[Frontiers in Bioscience 9, 2725-2732, September 1, 2004]

CHEMOPREVENTIVE ROLE OF FOLIC ACID IN COLORECTAL CANCER

Adhip P.N. Majumdar, Udayini Kodali and Richard Jaszewski

Veterans Affairs Medical Center, Karmanos Cancer Institute, Department of Internal Medicine, Wayne State University, Detroit,

Michigan
TABLE OF CONTENTS

1. Abstract

2. Chemical structure and sources
3. Distribution and metabolism

4. Chemoprevention with folic acid
5. Mechanisms of action

6. Acknowledgements

7. References

1. ABSTRACT

Mortality from colorectal cancer, a leading cause
of death in the U.S.A. and other western countries, has
remained unchanged over the past 45 years. Therefore, the
search for strategies to prevent the development and
progression of colorectal cancer has markedly intensified.
Chemoprevention is one such strategy. Accumulating
evidence suggests that folic acid, a water soluble vitamin,
could be an effective chemopreventive agent for colorectal
cancer. Results from several studies have demonstrated that
a diet deficient in folic acid may be associated with an
increased risk of colonic neoplasia, whereas dietary
supplementation of this nutrient may be chemopreventive.
Although the mechanisms by which folic acid exerts its
chemopreventive role in colorectal carcinogenesis remain
to be fully elucidated, supplemental folic acid has been
shown to arrest the loss of heterozygosity (LOH) of the
tumor suppressor gene DCC (deleted in colorectal cancer)
and to stabilize its protein in normal appearing rectal
mucosa of patients with colorectal adenomas. Data from in
vitro studies utilizing colon cancer cell lines suggest that
supplemental  folic acid or its metabolite 5-
methyltetrahydrofolate (5-MTF) attenuates the expression
and activation of EGF-receptor (EGFR) as well as
proliferation of cells. The folic acid mediated reduction of
EGFR function could partly be the result of suppression of
EGFR gene through increased methylation of CpG
sequences within its promoter.

2. CHEMICAL STRUCTURE AND SOURCES

Folic acid is water soluble B vitamin, composed
of a pterin ring connected to p-aminobenzoic acid (PABA)
and conjugated with one or more glutamate residues
(Figure 1). Humans do not generate folate endogenously
because they cannot synthesize PABA, nor can they
conjugate the first glutamate. It is distributed widely in
green leafy vegetables, beans, whole grains, citrus fruits,
and animal products.

3. DISTRIBUTION AND METABOLISM

Folates are present in natural foods and tissues as
polyglutamates. In plasma and urine, they are found as
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monoglutamates, so that they can be transported across
membranes. Enzymes in the lumen of the small intestine
convert the polyglutamate to monoglutamate that is absorbed
in the proximal jejunum via both active and passive transport.
Within the plasma, folate is present, mostly in the 5-
methyltetrahydrofolate (5-methyl THFA) form, and is loosely
associated with plasma albumin in circulation. The 5-methyl
THFA enters the cell via a diverse range of folate transporters.
Once inside, 5-methyl THFA is demethylated to THFA, which
is derived by the 2-step reduction of folate involving
dihydrofolate reductase. THFA is the biologically active form
participating in folate-dependent enzymatic reactions.

THFA plays a key role in the transfer of 1-carbon
units (such as methyl, methylene, and formyl groups) to the
essential substrates involved in the synthesis of DNA,
RNA, and proteins. THFA is involved in the enzymatic
reactions necessary for the synthesis of purine, thymidine,
and amino acids (Figure 2). The most important carrier of
methyl groups is  S-adenosylmethionine (SAM).
Methylation of DNA and RNA requires SAM as a source
of methyl groups. The degree of methylation correlates
with transcriptional activity. Cobalamin and folate
metabolism are intricately related, and abnormalities in
these pathways are believed to lead to the attenuated
production of DNA. Manifestations of folate deficiency
thus involve impairment of cell division, accumulation of
possibly toxic metabolites such as homocysteine, and
impairment of methylation reactions involved in the
regulation of gene expression, thus increasing neoplastic
risks, as discussed later.

A healthy individual has about 500-20,000 pg of
folate in body stores with 50% concentrated in the liver.
Humans need to absorb approximately 50-100 pg of folate
per day in order to replenish the daily degradation and loss
through urine and bile. Signs and symptoms of deficiency
can manifest after 4 months. The RBC folate level indicates
folate stored in the body, whereas the serum folate level
reflects acute changes in folate intake. Data from the
Second National Health and Nutrition Examination Survey
indicate that 10% of the US population may have low folate
stores. Folic acid deficiency is one of the most common
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Figure 1. The Chemical Structure of Folic Acid.

vitamin deficiencies in the United States, due to its
association with excessive alcohol intake (5% of US
population) as well as pregnancy. The significance of
folic acid deficiency is compounded by the following
attributes:

e An association of folate deficiency with elevated
homocysteine, leading to increased risk of arteriosclerosis

e Increased incidence of neural tube defects has been
noted with folate deficiency.

e Increased risk of colorectal cancer has been noted with
folate deficiency.

Hence, folic acid clearly has a profound impact on public
health in the United States, especially since heart disease
and cancer constitute the number 1 and number 2 causes of
mortality in this country.

4. CHEMOPREVENTION WITH FOLIC ACID

Although the epidemiology of colorectal cancer
is related to genetic susceptibility, dietary factors such as
vitamins and micronutrients are thought to influence
tumorigenic processes (1). Considerable interest has
recently been focused on the water-soluble vitamin folic
acid. Folic acid is an essential factor in the generation of S-
adenosylmethionine, the critical methyl donor for DNA
methylation. Although the specific mechanism(s) by which
inadequate folate availability might enhance colorectal
carcinogenesis have not been fully elucidated, it was
hypothesized that aberrations in DNA methylation might
certainly contribute to abnormalities in DNA synthesis and
genomic instability.

Several large case-controlled studies have
noted an inverse relationship between dietary folic acid
and the development of colorectal cancer (2- 5). Results
from several studies have demonstrated that a diet
deficient in folic acid may be associated with an
increased risk of colonic neoplasia (1, 6, 7), whereas
dietary supplementation of this nutrient may be
chemopreventive (4, 8, 9). Initial epidemiological studies
in patients with chronic ulcerative colitis (8, 10), known
to be associated with an increased risk of colonic
dysplasia/carcinoma, demonstrated that folate
supplementation was associated with a 62% lower
incidence and decreased relative risk for the development
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of colorectal neoplasia. Folate deficiency in ulcerative
colitis may be induced by reduced intestinal absorption
from competitive inhibition by sulfasalazine, intestinal
losses related to disease activity and reduced oral intake.
Reduced RBC folate or failure to supplement ulcerative
colitis patients with folate is associated with the
development of dysplasia and cancer (4, 10).

Several studies performed in patients with
benign colorectal adenomas, known to be the precursors
of colorectal carcinomas, have also suggested a role for
folic acid in preventing colorectal cancer. Meenan et al.
(11) have measured folate levels in adenomas,
carcinomas and adjacent normal appearing mucosa
noting that levels were lower in adenoma and carcinoma
compared to adjacent normal mucosa. Another study (7)
noted that the mean RBC folate levels were significantly
lower in patients with adenomas compared to healthy
controls.

A recent study by Pufulete et al. (12) compared
differences in DNA methylation and folate status between
patients with adenomas or colorectal cancer with healthy
controls. Cancer patients were found to have a 26% lower
folate status, a score derived from serum and dietary intake
levels, compared to controls. High folate status was
associated with a decreased risk of cancer. Finally, colonic
and leukocyte DNA hypomethylation were associated with
an increased risk for adenoma. It was further hypothesized
that an inadequate supply of folate may increase the risk of
neoplasia by inducing DNA hypomethylation which may
alter DNA stability and the subsequent aberrant expression
of proto-oncogenes and tumor suppressor genes involved in
colon carcinogenesis. In an elegant study by van Engeland
et al. (13), the effect of folate intake on the promoter
methylation of several genes reported to be involved and
methylated in colon carcinogenesis were examined. The
prevalence of promoter hypermethylation was higher in
colorectal cancers from patients with low folate intake,
although the difference did not achieve statistical
significance. Furthermore, the number of colorectal cancers
with at least one gene methylated was higher in the low
folate intake group compared to those with high intake. We
recently determined that supplemental folic acid prevents
loss of heterozygosity (LOH) and stabilization of colonic
mucosal protein levels of the deleted in colon cancer
(DCC) gene in patients with a history of colorectal
adenomas (14).

Accumulated data from murine studies have also
supported a role for folic acid in the prevention of colon
carcinogenesis. Folate deficient rats demonstrate an
increased susceptibility to dimethylhydrazine induced
colonic neoplasia when compared to folate replete animals
(15). In a similar model, folate supplementation protected
against the development of macroscopic colonic neoplastic
lesions in a dose dependent manner (16). We have
previously demonstrated that folic acid supplementation
can reduce the age related susceptibility of murine
colorectal mucosa to carcinogenic stimulation as relflected
by indices of proliferation which are essential to the
carcinogenic process (17).
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Figure 2. Overview of key reactions involving one-carbon transfer.

Recently developed genetic murine models which
spontaneously develop small intestinal and colonic tumors
have provided an opportunity to examine the effects of
environmental and nutritional factors on colorectal
carcinogenesis (18, 19). Kim et al. (18, 19) studied the effect
of folic acid in the Min mouse model which carries a
heterozygous germ-line mutation of the Apc gene which
resembles the human syndrome of familial adenomatous
polyposis coli. One study (18) demonstrated that folate
supplementation significantly decreases the number of small
intestinal and colonic adenomas if begun before the
establishment of neoplastic foci. A subsequent investigation
(19) noted that increasing dietary folate levels significantly
reduced the number of ileal polyps in a dose-dependent
manner. Furthermore, the number of ileal polyps was
inversely correlated with serum folate concentrations.
Finally, increasing dietary folate levels significantly
decreased the number of colonic aberrant crypt foci (ACF)
which are believed to be the precursors of colorectal
adenomas (20).

5. MECHANISMS OF ACTION

The mechanisms by which folic acid exerts its
chemopreventive role in colorectal carcinogenesis are
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poorly understood. Carcinogenesis, which is a multi-step
process, results from the accumulation of mutations during
progression from normal epithelium to carcinoma (21, 22).
It is becoming increasingly apparent that tumor suppressor
genes play a key role in the development and progression
of carcinogenesis since the products of these genes
normally function to regulate cell growth and
differentiation and their loss of function contributes to the
neoplastic phenotype (23). The mechanisms of gene
inactivation include allelic deletion (loss of heterozygosity
or LOH), chromosomal rearrangement, point mutation and
inactivation of suppressor gene products by viral or cellular
inactivation agents. Genetic changes that occur at different
stages of epithelial cell carcinoma have been extensively
studied by Vogelstein and his colleagues in human colon
cancer (21, 22). At least for colon cancer, it has been
suggested that the loss or inactivation of the tumor-
suppresser gene APC initiates genomic instability that may
produce the phenotypic appearance of an adenoma. The
advanced tumors, however, possess mutations and/or
deletion of a number oncogenes and tumor-suppresser
genes not seen in the early adenoma (22, 24, 25). For
example, mutations of ras and p53 and deletion of DCC
are thought to be involved in cellular adhesion and
metastasis. Multiple allelic mutations may also occur in
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other chromosomes. In brief, numerous genetic alterations
are necessary for the development of colorectal cancer (22,
24). Inactivation of a number of tumor suppressor genes,
including APC (adenomatous polyposis coli), DCC
(deleted in colorectal cancer) and p53 has been detected in
the development and progression of colorectal cancer (21,
22, 25, 26). Supplemental folic acid has been shown to be
protective of mutations involving G—T transversions,
which have been related to poor prognosis and a high risk
of recurrence in colorectal carcinomas (27). However, it
remains to be determined whether mutational status of
these and other tumor suppressor genes in the colorectal
mucosa might be affected by supplemental folic acid. In a
recent study, we examined the changes in mutational status
of APC, DCC and p53 genes in macroscopically normal
appearing rectal mucosa at the beginning (baseline; i.e.
before treatment) and 1 year after treatment with either
supplemental folic acid or placebo tablets (14). We have
observed that folate supplementation prevented the LOH of
DCC gene in 5 out of 5 (100%) patients who demonstrated
baseline heterozygosity, whereas 2 out of 4 (50%) placebo-
treated patients with baseline heterozygosity demonstrated
complete allelic loss (14). Mucosal protein levels of DCC
were also reduced in 7 of 10 (70%) placebo treated patients
compared to only 2 of 10 (20%) of patients treated with
folate. Levels increased, however, in 8 and 3 patients in the
folic acid and placebo groups, respectively (p<0.02). Since
reduced expression of DCC is thought to play an important
role in malignant transformation (28), our observation of a
complete loss of one allele in DCC gene in 2 out of 4
placebo-treated subjects together with decreased expression
of DCC protein in these and other placebo-treated subjects
raises the possibility that they may be vulnerable to
malignant transformation.

Lack of folic acid has been shown to cause
misincorporation of uracil. This raises the possibility that
supplemental  folic acid may prevent uracil
misincorporation into DNA which is associated with
increased chromosome breakage, a risk factor for cancer
(29, 30). Another possibility could be due to regional
differences in the methylation status of the DCC gene.
For example, Sato et al. (31) noted discrepancies
between methylation status and DCC expression in
primary gastric cancer which may have been related to
differences in methylation status between the heart of
promoter CpG islands and the region which they
examined. It has been suggested that a small methylated
region of AMLHI could itself block expression (32).
Although we did not specifically explore the
methylation status of AMLHI gene, we found no
differences in the incidence of mutations in AMLHI gene
between the placebo and folic acid-treated groups (14).

In contrast to what has been observed for DCC,
no LOH was observed for either APC or pS3 gene in any
of the subjects. This observation suggests that the
induction of colorectal adenoma(s) in these subjects was
not the result of LOH of either APC or p53 gene (14).
However, since LOH of APC and p53 was assessed by
studying RFLP in exon 11 and codon 72, respectively,
the possibility of other areas of these genes being
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affected in the development of colonic adenomas cannot
be totally disregarded.

Although in familial cancers genetic instability
plays a dominant role, in a vast majority of sporadic
cancers hyperproliferation is likely to play a permissive
role in initiating the progression of the disease.
Proliferative activity in macroscopically normal colonic
mucosa also increases in premalignant lesions. In the
azoxymethane (AOM) model of colorectal cancer in rats, a
single injection of the carcinogen induces a prompt rise in
DNA synthesis and ornithine decarboxylase (ODC) activity
which is sustained for much of the latent period preceding
macroscopic tumor formation (33) [ODC is the rate
limiting enzyme in the biosynthesis of polyamines, which
are believed to be intracellular mediators of cell
proliferation and differentiation (34-37)]. Similar increases
in ODC activity and DNA synthesis have been observed in
normal appearing colonic mucosa from subjects with colon
cancer (38, 39). Increased colonic mucosal proliferative
activity has also been observed in numerous premalignant
lesions, including familial polyposis (40-42), sporadic
adenomas (43-45) and ulcerative colitis (46-48). In
addition, animal experiments have demonstrated that aging,
which is associated with an increased incidence of
colorectal neoplasia, is accompanied by a rise in colonic
mucosal proliferative activity and decreased apoptosis (49-
52). Recent in vitro studies from this and other laboratories
have further demonstrated that supplemental folic acid
greatly inhibits proliferation of colon cancer cell lines (53,
54). We have further observed that in polypectomized
patients, supplemental folic acid for one year decreases
colonic mucosal proliferative activity (14). Although the
regulatory mechanisms for folic acid mediated inhibition of
mucosal proliferation are not fully understood, we
hypothesize that tyrosine kinases, which are associated with
a number of growth factor receptors and the products of
many protooncogenes (55-57), play a role in regulating this
process. A positive relationship between hyperproliferative
state and tyrosine kinase activity and tyrosine
phosphorylation has been demonstrated in various
precancerous lesions in the gastrointestinal tract. In
humans, this relationship was seen in ulcerative colitis (58,
59) and in the rectal mucosa of patients harboring
adenomatous polyps (60, 61). In rats, induction of colonic
mucosal proliferative activity by AOM (azoxymethane) or
its active metabolite MAOM (methylazoxymethanol) has
also been shown to be accompanied by an increase in
tyrosine kinase activity and tyrosine phosphorylation of
several membrane proteins (62).

Since tyrosine kinases are associated with
receptors of a number of growth factors and products of
many proto-oncogenes (55-57), studies have also been
performed to assess the role of different tyrosine kinases in
various diseases that represent tissue growth. The type 1
receptor tyrosine kinases constitute a family of
transmembrane proteins involved in various aspects of cell
growth, survival and differentiation (63). The family includes
the EGFR, ErbB-2, ErbB-3 and ErbB-4. EGFR and ErbB-2
have been investigated as potential targets for cancer therapy
because of their preponderance in a variety of neoplastic
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tissues (64). Overexpression of EGFR has been implicated in
development or progression of many malignancies, including
colorectal cancer (65, 66). In particular, EGFR overexpression
correlates with high metastatic rate, short survival time (67),
and poor prognosis (68) for patients with squamous cell
carcinomas of the lung. Increased expression of EGFR or its
activating ligands, EGF and TGF-a, correlates with the
recurrence or poor prognosis in bladder, pancreatic and
colorectal cancer (65). In addition, ErbB-2 expression also
correlates with poor prognosis in cancers of the colon, overy
and bladder (69, 70). We have demonstrated that exposure of
colon cancer cell lines, HCT-116 and Caco-2 to supra-
physiological concentrations of folic acid, that causes a
marked reduction in proliferation, is accompanied by a
parallel inhibition in EGFR activation (53). Expression of
EGFR in both Caco-2 and HCT-116 cells has also been
shown to be decreased in response to supplemental folic acid
(53).

Although the regulatory mechanisms for folic
acid induced inhibition of EGFR expression and activation
are not fully understood, the possibility that supplemental
folic acid may suppress EGFR expression through
hypermethylation cannot be disregarded. Folic acid is the
primary methyl donor for DNA methylation, and for
producing the purines and pyrimidines required for DNA
synthesis. Lack of folate or methyl group nutrients in the
diet has been shown to cause DNA hypomethylation in
both rats and humans, whereas an opposite phenomenon is
noted with excess folic acid (71-73). It is becoming
increasingly evident that gene hypermethylation,
particularly within the promoter, can result in tissue-
specific gene silencing. It has been demonstrated that
methylation of CpG sequeneces within promoters can
inhibit binding of transcription factors, which is thought to
be one of the mechanisms for gene inactivation in
neoplastic cells and tissue-specific gene expression (74-77).
In some cancers, CpG islands in the 5’ regions of tumor
suppressor genes are methylated, and their expression are
switched-off. In view of this, we examined whether and to
what extent supplemental folic acid or its metabolites 5-
methyltetrahydrofolate (5-MTF), dihydrofolate (DF) or
tetrahydrofolate (TF) will modulate the basal and serum-
induced activation of the EGFR promoter in HCT-116
colon cancer cell line (78). We observed that exposure of
the cells to 10% FBS caused a marked stimulation of EGFR
promoter activity and its expression; both of which were
greatly abrogated by supplemental folic acid and 5-MTF. In
contrast, the serum-induced activation of c-fos promoter
activity was unaffected by 5-MTF. The 5-MTF-induced
inhibition of the serum-mediated stimulation of EGFR
promoter activity and EGFR expression was reversed when
methylation was inhibited by 5-aza-2’deoxycytidine. Our
data suggest that folate and its metabolite 5-MTF inhibit
EGFR promoter activity in colon cancer cells by enhancing
methylation (78). This could partly be responsible for folic
acid mediated inhibition of growth related processes in
colorectal neoplasia (78).

6. ACKNOWLEDGEMENTS

The work presented in this communication was

2729

supported by grants to Dr. Majumdar from the National
Institutes of Health/National Institute on Aging (AG
14343) and the Department of Veterans Affairs.

7. REFERENCES

1. Giovanucci, E., M. J. Stampfer, G. A. Colditz, E. B.
Rimm, D. Trichopoulos, B. A. Rosner, F. E. Speizer, W. C.
Willett: Folate methionine and alcohol intake and risk of
colorectal adenoma. J Natl Cancer Inst 85, 846-848 (1993)

2. Benito, E., A. Stiggelbout, F. Bosch, A. Obreador, J.
Kaldor, M. Mulet, N. Munoz: Nutritional factors in
colorectal cancer risk: a case-control study in Majorca. Int J
Cancer 49, 161-167 (1991)

3. Frudenheim, J., S. Graham, J. Marshall, B, Haughey, S.
Cholewinski, G. Wilkinson: Folate intake and
carcinogenesis of the colon and rectum. Int J Epidemiol 20,
368-374 (1991)

4. Lashner, B.A: Red blood cell folate is associated with
the development of dysplasia and cancer in ulcerative
colitis. J Cancer Res Clin Oncol 119, 549-554 (1993)

5. Meyer, F. and E. White: Alcohol and nutrients in relation
to colon cancer in middle-aged adults. Am J Epidemiol 138,
225-236 (1993)

6. Baron, J. A., R. S. Sandler, R. W. Haile, J. S. Mandel, L.
A. Mott, E. R. Greenberg: Folate intake, alcohol
consumption, cigarette smoking and risk of colorectal
adenomas. J Natl Cancer Inst 90, 57-62 (1998)

7. Paspitas, G. A., E. Kalafatis, L. Oros, V. Xourgias, P.
Koutsioumpa, D. G. Karamanolis: Folate status and
adenomatous colonic polyps. A colonoscopically controlled
study. Dis Colon Rectum 38, 64-68 (1995)

8. Lashner B. A., K. S. Provencher, D. L. Seidner, A.
Knesbeck, A. Brzezinski: The effect of folic acid
supplementation on the risk for cancer or dysplasia in
ulcerative colitis. Gastroenterology 112, 29-32 (1997)

9. Ridell, R. H., H. Goldman, D. F. Ransohoff, H. D.
Appelman, C. M. Fenoglio, R. C. Haggitt, C. Ahren, P.
Correa, S. R. Hamilton, B. C. Morson, S. C. Sommers, J.
H. Yardley: Dysplasia in inflammatory bowel disease:
standardized classification with provisional clinical
applications. Hum Pathol 14, 931-968 (1983)

10. Lashner, B. A., P. A. Heidenreich, G. L. Su, S. V.
Kane, S. B. Hanauer: Effect of folate supplementation on
the incidence of dysplasia and cancer in chronic ulcerative
colitis. A case-control study. Gastroenterology 97, 255-259
(1989)

11. Meenan, J, E. O’Hallinan, J. Scott, D. G. Weirt:
Epithelial cell folate depletion occurs in neoplastic but not

adjacent normal colon mucosa. Gastroenterology 112,
1163-1168 (1997)



Folate and colon cancer

12. Pufulete, M., R. Al-Ghnaniem, A. J. M. Leather, P.
Appleby, S, Gout, C. Terry, P. W. Emery, T. A. B. Sanders:
Folate status, genomic DNA hypomethylation, and risk of
colorectal adenoma and cancer: A case control study.
Gastroenterology 124, 1240-1248 (2003)

13. van Engeland M., M. P. Weijenberg, G. M. J. M.
Roemen, M. Brink, A. P. de Bruine, R. A. Goldbohm, P. A.
vandenBrandt, S. B. Baylin, A. F. P. M de Goeij, J. G.
Herman: Effects of dietary folate and alcohol intake on
promoter methylation in sporadic colorectal cancer: The
Netherlands cohort study on diet and cancer. Cancer Res
63, 3133-3137 (2003)

14. Nagothu, K. K., R. Jaszewski, L. Moragoda, A. K.
Rishi, R. Findenauer, M. Tobi, J. Naumoff, R. Dhar, M.
Ehrinpreis, O. Kucuk, A. P. N. Majumdar: Folic acid
mediated attenuation of loss of heterozygosity of DCC
tumore suppressor gene in the colonic mucosa of patients
with colorectal adenomas. Can Det and Prev 27, 297-304
(2003)

15. Cravo, M. L., J. B. Mason, Y. Dayal, M. Hutchinson,
D. Smith, J. Selhub, 1. H. Rosenberg: Folate deficiency
enhances the development of colonic neoplasia in
dimethytlhydrazine-treated rats. Cancer Res 52, 5002-5006
(1992)

16. Kim, Y. I., R. N. Salomon, F. G. Cook, S. W. Choi, D. E.
Smith, G. E. Dallal, J. B. Mason: Dietary folate protects
against the development of macroscopic colonic neoplasia in
a dose responsive manner in rats. Gut 39, 732-740 (1996)

17. Nensey, Y. M., F. L. Arlow, A. P. N. Majumdar:
Increased responsiveness of colorectal mucosa to
carcinogen stimulation and protective role of folic acid. Dig
Dis Sci 40, 396-401 (1995)

18. Song, J., K. J. Sohn, A. Medline, C. Ash, S. Gallinger,
Y. I. Kim: Chemopreventive effects of dietary folate on
intestinal polyps in Apc+/-Msh2-/-Mice. Cancer Res 60,
3191-3199 (2000)

19. Song, J., A. Medline, J. B. Mason, S. Gallinger, Y. L.
Kim: Effects of dietary folate on intestinal tumorigenesis in
the Apcmin mouse. Cancer Res 60, 5434-5440 (2000)

20. Wargovich, M. J., A. Jimenez, K. McKee, V. E. Steele,
M. Veasco, J. Woods, R. Price, K. Gray, G. J. Kelloff:
Efficacy of potential Chemopreventive agents on rat
aberrant crypt formation and progression. Carcinogenesis
12, 1149-1155 (2000)

21. Fearon, E. R. and B. Vogelstein: A genetic model for
colorectal tumorigenesis. Cell 61, 59-767 (1990)

22. Marshall, C: Tumor suppressor genes. Cell 64, 13-326
(1991)

23. Vogelstein, B., E. R. Fearon, S. R. Hamilton, S. E.
Kern, A. C. Preisinger, M. Leppert, Y. Nakamura, R.

2730

White, A. M. Smits, J. L. Bos: Genetic alterations during
colorectal tumor development. N Eng J Med 319, 525-532
(1988)

24. Miyoshi, Y., H. Nagase, H. Ando, A. Horii, S. Ichii, S.
Nakatsuru, T. Aoki, Y. Miki, T. Mori, Y. Nakamura:
Somatic mutations of the APC gene in colorectal tumors:
mutation cluster region of the APC gene. Hum Mol Genet
1,229-233 (1992)

25. Fearon, E. R., K. R. Cho, J. M. Nigro, S. E. Kern, J. W.
Simons, J. M. Rupport, S. R. Hamilton, A. C. Prisinger, G.
Thomas, K. W. Kinzler, B. Vogelstein: Identification of a
chromosome 18q gene that is altered in colorectal
carcinoma. Science 247, 49-56 (1990)

26. Baker, S. J., E. R. Fearon, J. M. Nigro, S. R. Hamilton,
A. C. Prisinger, J. M. Jessup, P. Van Tuinen, D. H.
Ledbetter, D. F. Barker, Y. Nakamura, K. W. Kinzler, B.
Vogelstein B. Chromosome 17 deletions and p53gene
mutations in colorectal carcinomas. Science 244, 217-221
(1989)

27. Martinez, M. E., T. Maltzan, J. R. Marshall, J.
Einspahr, M. E. Reid, R. Sampliner, D. Ahnen, S. R.
Hamilton, D. S. Alberts: Risk factors for Ki-ras
protooncogene mutation in sporadic colorectal adenomas.
Cancer Res 59, 5181-5185 (1999)

28. Saito, M., A. Yamaguchi, T. Goi, T, Tsuchiyama, G.
Nakagawara, T. Urano, K. Furukawa: Expression of DCC
protein in colorectal tumors and its relationship to tumor
progression and metastasis. Oncology 56, 134-141 (1999)

29. Hagmar, L., S. Bonassi, U. Stromberg, A. Brogger, L.
E. Knudsen, H. Norppa, C. Reuterwall: Chromosomal
aberrations in lymphocytes predict human cancer: a report
from European Study Group on Cytogenetic Biomarkers
and Health (ESCH). Cancer Res 48, 4117-4121 (1998)

30. Bonassi, S., L. Hagmar, U. Stromberg, A. H.
Montagud, H. Tinnerberg, H. Norppa: Chromosomal
aberrations in lymphocytes predict human cancer
independently of exposure to carcinogens. European Study
Group on Cytogenetic Biomarkers and Health. Cancer Res
60, 1619-1625 (2000)

31. Sato, K., G. Tamura, Y. Endoh, O. Usuba, W. Kimura,
T. Motoyama: Frequent loss of expression without
sequence mutations of the DCC gene in primary gastric
cancer. Br J Cancer 85, 199-203 (2001)

32. Deng, G., A. Chen, J. Hong, H. S. Chae, Y. S. Kim:
Methylation of CpG in a small region of the MLHI
promoter invariably correlates with the absence of gene
expression. Cancer Res 59, 2029-2033 (1999)

33. Luk, G. D., S. R. Hamilton, R. Yang, J. A. Smith, D.
O’Ceallaigh, D. McAvinchey, J. Hyland: Kinetic changes
in mucosal ornithine decarboxylase activity during
azoxymethane-induced colonic carcinogenesis in the rat.
Cancer Res 46, 4449-4452 (1986)



Folate and colon cancer

34. Heby, O., L. Persson: Molecular genetics of polyamine
synthesis in eukaryotic cells. Trends Biochem Sci 172, 153-
158 (1990)

35. Tabor, C. W. and H. Tabor: Polyamines. Ann Rev
Biochem 53, 749-790 (1894)

36. Pegg AE, McCann PP: Polyamine metabolism and
function. Am J Physiol 243, C212-C221 (1982)

37. Arlow, F. L. S. M. Walczak, J. A. Moshier, A. P. N.
Majumdar: Gastrin and epidermal growth factor induction
of ornithine decarboxylase in the rat colonic explants and
its suppression by difluoromethylornithine and calcium.
Life Science 46, 777 784 (1990)

38. Luk, G. D, S. B. Baylin: Ornithine decarboxylase as a
biological marker in familial colonic polyposis. N Eng J
Med 311, 80-83 (1984)

39. Lipkin, M., W. F. Blattner, J. F. Fraumeni, H. T. Lynch,
E. Deschner, S. Winawer: Tritiated thymidine (Op, Oh)
labeling distribution as a marker for hereditary
predisposition to colon cancer. Cancer Res 43, 1899-1904
(1983)

40. Bleiberg, H., P. Malnquet, P. Galand: Cell renewal in
familial polyposis: comparison between polyps and
adjacent healthy mucosa. Gastroenterology 63, 240-245
(1972)

41. Lipkin, M: Phase 1 and Phase 2 proliferative lesions of
colonic epithelial cells in diseases leading to colon cancer.
Cancer 34, 878-888 (1974)

42. Deschner, E. E., M. Lipkin: Proliferative patterns in
colonic mucosa in familial polyposis. Cancer 35, 413-418
(1975)

43. Cole, J. W., A. McKalan: Studies on the morphogenesis
of adenomatous polyps in human colon. Cancer 16, 998-
1002 (1963)

44. Takayama, T., S. Katsuki, Y. Takahashi, M. Ohi. S.
Nojiri, S. Sakamaki, J. Kato, K. Kogawa, H. Miyake, Y.
Niitsu: Aberrant crypt foci of the colon as precursors of
adenoma and cancer. N Eng J Med 339, 1277-1284 (1998)

45. Akiyama, Y., R. Iwanaga, T. Ishikawa: Mutations of
the transforming growth factor-beta type II receptor gene
are strongly related to sporadic proximal colon carcinomas
with microsatellite instability. Cancer 78, 2478-2484
(1996)

46. Comerci, J. T Jr., C. D. Runowicz, K. C. Flanders:
Altered expression of transforming growth factor-beta 1 in
cervical neoplasia as an early biomarker in carcinogenesis
of the uterine cervix. Cancer 77, 1107-1114 (1996)

47. Howe, P. H., S. F. Dobrowolski, K. B. Reddy, D. W.
Stacey: Release from GI growth arrest by transforming
growth factor beta 1 requires cellular ras activity. J Biol

2731

Chem 268, 21448-21452 (1993)

48. Blaydes, J. P., M. Schlumberger, D. Wynford-Thomas,
F. S. Wyllie FS: Interaction between p53 and TGF-beta 1 in
control of epithelial cell proliferation. Oncogene 10, 307-
317 (1995)

49. Holt, P., K-Y, Yeh: Colonic proliferation is increased in
senescent rats. Gastroenterology 95, 1556-1563 (1988)

50. Majumdar, A. P. N., R. Jaszewski, M. A. Dubick:
Effect of aging on the gastrointestinal tract and pancreas.
Proc Soc Exp Biol Med 215, 134-144 (1997)

51. Majumdar, A. P. N., R. Jaszewski R: Aging of the
Esophagus and Stomach. In: Aging and the Gastrointestinal
Tract. Eds: Pilotto A, Malfertheiner P, Holt PR, Karger,
Basel, 40-56 (2003)

52. Xiao, Z-Q., L. Moragoda, R. Jaszewski, J. A. Hatfield,
S. E. G. Fligiel, A. P. N. Majumdar: Aging is Associated
with Increased Proliferation and Decreased Apoptosis in
the Colonic Mucosa. Mechanisms of Ageing and
Development 122, 1849-1864 (2001)

53. Jaszewski, R., A. Khan, F. H. Sarkar, O. Kucuk, M,
Tobi, A. Zagnoon, R. Dhar, J. Kinzie, A. P. N. Majumdar:
Folic acid inhibition of EGFR-mediated proliferation in
human colon cancer cell lines. Am J Physiol Cell Physiol
277, C1142-C1148 (1999)

54. Akoglu, B., D. Faust, V. Milovic, J. Stein: Folate and
chemoprevention  of  colorectal cancer: is = 5-
methyltetrahydrofolate an active antiproliferative agent in
folate-treated colon cancer cells. Nutrition 17, 652-653
(2000)

55. Hunter, T., J. A. Cooper: Protein tyrosine kinases. Ann
Rev Biochem 54, 897-930 (1985)

56. Yarden, Y., A. Ullrich: Growth factor receptor tyrosine
kinases. Ann Rev Biochem 57, 443-487 (1988)

57. Adamson, E. D: Oncogenes
Development 99, 449-471 (1987)

in development.

58. Malecka-Panas E., R. Kordek, W. Biernat, J. Tureaud,
P. P. Liberski, A. P. N. Majumdar: Differential activation
of total and EGF receptor tyrosine kinase in rectal mucosa
in patients with adenomatous polyps, ulcerative colitis and
colon cancer. Hepato-Gastroenterol 44, 435-440 (1997)

59. Sakanoue, Y., T. Hadata, T. Hori, T. Okamoto, M.
Kusunoki, J. Utsunomiya: Increased protein tyrosine kinase
activity of the colon mucosa in ulcerative colitis. Scand. J
Gastroeneterol 277, 680-690 (1992)

60. Lans, J., R. Jaszewski, F. L. Arlow, J. Tureaud, J.
Colarian, G. D. Luk, A. P. N. Majumdar: Supplemental
Calcium Suppresses Mucosal Ornithine Decarboxylase
Activity in elderly patients with adenomatous polyps.
Cancer Research 51,3416 3419 (1991)



Folate and colon cancer

61. Colarian, J., F. L. Arlow, R. Calzada, G. D. Luk GD, A.
P. N. Majumdar: Differential activation of ornithine
decarboxylase and tyrosine kinase in the rectal mucosa of
patients with hyperplastic and adenomatous polyps.
Gastroenterology 100, 1528 1532 (1991)

62. Arlow, F. L., S. M. Walczak, G. D. Luk, A. P. N.
Majumdar: Attenuation of azoxymethane induced colonic
mucosal ornithine decarboxylase and tyrosine kinase
activity by calcium in rats. Cancer Res 49, 5884-5888
(1989)

63. Olayioye, M. A., R. M. Neve, H. A. Lane, N. E. Hynes:
The ErbB signaling network: receptor heterodimerization in
development and cancer. EMBO J 19, 3159-3167 (2000)

64. Jardines, L., M. Weiss, B. Fowble, M. Green: neu (c-
erbB/HER2) and epidermal growth factor receptor (EGFR)
in breast cancer. Pathobiology 61, 268-282 (1993)

65. Barnard, J. A., J. Beauchamp, W. E. Russell: Epidermal
growth factor-related peptides and their relevance to
gastrointestinal pathophysiology. Gastroenterology 108,
564-580 (1995)

66. Khasharyarsha, K., V. Schirrmacher, R. B. Lichtner:
EGF-receptor in neoplasia. Cancer and Metastasis Rev 12,
255-274 (1993)

67. Pavelic, K., Z. Banjac, J. Pavelic, S. Spaventi: Evidence
for a role of EGF receptor in the progression pf human lung
carcinoma. Anticancer Res 13, 1133-1138 (1993)

68. Volm, M., T. Efferth, J. Mattern J: Oncoprotein (c-myc,
c-erbB1, c-erbB2, c-fos) and suppressor gene product (p53)
expression in squamous cell carcinomas of the lung.
Clinical and biological correlations. Anticancer Res 12, 11-
20 (1992)

69. Chow, N. H., H. S. Liu, E. L. Lee, C. J. Chang, S. H.
Chan, H. L. Cheng, T. S. Tzai, J. S. Lin: Significance of
urinary epidermal growth factor and its receptor expression
in human bladder cancer. Anticancer Res 17, 1293-1296
(1997)

70. Ravery, V., D. Grignon, J. Angulo, E. Pontes, J.
Montie, J. Crissman, D. Chopin: Evaluation of epidermal
growth factor receptor, transforming growth factor o,
epidermal growth factor and c-erbB2 in the progression of
invasive bladder cancer. Urology Res 25, 9-17 (1997)

71. Jacob, R: Folate, DNA methylation, and gene
expression: factors of nature and nurture. Am J Clin Nutr
72, 903-907 (2000)

72. Jacob, R. A., D. M. Gretz, P. C. Taylor, S. J. James, 1.
P. Pogribny, B. J. Miller, S. M. Henning, M. E: Swendseid
ME. Moderate folate depletion increases plasma
homocysteine and  decreases lymphocytes DNA
methylation in postmenopausal women. J Nutr 128, 1204-
1212 (1998)

2732

73. Pogribny, 1. P., B. J. Miller, S. J. James: Alterations in
hepatic p53 gene mythylation patterns during tumor
progression with folate/methyl deficiency in the rat. Cancer
Lett 115, 31-38 (1997)

74. Eden, S., H. Ceder: Role of DNA methylation in
regulation of transcription. Curr Biol 4, 225-259 (1994)

75. Lu, S., P. J. A. Davies: Regulation of the expression of
the tissue transglutaminase gene by DNA methylation.
Proc Natl Acad Sci USA 94, 4692-4697 (1997)

76. Tajima, S., J. Suetake: Regulation and function of DNA
methylation in vertebrates. J Biochem 123, 993-999 (1998)

77. Tate, P. H, A. P. Bird: Effects of DNA methylation on
DNA binding proteins and gene expression. Curr Opin
Genet Dev 3, 226-31 (1993)

78. Nagothu, K. K., A. K. Rishi, R. Jaszewski, A. P. N.
Majumdar: Folic Acid Inhibits Serum-Induced Activation
of Receptor (EGFR) Promoter in Colon Cancer Cells.
Gastroenterology 124, A-281 (2003)

Key Words: Folate, Colon Cancer, Cell Proliferation, EGF
Receptor, Hypermethylation, Review

Send correspondence to: A. P. N. Majumdar, Ph.D., D.Sc.,
VA Medical Center, 4646 John R, Rm B4238, Detroit, MI
48201, USA, Tel: 313-576-4460, Fax: 313-576-1112, E-
mail: a.majumdar@wayne.edu



