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Abstract

Folate is required for biological methylation and nucleotide synthesis, aberrations of which are
thought to be the mechanisms that enhance colorectal carcinogenesis produced by folate inadequacy.
These functions of folate also depend on the availability of other B-vitamins that participate in “one-
carbon metabolism,” including B2, B6 and B12. Our study therefore investigated whether combined
dietary restriction of these vitamins amplifies aberrations in the epigenetic and genetic integrity of
the p53 gene that is induced by folate depletion alone. Ninety-six mice were group pair-fed diets
with different combinations of B-vitamin depletion over 10 weeks. DNA and RNA were extracted
from epithelial cells isolated from the colon. Within the hypermutable region of p53 (exons 5-8),
DNA strand breaks were induced within exons 6 and 8 by folate combined with B2, B6 and B12
restriction (p < 0.05); such effects were not significantly induced by mild folate depletion alone.
Similarly, a minor degree of hypomethylation of exon 6 produced by isolated folate depletion was
significantly amplified (p < 0.05) by simultaneous depletion of all 4 B-vitamins. Furthermore, the
expression of p53 and MDM2 were significantly decreased (p < 0.05) by the combined depletion
state but not by folate depletion alone. These data indicate that inadequacies of other 1-carbon
vitamins may amplify aberrations of the p53 gene induced by folate depletion alone, implying that
concurrent inadequacies in several of these vitamins may have added tumorigenic potential beyond
that observed with isolated folate depletion.
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The water-soluble B vitamin, folate, is an essential cofactor that provides 1-carbon moieties
for DNA methylation and other epigenetic processes as well as for the biosyntheses of purine
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and thymidine nucleotides.! Aberrations in these processes are thought to play important roles
in carcinogenesis and are thought to be the avenues through which folate inadequacy enhances
carcinogenesis.2

However, maintaining the integrity of biological methylation and nucleotide synthesis depends
not only upon the adequate availability of folate but also on the adequate availability of other
“1-carbon nutrients,” including vitamins B2, B6 and B12 (Fig. 1). Methylenetetrahydrofolate
reductase (MTHFR), which catalyzes the conversion of 5,10-methylenetetrahydrofolate to 5-
methyltetrahydrofolate, is a flavoprotein.® As a result, modest decreases in dietary riboflavin
(B2) intake in human populations in concert with the presence of a common polymorphism in
the MTHFR gene collectively impair folate-dependent methionine synthesis, resulting in a
phenotype of hyperhomocysteinemia.’” Similarly, it is known that vitamin B12 deficiency
produces a functional folate deficiency by producing a “methylfolate trap” and it has been
shown that B12 deficiency alone can produce abnormalities in both DNA methylation and
uracil incorporation,8 thereby mimicking some of the effects of folate depletion. Moreover,
vitamin B6 is a necessary cofactor for the interconversion of other coenzymatic forms of folate,
9 and is a cofactor for cystathionine B-synthase as well, mediating the trans-sulfuration of
homocysteine to cystathionine.® Therefore it is also intimately linked, in a metabolic sense, to
the cellular functions of folate. Thus, the metabolic functions of all these 1-carbon vitamins
are highly interdependent such that depletion of one often leads to biochemical phenotypes
characteristic of deficiencies of the others.

It is perhaps not surprising, therefore, that in addition to the compelling body of literature
linking low folate status with an increased risk of colorectal cancer%=13 are studies that have
begun to associate decreased vitamin B2, B6 and B12 status with colorectal neoplasms as well.
In a case—control study, habitual vitamin B2 intake was inversely associated with colorectal
adenomas.4 Similarly, vitamin B6 status, measured either by habitual intake!® or blood levels,
16 has been observed to be protective against colorectal adenomas and cancers in 2 large
prospective cohort studies. An animal study also provided corroborative evidence for a
protective effect of B6.17 Vitamin B12 intake, when present in conjunction with higher folate
intake, has also been linked to a lower risk of colorectal cancer in a prospective cohort study,
16 and this joint effect with folate is consistent with a study in a rodent model in which B12
depletion replicated the effects of folate depletion on DNA methylation and uracil
incorporation within the colonic mucosa.®

Impaired or abnormal expression of the p53 tumor suppressor gene are among the most frequent
and fundamentally important molecular abnormalities that occur in colorectal carcinogenesis.
19 1t is of considerable interest that experimental folate inadequacy has been shown to induce
both hypomethylation and DNA strand breaks within the coding region of the gene.20-22 A
potentially important functional consequence of the anomalies in methylation and strand
integrity produced by folate inadequacy is impaired expression of the gene. Consistent with
this observation is the observation that depletion of a severe degree in the intact animal
suppresses colonic p53 expression in conjunction with the induction of strand breaks.21

Severe folate deficiency is uncommon in industrialized nations but mild inadequacies of
multiple B-vitamins occur frequently, and commonly in combination. Population-based studies
have reported that 18—-25% of adolescents and adults have blood indicators of B6 status that
fall below the accepted lower limits of normality in the United States and Western Europe.
23,24 Also, up to 15-20% of healthy elders are thought to have marginal B12 status.2® Therefore,
to model more closely what occurs in industrialized societies, we chose to examine the effects
of very mild states of multiple B vitamin depletion. We hypothesized that aberrant biochemical
and molecular pathways in the colon due to impaired 1-carbon metabolism are amplified in
the presence of inadequacies of multiple 1-carbon vitamins in a manner that would not

Int J Cancer. Author manuscript; available in PMC 2009 October 20.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liuetal.

Page 3

otherwise be observed with isolated folate depletion. In our study, we examined select features
of the p53 tumor suppressor gene in animals with no underlying predisposition to cancer since
we wished to explore how potential synergies of multiple deficiency states might produce a
procarcinogenic milieu in the absence of a genetic drive toward or carcinogen-induced colon
carcinogenesis.

Material and methods

Animals and diets

The animal protocol was approved by the Institutional Animal Care and Use Committee of the
Jean Mayer USDA Human Nutrition Research Center on Aging at Tufts University. C57BL/
6J mice were purchased from The Jackson Laboratory (Bar Harbor, ME). Mice were housed
individually in wire-bottomed stainless steel cages in a temperature controlled (24°C) room,
given ad libitum access to water. Group paired-feeding was used to minimize the effect from
body weight. Mice were weighed weekly and weight increased progressively during the 10-
week experiment, but there were no differences among these groups. All mice survived the
entire experimental period.

Ninety-six 4-month-old mice were weight-matched and randomly assigned to 1 of 6 amino
acid-defined diets,28 each containing different levels of folic acid, vitamins B2, B6 and B12
(Table I). The diet was formulated precisely as originally described by Walzem and
Clifford?8 except that pectin was substituted for cellulose as the source of fiber, since the former
adsorbs dietary B12 and thereby facilitates its depletion. This diet has a moderately increased
content of methionine (~2.5-fold) compared to the AIN-93 diet.2” Although this could
theoretically mask the development of related one-carbon nutrients, the diet has been used
extensively to induce various degrees of folate depletion,28:29 as well as a secondary depletion
of choline that accompanies folate depletion.3? All diets were made by Harlan Teklad
(Indianapolis, IN), and the dietary vitamin concentrations were chemically analyzed and
confirmed by Covance (Madison, WI; data not shown). We also confirmed the folic acid
content of each diet with the microbiological assay3! and found that the actual concentrations
never varied more than 10% from the stated value (data not shown). Although no folic acid
was provided in the folate-deplete diet, succinylsulfathiazole was not added and therefore folate
synthesis by the intestinal microflora was able to occur, which prevents the development of
severe folate deficiency.28

Blood and tissue collection

After 10 weeks of feeding, all mice were killed. Mice were anesthetized with isoflurane and
exsanguinated by cardiac puncture. Colonocytes were isolated from 8 mice in each group with
30 mM EDTA at 4°C, as previously described,32 for subsequent DNA and RNA extraction for
measurements of region-specific DNA methylation, strand breaks and gene expression. The
colons from each of the other 8 mice in each group was placed atop a glass plate at 4°C and
gently scraped with the edge of a glass slide in order to isolate the epithelium; these scrapings
were subsequently used for the tissue folate assay. Both mucosal scrapings and isolated
colonocytes were stored at —70°C until they were used for the indicated analyses.

Measurement of blood and tissue vitamin status

Plasma folate concentrations were determined by radioimmunoassay (Bio-Rad Laboratories,
Hercules, CA), whereas colonic mucosal folate was measured by a standard microbiologic
microtiter plate assay using Lactobacillus casei after folate extraction and subsequent treatment
with chicken pancreas conjugase, as previously described.33:34 Vitamin B2 was measured by
erythrocyte glutathione reductase activity assay.3® Vitamin B6 was determined by
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radioenzymatic assay3%; vitamin B12 was measured by competitive protein binding assay (Bio-
Rad Laboratories).

Determination of strand breaks within the p53 hypermutable region

Exons 5-8 of the p53 gene were chosen because previous animal studies have shown that this
region is more susceptible to strand breakage and hypomethylation due to dietary folate
depletion than other, less highly conserved exonic regions of the gene2?:37 and because most
p53 mutations in human cancer occur in this region. The detection of p53 exon-specific strand
breaks was determined by a PCR method previously used by both our lab and others,38 which
is based on the principle that preexisting lesions in DNA halts the progression of Taq
polymerase during PCR amplification. A novel primer set for each exon was designed (Table
I1) and its ability to quantitatively assess its target region was demonstrated by examining the
effect of decreasing amounts of template on the increment of amplification (Ct value) (Fig.
2a). A 46-bp segment of B-actin was amplified as a control region for the real-time PCR
reaction, and the amplification of this segment was verified to be not significantly changed
among the different dietary groups. p53 exon 5-8 breaks are reported as a ACt value
(Ctps3exons-8 — Clp-actin), With a higher ACt indicating a lower template integrity.

Quantification of DNA methylation on Hpall cleavage site at p53 hypermutable region

Because the Hpall restriction enzyme is blocked by cytosine methylation, the methylation
status of its recognition site (CCGG) can be assessed with quantitiative PCR by using primers
flanking the Hpall cutting sites of interest.39 If the cytosine on the recognition site (CCGG) is
methylated, Hpall can not cut it and the DNA template remains intact. Conversely, if the
cytosine on the recognition site (CCGG) is unmethylated, Hpall will cut it and the DNA
template is broken. Therefore, higher degrees of methylation level at the recognition site
(CCGG) result in more intact template and more PCR product. There are 2 Hpall cleavage
sites on exons 5-8, the hypermutable region, with 1 CCGG site on exon 6 which has 5 CpG
sites and the other on exon 7 which has 3 CpG sites (Fig. 3a, NCBI Gene ID: 22059).

Colonic DNA sample was digested with Hpall (New England Biolabs, Ipswich, MA) at a final
concentration of 2 U/pug DNA at 37°C for 16 h. After digestion, the incubation mixture was
heated at 65°C for 20 min to inactivate Hpall before PCR amplification. The amplification of
exon 6 and 7 was performed on a 7300 realtime PCR machine in a 20 pl reaction containing
SYBR Green PCR master mix (Applied Biosystems, Foster City, CA), 750 nM of each primer
and 50 ng digested DNA. The same amount of undigested DNA was amplified to serve as a
control. The same primers used in the above strand break assays for exons 6 and 7 were used
here, since those primer sets were validated by testing the effect of decreasing amounts of
template on the increment of amplification (Ct value). Thermal cycling was performed as
follows: 95°C, 10 min, followed by 40 cycles of 95°C, 15 sec, and 60°C, 75 sec and finally a
dissociation profile. The methylation status of the Hpall cutting sites on p53 exons 6 and 7 are
reported as a ACt value (Ctgigested DNA — Clundigested DNA), With @ higherACt indicating a lower
methylation.

Real-time PCR assay for p53, MDM2 and p21 mRNA expression

Total RNA was isolated from colonic epithelium with Trizol reagent (Invitrogen, Carlsbad,
CA), and the first strand cDNAs were synthesized using Oligo d(T)yxx and Superscript 11
reverse transcriptase (Invitrogen). The expression of the p53 and MDM2 genes was quantified
using Tagman Gene Expression Assays, and an ABI7300 real-time PCR machine (Applied
Biosystems). Gene expression was normalized to B-actin (ACt = Ctiarget genes — Ctp-actin), and
statistical analyses were performed using ACt. The relative expression values compared to the
folate sufficient group are reported here for clarity; and were calculated using the following
formula: relative expression = 27AACt where AACt is (ACt of vitamin depletion groups) —

Int J Cancer. Author manuscript; available in PMC 2009 October 20.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liuetal. Page 5

(ACt of folate sufficient group). For p53, the cDNA was equally pooled from each mouse for
each group and a regular RT-PCR was performed with cycles within the linear amplification
range to confirm the real-time result.

Statistical analysis

Data analyses were conducted by one-way ANOVA for the dietary effect, with comparisons
being made by the Fisher LSD method. Statistical analysis was performed with SAS software
v9.1 (SAS Institute, Cary, NC). Values are presented as mean + SEM.

Results

Vitamin status in blood and tissue

A 35-55% reduction of plasma folate was induced (p < 0.05) by mild dietary folate depletion
compared to the folate sufficient group (Table 111). Consistent with the plasma folate, folate
depletion also induced a reduction in colonic folate concentrations that were ~30-55% lower
in folate deplete groups (Table I11). A significant correlation (R = 0.51, p < 0.01) existed
between plasma and colonic folate concentrations based on a Pearson correlation analysis.

Plasma vitamin B6 (pyridoxal 5’-phosphate) and B12 were each about 50% lower (p < 0.05)
in the deplete group than in groups replete of these vitamins. Erythrocyte vitamin B2, which
was measured in a reciprocal fashion by the activation coefficient, was also lower (p < 0.05)
in the groups exposed to depletion of B2 compared to the folate sufficient group. Plasma
homocysteine, a sensitive indicator of folate status, increased 40.7% in the multiple vitamin
depletion group compared to the folate sufficient group (Table Il1).

These data on vitamin status also appear in a separate publication®? in which tissues and blood
from this experiment were used to examine how vitamin depletion alters components of the
Whnt pathway. The remaining data reported here have not been presented elsewhere.

Strand breaks in the p53 hypermutable region

Four primer sets were designed for p53 exons 5-8, the mutation hot-spot region. PCR
amplification efficiencies of these 4 primer sets were checked with increasing amounts of
template DNA concentration in the reaction mixture from 0.625 to 10 ng/pl. A linear increase
of reaction cycle threshold (Ct) was observed with decreasing the template DNA concentration
(Fig. 2a).

Using the above 4 primer sets, strand breaks within exons 5-8 of p53 were determined by real-
time PCR. No significant induction of strand breaks (p > 0.05) was observed in exons 5 and 7
in response to single, double or multiple B-vitamin depletion (data not shown). For exons 6
and 8, single and double vitamin depletion did not significantly alter strand fidelity, while
multiple depletions induced a significant elevation in breaks (Fig. 2b, p < 0.05).

DNA methylation on Hpall cleavage site in the p53 hypermutable region

p53 site-specific methylation status was measured in colonic DNA by quantitative PCR after
digestion with Hpall (Fig. 3). Within the exons 5-8 region of p53, 2 Hpall sites were found
in exon 6 and 7, respectively (Fig. 3a). The mean of ACt is inversely related to the extent of
methylation level at the Hpall cleavage site. The results demonstrate that the hypomethylation
of exon 6 was induced to a marginally significant degree (p = 0.05) by the simultaneous
inadequacies of vitamin B2, B6 and B12, whereas no effects even approaching significance
were observed with the other depletion conditions. There were no significant differences of
the Hpall site-specific methylation level on exon 7 (Fig. 3b).

Int J Cancer. Author manuscript; available in PMC 2009 October 20.
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p53 gene expression

As shown in Figure 4a, p53 gene expression was numerically diminished in the groups with
isolated folate depletion or folate combined with vitamin B2 or B6 depletion, but the decrease
in expression was diminished to a significant degree (p < 0.05) only in 2 groups: the one with
folate and B12 depletion and the one with multiple vitamin depletion. The electrophoresis
results, which represent pooled RT-PCR products from 8 mice in each group, confirmed the
real-time results (Fig. 4b).

Gene expression of p53 downstream genes, MDM2 and p21

The p53 gene product is a transcription factor for the MDM2 gene.*! Similarly, p21 is a p53-
inducible cyclin-dependent kinase inhibitor.#2 Both MDM2 and p21 expression were measured
to determine downstream effects of changes in p53. MDM2 expression was modestly reduced
to a nonsignificant degree (p = 0.08) by folate depletion alone when compared to the folate
sufficient group, but was very substantially and significantly reduced, by a factor of 20-fold,
by the combined vitamin depletion (Table V). MDM2 expression is significantly related to
p53 expression based on a Pearson correlation analysis (p = 0.03). No significant changes were
observed for p21 gene expression (data not shown).

Discussion

The current consensus of epidemiologic studies indicates that low folate status is associated
with an increased risk for colorectal cancer development.13 Animal and cell culture studies
indicate that probable mechanisms by which folate inadequacy enhances colorectal
tumorigenesis include the induction of abnormal patterns of DNA methylation and the creation
of obstacles in nucleotide synthesis,21:43=45 both of which are central functions of the
biochemical network known as 1-carbon metabolism. However, besides folate, several other
1-carbon nutrients, including vitamin B2, B6 and B12, are integral cofactors in the 1-carbon
nutrient metabolism network. Elucidation of the cellular mechanisms through which these 1-
carbon nutrients cooperate to modulate tumorigenesis is important since marginal inadequacies
of several B-vitamins are common in the industrialized countries.23=25 In our study, we
demonstrate that simultaneous inadequacies of vitamins B2, B6 and B12 exaggerate the
alterations in p53 and one of its downstream effectors.

Prior rodent studies have shown that moderate or severe degrees of folate depletion can induce
strand breaks in the hypermutable region of the p53 gene.20:44 With the institution of folic acid
fortification in North America and increasing recognition of significant shortfalls in nutritional
adequacy in other B-vitamins, the importance of examining a very mild degree of folate
depletion in conjunction with other inadequacies has therefore become more relevant. Our
study demonstrates that several features of the p53 gene are changed by mild depletion of folate
combined with B2, B6 and B12. These findings indicate that molecular alterations that may
not occur to a significant degree with mild folate depletion alone can be magnified by
simultaneously imposing inadequacies of B2, B6 and B12. This emphasizes the synergy that
may occur in the colon between mild insufficiency of folate and mild inadequacies of
biochemically related nutrients.

With regard to gene integrity, the accumulation of DNA strand breaks within p53 exons 6 and
8, but not exons 5 and 7, was significantly induced by mild folate depletion combined with
inadequacies of vitamin B2, B6 and B12. Two previous studies?%:21 in rats reported an
induction of strand breaks due to folate deficiency but did not determine whether particular
regions within this sequence of 4 exons are more susceptible than others. Our prior study?
indicates that the hypermutable region is more susceptible to these strand breaks than less
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highly conserved regions, such as exons 2—4. Further studies will be needed to investigate
whether similar site-specificity exists with multiple vitamin depletion.

The p53 pathway is crucial for effective tumor suppression in humans and is composed of a
network of genes that monitor and modulate DNA replication and repair, cell-cycle arrest and
apoptosis.*® Although our study shows that mildly diminished folate availability in conjunction
with other 1-carbon nutrient inadequacies is capable of inducing anomalies in the p53 gene, it
is ultimately the demonstration of “downstream” effects that establishes the functional
relevance of these phenomena on carcinogenesis. In our study, 2 genes whose expression is
under control of p53, MDM2 and p21, were interrogated. MDM2 expression declined in
association with diminished p53 gene expression in the multiple vitamin depletion group,
which is consistent with the stringency with which p53 regulates MDM2 expression.*’
MDM2, in turn is a negative feedback inhibitor of p53 expression,*8 but how this negative
feedback loop works in the context of multiple vitamin depletion was not clearly elucidated
here. In contrast to MDM2, p21 expression did not decrease in conjunction with diminished
p53 expression. p21 expression is regulated on a transcriptional level by a variety of
transcription factors, many of which operate via p53-independent pathways*%:°0 and therefore
the absence of downregulation of p21 in response to a change in p53 is not entirely unexpected.

We recently reported that the same multiple vitamin depletion diet alters the expression of
multiple components of the Wnt cascade in a manner that is consistent with increased Wnt-
signaling.%9 It is important to recognize that the effects produced by aberrant p53 expression
that is reported here are not necessarily independent of those related to the Wnt cascade since
it is thought that “cross-talk” exists between the 2 pathways®1:32 For instance, although an
increase in cellular B-catenin and increased translocation of the protein into the nucleus is
commonly ascribed to impaired activity of upstream regulators in the Wnt-signaling pathway,
itis also been shown to occur as a result of p53 inactivation. °1 Thus, the effects that the multiple
vitamin depletion diet have on the cell cycle of the colonic epithelium that we have previously
reported,?C such as impaired apoptosis, may be a consequence of dysregulated Wnt- or p53-
signaling, or perhaps an integrated outcome of both.

As reported in an earlier publication, no macroscopic or microscopic neoplasms were found
in our study despite a systematic search for these lesions.*? This was entirely consistent with
our expectations: epidemiological as well as animal studies indicate that folate depletion merely
enhances an underlying predisposition towards tumorigenesis and is an insufficient factor by
itself to initiate the development of neoplasms.>3:4 However, our study indicates mild folate
depletion combined with insufficiencies of B2, B6 and B12 alters the methylation, integrity
and expression of the p53 gene as well as the expression of a gene under stringent control of
p53. The creation of such a molecular environment could, in combination with other genetic
and environmental factors, impart a potent propensity toward carcinogenesis.

Acknowledgments

Grant sponsor: National Institutes of Health; Grant numbers: U54 CA10097, K05 CA100048, R21 AA016681; Grant
sponsor: Agricultural Research Service; Grant number: 58-1950-7-707; Grant sponsor: Cancer Research and
Prevention Foundation.

References

1. Stover PJ. Physiology of folate and vitamin B12 in health and disease. Nutr Rev 2004;62:S3-S12.
[PubMed: 15298442]discussion S3

2. Laird PW, Jaenisch R. DNA methylation and cancer. Hum Mol Genet 1994;3:1487-1495. [PubMed:
7849743]

Int J Cancer. Author manuscript; available in PMC 2009 October 20.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liuetal.

Page 8

3. Feinberg AP, Ohlsson R, Henikoff S. The epigenetic progenitor origin of human cancer. Nat Rev Genet
2006;7:21-33. [PubMed: 16369569]

4. Khanna KK, Jackson SP. DNA double-strand breaks: signaling, repair and the cancer connection. Nat
Genet 2001;27:247-254. [PubMed: 11242102]

5. Van den Veyver IB. Genetic effects of methylation diets. Annu Rev Nutr 2002;22:255-282. [PubMed:
12055346]

6. Ulrey CL, Liu L, Andrews LG, Tollefsbol TO. The impact of metabolism on DNA methylation. Hum
Mol Genet 2005;14:R139-R147. [PubMed: 15809266]

7. Jacques PF, Kalmbach R, Bagley PJ, Russo GT, Rogers G, Wilson PW, Rosenberg IH, Selhub J. The
relationship between riboflavin and plasma total homocysteine in the Framingham Offspring cohort
is influenced by folate status and the C677T transition in the methylene-tetrahydrofolate reductase
gene. J Nutr 2002;132:283-288. [PubMed: 11823591]

8. Choi SW, Friso S, Ghandour H, Bagley PJ, Selhub J, Mason JB. Vitamin B-12 deficiency induces
anomalies of base substitution and methylation in the DNA of rat colonic epithelium. J Nutr
2004;134:750-755. [PubMed: 15051821]

9. Davis CD, Uthus EO. DNA methylation, cancer susceptibility, and nutrient interactions. Exp Biol Med
(Maywood) 2004;229:988-995. [PubMed: 15522834]

10. Pufulete M, Al-Ghnaniem R, Khushal A, Appleby P, Harris N, Gout S, Emery PW, Sanders TA.
Effect of folic acid supplementation on genomic DNA methylation in patients with colorectal
adenoma. Gut 2005;54:648-653. [PubMed: 15831910]

11. Giovannucci E, Stampfer MJ, Colditz GA, Rimm EB, Trichopoulos D, Rosner BA, Speizer FE, Willett
WC. Folate, methionine, and alcohol intake and risk of colorectal adenoma. J Natl Cancer Inst
1993;85:875-884. [PubMed: 8492316]

12. Giovannucci E, Stampfer MJ, Colditz GA, Hunter DJ, Fuchs C, Rosner BA, Speizer FE, Willett WC.
Multivitamin use, folate, and colon cancer in women in the Nurses’ Health Study. Ann Intern Med
1998;129:517-524. [PubMed: 9758570]

13. Giovannucci E. Epidemiologic studies of folate and colorectal neoplasia: a review. J Nutr
2002;132:2350S-2355S. [PubMed: 12163691]

14. van den Donk M, Buijsse B, van den Berg SW, Ocke MC, Harryvan JL, Nagengast FM, Kok FJ,
Kampman E. Dietary intake of folate and riboflavin. MTHFR C677T genotype, and colorectal
adenoma risk: a. Dutch case-control study. Cancer Epidemiol Biomarkers Prev 2005;14:1562-1566.
[PubMed: 15941973]

15. Wei EK, Giovannucci E, Selhub J, Fuchs CS, Hankinson SE, Ma J. Plasma vitamin B6 and the risk
of colorectal cancer and adenoma in women. J Natl Cancer Inst 2005;97:684-692. [PubMed:
15870439]

16. Harnack L, Jacobs DR Jr, Nicodemus K, Lazovich D, Anderson K, Folsom AR. Relationship of folate,
vitamin B-6, vitamin B-12, and methionine intake to incidence of colorectal cancers. Nutr Cancer
2002;43:152-158. [PubMed: 12588695]

17. Komatsu SI, Watanabe H, Oka T, Tsuge H, Nii H, Kato N. Vitamin B-6-supplemented diets compared
with a low vitamin B-6 diet suppress azoxymethane-induced colon tumorigenesis in mice by reducing
cell proliferation. J Nutr 2001;131:2204-2207. [PubMed: 11481418]

18. Crott JW, Choi SW, Ordovas JM, Ditelberg JS, Mason JB. Effects of dietary folate and aging on gene
expression in the colonic mucosa of rats: implications for carcinogenesis. Carcinogenesis
2004;25:69-76. [PubMed: 12970065]

19. Hollstein M, Sidransky D, VVogelstein B, Harris CC. p53 mutations in human cancers. Science
1991;253:49-53. [PubMed: 1905840]

20. Kim Y1, Pogribny IP, Basnakian AG, Miller JW, Selhub J, James SJ, Mason JB. Folate deficiency
in rats induces DNA strand breaks and hypomethylation within the p53 tumor suppressor gene. Am
J Clin Nutr 1997;65:46-52. [PubMed: 8988912]

21. Kim Y1, Shirwadkar S, Choi SW, Puchyr M, Wang Y, Mason JB. Effects of dietary folate on DNA
strand breaks within mutation-prone exons of the p53 gene in rat colon. Gastroenterology
2000;119:151-161. [PubMed: 10889164]

Int J Cancer. Author manuscript; available in PMC 2009 October 20.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liuetal.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 9

Kim Y1, Pogribny IP, Salomon RN, Choi SW, Smith DE, James SJ, Mason JB. Exon-specific DNA
hypomethylation of the p53 gene of rat colon induced by dimethylhydrazine. Modulation by dietary
folate. Am J Pathol 1996;149:1129-1137. [PubMed: 8863662]

Driskell JA, Moak SW. Plasma pyridoxal phosphate concentrations and coenzyme stimulation of
erythrocyte alanine aminotransferase activities of white and black adolescent girls. Am J Clin Nutr
1986;43:599-603. [PubMed: 3962909]

Planells E, Sanchez C, Montellano MA, Mataix J, Llopis J. Vitamins B6 and B12 and folate status
in an adult Mediterranean population. Eur J Clin Nutr 2003;57:777-785. [PubMed: 12792662]

Selhub J, Jacques PF, Wilson PW, Rush D, Rosenberg IH. Vitamin status and intake as primary
determinants of homocysteinemia in an elderly population. JAMA 1993;270:2693-2698. [PubMed:
8133587]

Clifford AJ, Wilson DS, Bills ND. Repletion of folate-depleted rats with an amino acid-based diet
supplemented with folic acid. J Nutr 1989;119:1956-1961. [PubMed: 2621488]

Reeves PG, Nielsen FH, Fahey GC Jr. AIN-93 purified diets for laboratory rodents: final report of
the American Institute of Nutrition ad hoc writing committee on the reformulation of the AIN-76A
rodent diet. J Nutr 1993;123:1939-1951. [PubMed: 8229312]

Choi SW, Kim Y1, Weitzel JN, Mason JB. Folate depletion impairs DNA excision repair in the colon
of the rat. Gut 1998;43:93-99. [PubMed: 9771411]

Keyes MK, Jang H, Mason JB, Liu Z, Crott JW, Smith DE, Friso S, Choi SW. Older age and dietary
folate are determinants of genomic and p16-specific DNA methylation in mouse colon. J Nutr
2007;137:1713-1717. [PubMed: 17585020]

Kim Y1, Miller JW, da Costa KA, Nadeau M, Smith D, Selhub J, Zeisel SH, Mason JB. Severe folate
deficiency causes secondary depletion of choline and phosphocholine in rat liver. J Nutr
1994;124:2197-2203. [PubMed: 7965204]

Tamura, T. Folic Acid Metabolism in Health and Disease. Vol. 1st edn.. Picciano, MF.; Stokstad,
ELR.; Gregory, JF., editors. VVol. vol. 13. New York: Wiley-Liss; 1990. p. 121-137.

Bjerknes M, Cheng H. Methods for the isolation of intact epithelium from the mouse intestine. Anat
Rec 1981;199:565-574. [PubMed: 7270915]

Varela-Moreiras G, Selhub J. Long-term folate deficiency alters folate content and distribution
differentially in rat tissues. J Nutr 1992;122:986-991. [PubMed: 1552373]

O’Broin S, Kelleher B. Microbiological assay on microtitre plates of folate in serum and red cells. J
Clin Pathol 1992;45:344-347. [PubMed: 1577973]

Nichoalds GE. Assessment of status riboflavin nutriture by assay of erythrocyte glutathione reductase
activity. Clin Chem 1974;20:624-628. [PubMed: 4826963]

Camp VM, Chipponi J, Faraj BA. Radioenzymatic assay for direct measurement of plasma pyridoxal
5’-phosphate. Clin Chem 1983;29:642-644. [PubMed: 6831691]

Pogribny IP, Basnakian AG, Miller BJ, Lopatina NG, Poirier LA, James SJ. Breaks in genomic DNA
and within the p53 gene are associated with hypomethylation in livers of folate/methyl-deficient rats.
Cancer Res 1995;55:1894-1901. [PubMed: 7794383]

Crott JW, Liu Z, Choi SW, Mason JB. Folate depletion in human lymphocytes up-regulates p53
expression despite marked induction of strand breaks in exons 5-8 of the gene. Mutat Res
2007;626:171-179. [PubMed: 17098465]

Singer-Sam J, LeBon JM, Tanguay RL, Riggs AD. A quantitative Hpall-PCR assay to measure
methylation of DNA from a small number of cells. Nucleic Acids Res 1990;18:687. [PubMed:
1689825]

Liu Z, Choi SW, Crott JW, Keyes MK, Jang H, Smith DE, Kim M, Laird PW, Bronson R, Mason
JB. Mild depletion of dietary folate combined with other B vitamins alters multiple components of
the Wnt pathway in mouse colon. J Nutr 2007;137:2701-2708. [PubMed: 18029487]

Barak Y, Juven T, Haffner R, Oren M. mdm2 expression is induced by wild type p53 activity. Embo
J 1993;12:461-468. [PubMed: 8440237]

Dulic V, Kaufmann WK, Wilson SJ, Tlsty TD, Lees E, Harper JW, Elledge SJ, Reed SI. p53-
dependent inhibition of cyclin-dependent kinase activities in human fibroblasts during radiation-
induced G1 arrest. Cell 1994;76:1013-1023. [PubMed: 8137420]

Int J Cancer. Author manuscript; available in PMC 2009 October 20.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liuetal.

43.

44,

45.

46.

47.

Page 10

Wasson GR, McGlynn AP, McNulty H, O’Reilly SL, McKelvey-Martin VVJ, McKerr G, Strain JJ,
Scott J, Downes CS. Global DNA and p53 region-specific hypomethylation in human colonic cells
is induced by folate depletion and reversed by folate supplementation. J Nutr 2006;136:2748-2753.
[PubMed: 17056795]

Sohn KJ, Stempak JM, Reid S, Shirwadkar S, Mason JB, Kim Y. The effect of dietary folate on
genomic and p53-specific DNA methylation in rat colon. Carcinogenesis 2003;24:81-90. [PubMed:
12538352]

Duthie SJ, Hawdon A. DNA instability (strand breakage, uracil misincorporation, and defective
repair) is increased by folic acid depletion in human lymphocytes in vitro. FASEB J 1998;12:1491—
1497. [PubMed: 9806758]

Vousden KH, Lu X. Live or let die: the cell’s response to p53. Nat Rev Cancer 2002;2:594-604.
[PubMed: 12154352]

Harris SL, Levine AJ. The p53 pathway: positive and negative feedback loops. Oncogene
2005;24:2899-2908. [PubMed: 15838523]

48. Toledo F, Wahl GM. Regulating the p53 pathway: in vitro hypotheses, in vivo veritas. Nat Rev Cancer

49.

50.

51.

52.

53.

54.

2006;6:909-923. [PubMed: 17128209]

Shilkaitis A, Green A, Punj V, Steele V, Lubet R, Christov K. Dehydroepiandrosterone inhibits the
progression phase of mammary carcinogenesis by inducing cellular senescence via a p16-dependent
but p53-independent mechanism. Breast Cancer Res 2005;7:R1132-R1140. [PubMed: 16457693]
Zu K, Bihani T, Lin A, Park YM, Mori K, Ip C. Enhanced selenium effect on growth arrest by BiP/
GRP78 knockdown in p53-null human prostate cancer cells. Oncogene 2006;25:546-554. [PubMed:
16205645]

Cagatay T, Ozturk M. P53 mutation as a source of aberrant beta-catenin accumulation in cancer cells.
Oncogene 2002;21:7971-7980. [PubMed: 12439747]

Su F, Overholtzer M, Besser D, Levine AJ. WISP-1 attenuates p53-mediated apoptosis in response
to DNA damage through activation of the Akt kinase. Genes Dev 2002;16:46-57. [PubMed:
11782444]

Cravo ML, Mason JB, Dayal Y, Hutchinson M, Smith D, Selhub J, Rosenberg IH. Folate deficiency
enhances the development of colonic neoplasia in dimethylhydrazine-treated rats. Cancer Res
1992;52:5002-5006. [PubMed: 1516055]

Fuchs CS, Willett WC, Colditz GA, Hunter DJ, Stampfer MJ, Speizer FE, Giovannucci EL. The
influence of folate and multivitamin use on the familial risk of colon cancer in women. Cancer
Epidemiol Biomarkers Prev 2002;11:227-234. [PubMed: 11895870]

Int J Cancer. Author manuscript; available in PMC 2009 October 20.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Liu etal. Page 11

THF

Purine

Thymidine
thenyl T

e

Biological Methylation Nucleotide Synthesis

sthylene T

FIGURE 1.

The roles of folate and other B-vitamins (B2, B6 and B12) in biological methylation and
nucleotide synthesis.>:® SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine; THF,
tetrahydrofolate; DHF, dihydrofolate; X, molecules which may be methylated.
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FIGURE 2.

The effect of B-vitamin depletion on DNA strand breaks within the p53 gene, exons 5-8. (a)
Primer design for p53 exons 5-8. Primer sets were designed for each of the 4 exons from 5 to
8. The reaction cycle thresholds (Ct) were incrementally increased (p < 0.01) with the
percentage of DNA templates for all 4 primer sets. Template DNA concentration in the reaction
mixtures: 1, 10 ng/ul; 2, 2.5 ng/ul; 3, 0.625 ng/ul. (b) Multiple B-vitamin depletion
significantly magnified strand breaks in exons 6 and 8 compared to the folate sufficient group
whereas there were no significant differences in strand breaks in exons 5 and 7 among the
different dietary groups (data not shown). The top row of significance values represents p-
values compared to the folate sufficient group and the second row are the p-values compared
to the folate deficient group. The data in the figure are expressed as mean + SEM and the sample
size is n = 8/dietary group. 1, folate sufficiency; 2, folate depletion; 3, folate and B2 depletion;
4, folate and B6 depletion; 5, folate and B12 depletion; 6, multiple vitamin depletion.
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FIGURE 3.

The effect of B-vitamin depletion on DNA methylation in p53 gene, exons 6 and 7. (a) Exon
6 has a length of 184 bp with 5 CpG sites and 1 Hpall site and exon 7 has a length of 113 bp
with 3 CpG sites and 1 Hpall site. The cleavage sites by the methyl-sensitive Hpall restriction
enzyme are shown. (b) A significant degree of DNA hypomethylation developed in exon 6 in
the multiple B-vitamin depletion group compared to the folate sufficient group. The top row
of significance values represents the p-values compared to the folate sufficient group and the
second row are the p-values compared to the folate deficient group. The data in the figure are
expressed as mean = SEM and the sample size is n = 8/dietary group. 1, folate sufficiency; 2,
folate depletion; 3, folate and B2 depletion; 4, folate and B6 depletion; 5, folate and B12
depletion; 6, multiple vitamin depletion.
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FIGURE 4.

Effect of vitamin depletion on p53 gene expression. (a) The data analysis is based on p53 ACt
value normalized to B-actin, as measured by real-time PCR. The top line of p-values indicates
the significance compared to the folate sufficient group and second line indicates the
significance compared to folate depletion group. (b) Mean of p53 expression, as determined
by reverse-transcriptase (RT)-PCR. The density of the RT-PCR bands on the gel represents
the average p53 gene expression with cDNA pooled from 8 mice in each group. The data in
the figure are expressed as mean + SEM and the sample size is n = 8/dietary group.
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TABLE Il
Primer sequences and pcr conditions for p53 exons 5-8 and B-actin
Primer set Sense primers Antisense primers Amp. size (bp) Tml (°C)
Exon 5 5-CCCACCTTGACACCTGATCG-3' 50'-ACCATCACCATCGGAGCAG-3’ 251 60/59
Exon 6 5-TTCTGACTTATTCTTGCTCTTAGGCC-3' 5-AACAAAATTACAGACCTCGGGTG-3' 151 59/58
Exon 7 5-CTGCTGCAGGTCACCTGTAGTG-3 5-GGTAAGGATAGGTCGGCGGT-3' 151 59/60
Exon 8 5-AGTGGGAACCTTCTGGGACG-3' 5-GGTGAAGCTCAACAGGCTCCT-3' 286 60/59
B-actin 5-TGCTGTCCCTGTATGCCTCTG-3' 5'-TCCATCACAATGCCTGTGGTAC-3' 46 60/59

1 . . .
Melting temperature for sense and antisense primers.
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TABLE IV
Expression of the MDM2 gene!
Treatment ACt2 Relative expression
Folate sufficiency 9.84 + 0.992 1.00
Folate depletion 12.48 + o,ggavb 0.16
Folate and B2 depletion 11.01 +0.832P 0.44
Folate and B6 depletion 12.80 + 1.20a,b 0.13
Folate and B12 depletion 12.13 + o_7oa|b 0.20
Multiple vitamin depletion 14.16 + 1,21b 0.05

a Values with the same superscript letter indicate no significant differences among groups at o = 0.05 level.
1 .
Data are mean + SEM; n = 8/dietary group.

2The expression of MDM2 was normalized to B-actin (ACt = CtMDM?2 - Ctg-actin)-
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