that
factors other than folate were responsible for the observed
improvements.

A randomised placebo-controlled study was conducted in
order to determine whether short-term (10 weeks) supple-
mentation with a physiological dose of folate (400 µg/d)
could increase DNA methylation in leucocytes and colo-
rectal mucosa in thirty-one subjects with CA. The results
showed that after adjusting for various lifestyle factors
(gender, age, BMI, smoking and alcohol intake) and poly-
morphisms in MTHFR 677C→T and MS 2756A→G folate
supplementation increased genomic DNA methylation by
31% (P = 0·05 for folate v. placebo; Fig. 3) and 25%
(P = 0·09 for folate v. placebo) respectively in leucocytes
and colo-rectal mucosa (Pufulete et al. 2002a).

Conclusion

There is a growing body of evidence linking a low folate
status to DNA hypomethylation and colo-rectal neoplasia.
Further research is needed to clarify the mechanisms
through which genomic DNA hypomethylation increases
the risk of carcinogenesis, and to determine the between-
and within-person variation in DNA methylation and to
define normal ranges of DNA methylation, thus providing a
definition of ‘hypomethylation’.

The proposed fortification programme in the UK is likely
to improve folate status and lower plasma homocysteine
concentration in the population, but more rigorous studies
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Fig. 2. Differences in C3H3 incorporation into DNA from normal-
appearing colo-rectal mucosa in subjects with colo-rectal adenoma
(%) and colo-rectal cancer (]) and in control subjects (\). Values
are means with their standard errors represented by vertical bars.
Mean value was significantly different from the control value:
**P = 0·009. (From Pufulete et al. 2003.)
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are required before speculating on any possible benefits on
CC risk. There are currently three randomised double-blind
placebo-controlled multi-centre folate chemo-prevention
trials ongoing in the USA (New England Medical Centre
Multicentre Study, Darmouth Medical Centre Multicentre
Study and the Nurses’ Health Study and Health Profes-
sionals Follow-up Study). All three studies are using
supraphysiological doses of folate (1–5 mg/d) and the latter
two studies have CA recurrence as an end point. It is
likely that the folate fortification programme that began in
the USA after some of these trials commenced will
influence their outcome, so it is open to question whether
these studies will clarify the effect of folate supplementation
on colo-rectal neoplasia.
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