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Abstract Dietary intake of one-carbon nutrients (methyl

donors) and germline variants in the one-carbon metabo-

lism genes may influence global DNA methylation level

and methylation in promoter CpG islands. In this study, we

evaluated the relationship between single nucleotide

polymorphisms (SNPs) in the one-carbon metabolism

pathway and DNA methylation status in colorectal cancer.

Utilizing 182 colorectal cancers cases in two prospective

cohort studies, we determined the CpG island methylator

phenotype (CIMP) status on eight CIMP-specific promot-

ers and measured LINE-1 methylation level that correlates

well with genome-wide DNA methylation level. We gen-

otyped 23 nonsynonymous SNPs in the one-carbon

metabolism genes using buffy coat DNA. Most of the 23

SNPs in the one-carbon metabolism pathway were not

significantly associated with CIMP-high status (C6/8

methylated promoters). However, the MTHFR 429 Ala/Ala

variant (rs1801131) and the TCN2 259 Arg/Arg variant

(rs1801198) were associated with CIMP-high status

(MTHFR 429 multivariate odds ratio (MV OR) = 7.56;

95% confidence interval (CI), 1.32–43.3; p trend = 0.10;

TCN2 259 Arg/Arg variant MV OR = 3.82; 95% CI, 1.02–

14.4; p trend = 0.06). The one-carbon metabolism geno-

types were not significantly associated with LINE-1

methylation, although there were modest differences in

mean LINE-1 methylation levels between certain geno-

types. Collectively, these exploratory data provide sug-

gestive evidence for the association of MTHFR 429 Ala/

Ala and TCN2 259 Arg/Arg and CIMP status in colorectal

cancer.
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Abbreviations

BHMT Betaine–homocysteine methyltransferase

BMI Body mass index

CI Confidence interval

CIMP CpG island methylator phenotype

HPFS Health Professionals Follow-up Study

LINE-1 Long interspersed nucleotide element-1

MSI Microsatellite instability

MTHFR Methylenetetrahydrofolate reductase

MTRR 5-Methyltetrahydrofolate–homocysteine

methyltransferase reductase (methionine

synthase reductase)

NHS Nurses’ Health Study

nsSNP Nonsynonymous single nucleotide

polymorphism

OR Odds ratio

SNP Single nucleotide polymorphism

TCN2 Transcobalamin 2
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Introduction

Genetic and epigenetic alterations are important in carci-

nogenesis [1, 2]. Genome-wide DNA hypomethylation

involving repetitive DNA elements such as LINE-1 (long

interspersed nucleotide element-1) is considered to play an

important role in genomic instability by the reactivation of

transposable DNA sequences [3, 4], leading to colorectal

carcinogenesis [5–9]. In contrast, aberrant promoter CpG

island methylation may also contribute to colorectal cancer

development by silencing tumor suppressor genes [1]. The

CpG island methylator phenotype (CIMP) is characterized

by widespread promoter CpG island methylation [10, 11],

and inversely associated with LINE-1 hypomethylation in

colorectal cancer [12]. CIMP-high colorectal cancer shows

a distinctive profile, including associations with female

gender, proximal tumor location, poor differentiation,

microsatellite instability-high (MSI-high), and BRAF

mutation [13–17].

Genetic factors such as germline single nucleotide

polymorphisms (SNPs), along with dietary intake of one-

carbon nutrients such as folate and methionine [18, 19],

likely influence cellular one-carbon metabolism and

methyl-donor status [20, 21]. Recent studies have shown

the potential relationship between germline variants in

methyl-group metabolism genes and promoter CpG island

methylation in colorectal tumors [22, 23].

We have previously shown that polymorphisms in the

B12-methionine-related pathway have been associated with

colorectal cancer [24] and colorectal adenoma [25]. In this

study, we examined the relationship between 23 germline

nonsynonymous SNPs (nsSNPs) in 12 one-carbon metab-

olism genes and DNA methylation status (CIMP status and

LINE-1 methylation) in colorectal cancer.

Materials and methods

Study population

The Nurses’ Health Study (NHS) is an ongoing prospective

study of 121,700 US female registered nurses. Details of

the design and follow-up of this cohort have been previ-

ously described [26]. Briefly, at enrollment in 1976, the

participants, who were aged 30–55, completed a ques-

tionnaire providing information on risk factors for cancer

and cardiovascular disease. Exposure and disease infor-

mation are updated biennially. From 1989 to 1990, blood

samples were collected from 32,826 of the NHS partici-

pants. After blood collection through June 2000, 197

incident cases of colorectal cancer were confirmed through

medical records or death reports, of which 190 cases were

successfully genotyped.

The Health Professionals Follow-up Study (HPFS)

began in 1986 when 51,529 US male health professionals

(dentists, optometrists, osteopaths, podiatrists, pharmacists,

and veterinarians), aged 40–75, responded to a mailed

questionnaire. These men provided baseline information on

age, marital status, height, weight, ancestry, medications,

smoking history, medical history, physical activity, and

diet. Information on exposure and medical history is

updated every 2 years. Blood samples were collected from

18,225 of the HPFS participants between 1993 and 1995;

168 incident cases of colorectal cancer were identified

between the date of blood draw and January 2002.

On each biennial follow-up questionnaire, participants

were asked whether they had had a diagnosis of colorectal

cancer during the prior 2 years. When a participant

reported a diagnosis of colorectal cancer, we asked for

permission to obtain hospital records and pathology

reports. For persistent nonresponders, we searched for

National Death Index to identify potential colorectal can-

cer-related deaths. We identified more than 96% of inci-

dent colorectal cancers by these methods. Study

physicians, blinded to exposure data, reviewed all medical

records related to colorectal cancer, classifying disease

stage according to the TNM (tumor-node-metastasis)

classification.

In each cohort, individuals who were alive and free of

diagnosed cancer at the time of case ascertainment were

selected as controls and were matched to cases on year of

birth and year and month of blood draw, as previously

described [26, 27].

Previous studies that were based on the NHS and HPFS

have described baseline characteristics of cohort partici-

pants and incident colorectal cancer cases and confirmed

that our colorectal cancer cases were representative as a

population-based sample [28]. We collected paraffin-

embedded tissue blocks from hospitals where cohort par-

ticipants with colorectal cancers had undergone resections

of primary tumors. Specimens were selected based on

availability of germline SNP analysis data and tumor

analysis data at the time of this study. Table 1 indicates

that there was no substantial bias in terms of clinical and

pathologic features. Tumor content was more than 70% for

all cases. All cases were confirmed by a single pathologist

(S.O.) to be colorectal cancer, but not stromal tumor, car-

cinoid, lymphoma, or metastatic tumor from another organ

site. Based on availability of tumor tissue specimens, a

total of 182 colorectal cancer cases (100 from the HPFS

and 82 from the NHS) were included. Overall, these cases

were similar in epidemiologic features to the total number

of samples in the NHS and HPFS with blood samples and

similar in pathologic features to the total number of cases

with CIMP and LINE-1 data. Cases were previously

characterized for status of CIMP [29], LINE-1 methylation
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[12], and one-carbon metabolism germline SNPs [24, 25].

However, no study has been performed to correlate these

23 germline nonsynonymous SNPs in the one-carbon

metabolism pathway with CIMP status and LINE-1 meth-

ylation in tumors. Blood collection, germline SNP analy-

ses, and tumor tissue analyses were approved by the

Institutional Review Boards of the Harvard School of

Public Health, Dana-Farber Cancer Institute, and Brigham

and Women’s Hospital.

Genotyping methods

Genotyping was performed at the Dana-Farber/Harvard

Cancer Center High-Throughput Polymorphism Core.

DNA was extracted from 50-ll buffy coat fractions diluted

with 150 ll of PBS by the Qiagen QIAamp Blood Kit

(Qiagen, Chatsworth, CA) spin protocol. The genotypes of

the one-carbon polymorphisms were determined by mea-

suring end-point fluorescence using the 50 nuclease assay

(Taqman) on an ABI PRISM 7900HT Sequence Detection

System (Applied Biosystems, Foster City, CA) [30]. The

23 nonsynonymous SNPs were identified through the NCI

SNP500Cancer database (http://snp500cancer.nci.nih.gov),

the dbSNP database (http://www.ncbi.nlm.nih.gov/SNP),

and the International HapMap Project database (http://

www.hapmap.org). The SNPs studied all resulted in amino

acid changes and therefore are potentially functional. The

FOLH1 His475Tyr SNP was not referenced in the above-

mentioned databases but was investigated in relation to

serum folate levels [31]. Our analysis included the 23

known nonsynonymous SNPs in 12 genes [24, 25] that

could be evaluated by the Taqman assay (SHMT was

excluded from this analysis due to lower overlap of suc-

cessfully genotyped blood samples with CIMP and LINE-1

data from somatic tissue).

Quality control was ensured by including a random 10%

of the samples in the 96-well plates as duplicates. These

served as internal controls to validate the genotyping

methods; there was 100% concordance. Laboratory per-

sonnel were blinded to the status (case, control, or quality

control) of samples. The median genotyping success for the

23 SNPs included in this analysis was 95%.

Quantitative real-time PCR (MethyLight) for CIMP

analysis

Sodium bisulfite treatment on tumor DNA and subsequent

real-time PCR (MethyLight) assays were validated and

performed as previously described [32]. We quantified

promoter methylation in eight CIMP-specific genes

(CACNA1G, CDKN2A (p16), CRABP1, IGF2, MLH1,

NEUROG1, RUNX3, and SOCS1) [15, 33]. The PCR

condition was initial denaturation at 95�C for 10 min fol-

lowed by 45 cycles of 95�C for 15 s and 60�C for 1 min.

CIMP-high was defined as C6/8 methylated promoters

using the 8-marker CIMP panel, CIMP-low as 1–5 meth-

ylated promoters, and CIMP-0 as 0/8 methylated promot-

ers, according to the previously established criteria [33].

Accumulating evidence indicate that CIMP-high is a dis-

tinct entity with tight associations with MSI and BRAF

mutation. Although CIMP-low is associated with KRAS

mutation [32, 34], the relatedness between CIMP-low and

Table 1 Clinical and molecular

characteristics of 182 colorectal

cancer cases

a The percentages indicate the

proportion of cases with a

specific clinical feature
b Proximal colon includes

cecum to transverse colon, and

distal colorectum includes

splenic flexure to rectum

Clinical feature Total

N (%)a
LINE-1

Mean (SD)

CIMP-high

N (%)a
CIMP-low/0

N (%)a

Age

B59 33 (18%) 62.11 (12.32) 1 (3.23) 29 (19.21)

60-69 66 (36%) 60.97 (9.00) 12 (38.71) 53 (35.10)

C70 83 (46%) 61.91 (10.44) 18 (58.06) 69 (45.70)

Sex

Male 100 (55%) 61.98 (11.60) 12 (38.71) 88 (58.28)

Female 82 (45%) 61.60 (8.08) 19 (61.29) 63 (41.72)

Tumor location

Proximalb 80 (44%) 62.52 (9.60) 29 (96.67) 97 (65.54)

Distalb 98 (54%) 61.19 (10.67) 1 (3.33) 51 (34.46)

Unknown 4 (2.2%) – – –

Tumor stage

I 40 (22%) 61.17 (10.37) 5 (17.24) 35 (27.29)

II 55 (30%) 64.15 (9.98) 16 (55.17) 39 (30.47)

III 45 (25%) 58.37 (9.62) 4 (13.79) 41 (32.03)

IV 17 (9.3%) 60.04 (11.46) 4 (13.79) 13 (10.16)

Unknown 25 (14%) – – –
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CIMP-0 is closer to that between CIMP-low and CIMP-

high [32]. Thus, because of limited power, we combined

CIMP-low and CIMP-0 in this study.

Pyrosequencing to measure LINE-1 methylation

In order to accurately quantify relatively high LINE-1

methylation levels, we utilized Pyrosequencing technology

as previously described [35, 36]. The amount of C relative

to the sum of the amounts of C and T at each CpG site was

calculated as percentage. The average of the relative

amounts of C in the four CpG sites was used as overall

LINE-1 methylation level in a given tumor. LINE-1

methylation level measured by Pyrosequencing has been

shown to correlate well with overall 5-methylcytosine level

(i.e., global DNA methylation level) in tumor cells [9, 35].

Statistical analysis

We evaluated the relationship between each of the 23 SNPs

in the one-carbon metabolism pathway and DNA methyl-

ation status (CIMP status or LINE-1 methylation) in colo-

rectal cancer cases (case–case analysis). We used the

codominant genetic model (when appropriate) as well as the

dominant genetic model, comparing variant carriers with

the referent homozygous wild type. The genotype distri-

butions for the SNPs were evaluated for agreement with

Hardy–Weinberg equilibrium (HWE) by the trend test. We

used unconditional logistic regression for the analyses to

compute odds ratios (ORs) with 95% confidence intervals

(CIs). The risk for CIMP-high was evaluated using logistic

regression with an ordinal outcome variable, modeled as a

three-level categorical model: CIMP-high, CIMP-low, and

CIMP-0. Due to sample size constraints, the results from the

collapsed two-level categorical variable: CIMP-high and

CIMP-low/0 are presented. The association between LINE-

1 levels (a continuous variable) and the SNPs was tested by

the Wilcoxon rank sum method. Multivariate unconditional

logistic regression (for CIMP data) and multivariate linear

regression (for LINE-1 data) analyses were adjusted for age,

sex, family history of colon cancer, pack years smoked,

body mass index (BMI), postmenopausal hormone use,

aspirin intake, physical activity, alcohol intake, total folate

consumption, and red meat consumption. p values were

obtained from the tests for linear trend of log-ORs were

calculated using an ordered categorical variable by assign-

ing scores to the genotypes: 0 (no variant allele), one

(carrying one variant allele), and two (carrying two variant

alleles). Similar results were obtained with two-degree of

freedom likelihood ratio test (2-df LRT) comparing models

with and without the genotype variable. All statistical tests

were two-sided. In our previous study of one-carbon

metabolism SNPs and colorectal adenoma, we evaluated

linkage disequilibrium of these 23 SNPs. The conservative

Bonferroni-corrected p value for the independent tests is

alpha/20 markers = 0.003. All statistical analyses were

performed with SAS (version 9.1; SAS Institute, Cary, NC).

Results

The clinical characteristics of the 182 colorectal cancer

cases are presented in Table 1. CIMP-high (defined as the

presence of C6/8 methylated promoters) was detected in 31

(17%) of the 182 colorectal cancers. LINE-1 methylation

levels in the 172 colorectal cancers were distributed

approximately normally (mean 61.81, standard deviation

10.11, median 62.49, interquartile range 12.38).

We compared the distribution of the genotypes (Table 2)

in the CIMP-high to a reference group of CIMP-low/0 (with

B5/8 methylated promoters). Modest differences in geno-

type distributions were noted for TCN2 (transcobalamin 2)

Pro259Arg (dbSNP ID: rs1801198; p trend = 0.06). In

multivariate logistic regression analysis, the MTHFR

(methylenetetrahydrofolate reductase) 429 Ala/Ala vari-

ant was associated with an increased risk of CIMP-high

(dbSNP ID: rs1801131; OR = 7.56; 95% CI, 1.32–43.3;

p trend = 0.11) (Table 3). In contrast, the MTHFR

Ala222Val (dbSNP ID: rs1801133) genotypes were not

significantly associated with CIMP-high. In the B12-related

cycle of the one-carbon metabolism pathway, the TCN2

259 Arg/Arg variant (OR = 3.82, 95% CI: 1.02–14.4;

p value = 0.06) was associated with CIMP-high. All of the

other SNPs in the one-carbon metabolism pathway were not

significantly associated with CIMP-high (Table 3). Similar

point estimates were obtained comparing CIMP-high to

CIMP-low (excluding CIMP-0) in the age-adjusted model

(data not shown). MTHFR 429 Ala/Ala was significantly

associated with CIMP-high (OR = 7.39; 95% CI, 1.2–45.1,

p trend = 0.03). The association for TCN2 259 Arg/Arg was

slightly attenuated with OR = 2.91 (95% CI, 0.85–9.92,

p trend = 0.06). Only a few cases with CIMP-high had

distal or rectal tumors located in the rectum; therefore, we

were unable to perform stratified analysis by location.

However, these associations were not statistically signifi-

cant after correcting for multiple comparisons.

We next measured LINE-1 methylation, which has been

correlated with global DNA methylation level [35]. There

was no significant difference in overall median LINE-1

methylation levels and the 23 nonsynonymous SNPs

examined (Table 4) or by stratified analysis by tumor

location (colon compared to rectal; data not shown).

However, there were some differences in mean LINE-1

methylation levels between certain genotypes (i.e., FTHFD

254).
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Table 2 Polymorphisms in the one-carbon metabolism pathway and CIMPb status in colorectal cancer

Gene/SNP

of interest

CIMP-high, C6

genes n = 31

CIMP-low/0, 0-5

genes n = 151

Percentage in controls

from Koushik et al. [24]

N (%) N (%)

rs2372536 5-Aminoimidazole-4-carboxamide ribonucleotide
formyltransferase (ATIC)

Codon 116

Cys/Cys 14 (46.7) 58 (39.7) 43.5

Cys/Ser 14 (46.7) 72 (49.3) 44.9

Ser/Ser 2 (6.7) 16 (11.0) 11.5

p value 0.39

rs3733890 Betaine–homocysteine methyltransferase (BHMT)

Codon 239

Arg/Arg 13 (44.8) 59 (41.6) 53.4

Arg/Gln 16 (55.2) 67 (47.2) 39.5

Gln/Gln 0 16 (11.3) 7.1

p value 0.26

rs8111085 DNA methyltransferase 1 (DNMT1)

Codon 311

Ile/Ile 24 (82.8) 122 (90.4) 86.8

Ile/Val 4 (13.8) 13 (9.6) 12.3

Val/Val 1 (3.5) 0 0.8

p value 0.11

rs202676 Folate hydrolase/glutamate carboxypeptidase (FOLH1)

Codon 75

Tyr/Tyr 19 (65.5) 90 (62.5) 63.7

Tyr/His 9 (31.0) 50 (34.7) 31.4

His/His 1 (3.5) 4 (2.8) 4.8

p value 0.83

Devlin et al. [31] Folate hydrolase/glutamate carboxypeptidase (FOLH1)

Codon 475

His/His 27 (96.4) 132 (93.0) 91.3

His/Tyr 1 (3.6) 10 (7.0) 8.4

Tyr/Tyr 0 0 0.3

p value 0.50

rs3796191 Formyltetrahydrofolate dehydrogenase (FTHFD)

Codon 254

Leu/Leu 30 (96.8) 134 (97.1) 92.0

Leu/Pro 1 (3.2) 4 (2.9) 7.7

Pro/Pro 0 0 0.3

p value 0.92

rs1127717 Formyltetrahydrofolate dehydrogenase (FTHFD)

Codon 793

Asp/Asp 21 (72.4) 87 (60.8) 62.9

Asp/Gly 7 (24.1) 45 (31.5) 33.2

Gly/Gly 1 (3.5) 11 (7.7) 4.9

p value 0.21
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Table 2 continued

Gene/SNP

of interest

CIMP-high, C6

genes n = 31

CIMP-low/0, 0-5

genes n = 151

Percentage in controls

from Koushik et al. [24]

N (%) N (%)

rs4646750 Formyltetrahydrofolate dehydrogenase (FTHFD)

Codon 812

Ile/Ile 29 (93.5) 126 (87.5) 87.4

Ile/Val 2 (6.5) 18 (12.5) 12.2

Val/Val 0 0 0.3

p value 0.34

rs9984077 Glycinamide ribonucleotide transformylase (GART)

Codon 421

Ile/Ile 20 (64.5) 90 (62.5) 58.2

Val/Ile 8 (25.8) 46 (31.9) 36.7

Val/Val 3 (9.7) 8 (5.6) 5.1

p value 0.86

rs8971 Glycinamide ribonucleotide transformylase (GART)

Codon 752

Gly/Gly 23 (74.2) 85 (59.0) 57.2

Asp/Gly 7 (22.6) 53 (36.8) 35.4

Asp/Asp 1 (3.2) 6 (4.2) 7.5

p value 0.15

rs1950902 Methylenetetrahydrofolate dehydrogenase (MTHFD)

Codon 134

Lys/Lys 24 (80.0) 92 (67.2) 68.8

Arg/Lys 6 (20.0) 39 (28.5) 28.7

Arg/Arg 0 6 (4.4) 2.5

p value 0.12

rs2236225 Methylenetetrahydrofolate dehydrogenase (MTHFD)

Codon 653

Gln/Gln 6 (20.0) 23 (16.2) 24.1

Gln/Arg 14 (46.7) 65 (45.8) 47.5

Arg/Arg 10 (33.3) 54 (38.0) 28.5

p value 0.55

rs1801133 Methylenetetrahydrofolate reductase (MTHFR)

Codon 222c

Ala/Ala 16 (53.3) 58 (42.7) 44.7

Ala/Val 12 (40.0) 61 (44.9) 41.2

Val/Val 2 (6.7) 17 (12.5) 14.1

p value 0.22

rs1801131 Methylenetetrahydrofolate reductase (MTHFR)

Codon 429c

Glu/Glu 11 (37.9) 65 (46.8) 44.4

Glu/Ala 13 (44.8) 66 (47.5) 37.9

Ala/Ala 5 (17.2) 8 (5.8) 17.7

p value 0.11
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Table 2 continued

Gene/SNP

of interest

CIMP-high, C6

genes n = 31

CIMP-low/0, 0-5

genes n = 151

Percentage in controls

from Koushik et al. [24]

N (%) N (%)

rs8923 Methylenetetrahydrofolate synthase (MTHFS)

Codon 202

Ala/Ala 25 (83.3) 119 (83.2) 84.2

Ala/Thr 5 (16.7) 24 (16.8) 15.3

Thr/Thr 0 0 0.4

p value 0.97

rs1805087 Methionine synthase (MTR)

Codon 919

Asp/Asp 23 (74.2) 82(57.3) 65.8

Asp/Gly 7 (22.6) 52 (36.4) 29.7

Gly/Gly 1 (3.2) 9 (6.3) 4.5

p value 0.10

rs1801394 Methionine synthase reductase (MTRR)

Codon 22

Ile/Ile 9 (31.0) 33 (23.4) 20.2

Ile/Met 10 (34.5) 68 (48.2) 49.4

Met/Met 10 (34.5) 40 (28.4) 30.4

p value 0.92

rs1532268 Methionine synthase reductase (MTRR)

Codon 175

Ser/Ser 11 (39.2) 61 (43.3) 40.6

Ser/Leu 15 (53.6) 69 (48.9) 43.2

Leu/Leu 2 (7.1) 11 (7.8) 16.1

p value 0.80

rs2303080 Methionine synthase reductase (MTRR)

Codon 284

Ser/Ser 29 (100) 132 (92.3) 95.4

Ser/Thr 0 11 (7.7) 4.6

Thr/Thr 0 0 0

p value 0.12

rs162036 Methionine synthase reductase (MTRR)

Codon 350

Lys/Lys 22 (71.0) 103 (73.1) 79.6

Lys/Arg 9 (29.0) 35 (24.8) 18.6

Arg/Arg 0 3 (2.1) 1.7

p value 0.99

rs2287780 Methionine synthase reductase (MTRR)

Codon 415

Arg/Arg 100 (100.0) 134 (91.8) 95.6

Arg/Cys 0 12 (8.2) 4.4

Cys/Cys 0 0 0

p value 0.10
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Discussion

We conducted this study to examine the relationship

between germline polymorphisms in the one-carbon

metabolism genes and DNA methylation status (CpG

island methylator phenotype (CIMP) and LINE-1 methyl-

ation level) in colorectal cancer. We used quantitative PCR

assays (MethyLight) [37] to determine the degree of DNA

methylation, which is essential to reproducibly differentiate

high-level from low-level methylation [32]. With the use of

the CIMP-specific panel of eight promoters [15, 33], we

were able to accurately identify CIMP-high in colorectal

cancer. We have found that the MTHFR 429 Ala/Ala var-

iant and the TCN2 259 Arg/Arg variant were associated

with CIMP-high status in colorectal cancer. Our data sup-

port the possible link between these germline genetic

variants and somatic promoter CpG island methylation in

colorectal cancer.

The combination of dietary factors and genetic and

epigenetic variation contributes to colorectal cancer risk.

Intake of folate, especially among alcohol consumers, is

protective against the risk of colorectal cancer [20]. Diet,

lifestyle, and environment [17, 38] contribute to carcino-

genesis by inducing both genetic and epigenetic changes

that in combination result in the disruption of key cellular

process leading to neoplastic transformation. Folate from

diet is directly linked to DNA methylation via the one-

carbon metabolism pathway, where S-adenosylmethionine

(SAM) [39] is the universal methyl donor for several

biological methylation reactions and for de novo

deoxynucleoside triphosphate synthesis. The reduced

availability of methyltetrahydrofolate (methyl-THF), the

main circulating form of folate, decreases the biosynthesis

of SAM, thus limiting the availability of methyl groups for

methylation reactions [40].

Thus, dietary folate consumption may modify the

association between DNA methylation and colorectal

cancer risk [23, 28, 41–44]. Examining epigenetic changes

in colorectal cancer in relation to genetic and dietary fac-

tors is important because epigenetic heterogeneity that

exists among colorectal cancers may be caused by genetic

and environmental factors. However, few epidemiologic

studies have investigated the role of epigenetic changes

induced by dietary and environmental exposures [17]. In

the one-carbon metabolism pathway, the MTHFR

Ala222Val (677C [ T) polymorphism (NM_005957.3) has

been associated with decreased enzyme activity, folate

status and global hypomethylation detected in lymphocytes

[40]. The MTHFR 429 (1298A [ C) polymorphisms is also

associated with decreased enzymatic activity and hype-

rhomocysteinemia [45]. Intracellular folate levels (5,10-

methylenetetrahydrofolate and tetrahydrofolate) have also

been associated with promoter methylation of MLH1,

TIMP3, ARF (CDKN2A/p14), and the MTHFR SNPs [46].

However, a recent large population-based study did not

find an association among folate, vitamin B6, vitamin B12,

methionine, and CIMP-high [17]. Furthermore, studies

have not found an association between the MTHFR hap-

lotypes and promoter methylation status in proximal colon

cancer [47] or colorectal adenoma [48]. Thus, other risk

Table 2 continued

Gene/SNP

of interest

CIMP-high, C6

genes n = 31

CIMP-low/0, 0-5

genes n = 151

Percentage in controls

from Koushik et al. [24]

N (%) N (%)

rs10380 Methionine synthase reductase (MTRR)

Codon 595

His/His 23 (79.3) 111 (77.6) 82.5

His/Tyr 6 (20.7) 29 (20.3) 16.5

Tyr/Tyr 0 3 (2.1) 1.0

p value 0.70

rs1801198 Transcobalamin 2 (TCN2)

Codon 259

Pro/Pro 9 (31.0) 54 (38.6) 31.3

Pro/Arg 10 (34.5) 66 (47.1) 49.9

Arg/Arg 10 (34.5) 20 (14.3) 19.5

p value 0.06

a All p values are from chi-square comparing CIMP-high to CIMP-low
b CIMP, CpG island methylator phenotype
c MTHFR 222 corresponds to nucleotide position and change: 677 C ? T

MTHFR 429 corresponds to nucleotide position and change: 1298 A ? C
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Table 3 Association of nonsynonymous SNPs in the one-carbon metabolic pathway with CIMP-highc in colorectal cancer

Gene/SNP of interest Logistic regressiona

OR (95% CI)

Multivariate logisticb

OR (95% CI)

rs2372536 ATIC Codon 116

Cys/Cys 1.0 1.0

Cys/Ser ? Ser/Ser 0.76 (0.34–1.72) 0.86 (0.33–2.25)

rs3733890 BHMT Codon 239

Arg/Arg 1.0 1.0

Arg/Gln ? Gln/Gln 0.77 (0.33–1.75) 0.61 (0.22–1.72)

rs8111085 DNMT Codon 311

Ile/Ile 1.0 1.0

Ile/Val ? Val/Val 1.80 (0.57–5.67) 0.93 (0.20–4.35)

rs202676 FOLH Codon 75

Tyr/Tyr 1.0 1.0

Tyr/His ? His/His 0.71 (0.30–1.69) 0.49 (0.17–1.39)

Devlin et al. [31] FOLH Codon 475

His/His 1.0 1.0

His/Tyr ? Tyr/Tyr 0.49 (0.06–4.11) 1.38 (0.13–15.4)

rs3796191 FTHFD Codon 254

Leu/Leu 1.0 1.0

Leu/Pro ? Pro/Pro 1.51 (0.15–15.6) 1.33 (0.09–20.4)

rs1127717 FTHFD Codon 793

Asp/Asp 1.0 1.0

Asp/Gly ? Gly/Gly 0.59 (0.24–1.46) 0.35 (0.11–1.11)

rs4646750 FTHFD Codon 812

Ile/Ile 1.0 1.0

Ile/Val ? Val/Val 0.49 (0.11–2.32) 0.55 (0.09–3.52)

rs9984077 GART Codon 421

Ile/Ile 1.0 1.0

Ile/Val ? Val/Val 0.53 (0.12–2.28) 0.69 (0.13–3.67)

rs8971 GART Codon 752

Gly/Gly 1.0 1.0

Gly/Asp ? Asp/Asp 1.92 (0.21–17.3) 1.11 (0.08–14.9)

rs1950902 MTHFD Codon 134

Lys/Lys 1.0 1.0

Lys/Arg ? Arg/Arg 0.60 (0.22–1.63) 0.58 (0.17–1.96)

rs2236225 MTHFD Codon 653

Gln/Gln 1.0 1.0

Gln/Arg 1.08 (0.43–2.70) 1.05 (0.32–3.42)

Arg/Arg 1.37 (0.43–4.36) 1.91 (0.44–8.37)

Gln/Arg ? Arg/Arg 1.15 (0.49–2.72) 1.24 (0.42–3.72)

rs1801133 MTHFR Codon 222d

Ala/Ala 1.0 1.0

Ala/Val ? Val/Val 0.64 (0.28–1.44) 0.56 (0.21–1.51)

rs1801131 MTHFR Codon 429d

Glu/Glu 1.0 1.0

Glu/Ala 1.29 (0.52–3.20) 1.29 (0.44–3.81)

Ala/Ala 3.60 (0.95–13.7) 7.56 (1.32–43.3)

Glu/Ala ? Ala/Ala 1.59 (0.68–3.72) 1.78 (0.65–4.84)
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factors may be indirectly related to CIMP-high in colo-

rectal cancer.

Analysis of genetic and epigenetic alterations, such as

DNA hypermethylation and global hypomethylation is

important in cancer research [1, 49–62]. We have previ-

ously described CIMP status and LINE-1 methylation in

this large population-based sample of colorectal cancer [12,

29]. In this exploratory study, we evaluated the relationship

of CIMP status and LINE-1 methylation with 23 nonsyn-

onymous polymorphisms (SNPs) in 12 genes in the one-

carbon pathway. Most of the SNPs in the one-carbon

metabolism pathway were not associated with CIMP-high

Table 3 continued

Gene/SNP of interest Logistic regressiona

OR (95% CI)

Multivariate logisticb

OR (95% CI)

rs8923 MTHFS Codon 202

Ala/Ala 1.0 1.0

Ala/Thr ? Thr/Thr 0.90 (0.31–2.67) 0.65 (0.18–2.44)

rs1805087 MTR Codon 919

Asp/Asp 1.0 1.0

Asp/Gly 0.53 (0.21–1.34) 0.47 (0.15–1.48)

Gly/Gly 0.35 (0.04–3.05) 0.22 (0.01–3.71)

Asp/Gly ? Gly/Gly 0.50 (0.20–1.21) 0.43 (0.14–1.30)

rs1801394 MTRR Codon 22

Ile/Ile 1.0 1.0

Ile/Met 0.53 (0.19–1.47) 0.33 (0.09–1.15)

Met/Met 1.03 (0.36–2.92) 0.71 (0.20–2.54)

Ile/Met ? Met/Met 0.71 (0.29–1.73) 0.46 (0.15–1.39)

rs1532268 MTRR Codon 175

Ser/Ser 1.0 1.0

Ser/Leu ? Leu/Leu 1.28 (0.54–3.00) 0.90 (0.32–2.52)

rs2303080 MTRR Codon 284

Ser/Ser 1.0 1.0

Ser/Thr ? Thr/Thr – –

rs162036 MTRR Codon 350

Lys/Lys 1.0 1.0

Lys/Arg ? Arg/Arg 1.1 (0.46–2.66) 1.84 (0.59–5.72)

rs2287780 MTRR Codon 415

Arg/Arg 1.0 1.0

Arg/Cys ? Cys/Cys – –

rs10380 MTRR Codon 595

His/His 1.0 1.0

His/Tyr ? Tyr/Tyr 0.98 (0.36–2.69) 1.65 (0.47–5.77)

rs1801198 TCN 2 Codon 259

Pro/Pro 1.0 1.0

Pro/Arg 0.91 (0.34–2.44) 0.82 (0.25–2.71)

Arg/Arg 2.67 (0.93–7.70) 3.82 (1.02–14.4)

Pro/Arg ? Arg/Arg 1.35 (0.56–3.25) 1.40 (0.49–4.00)

a Logistic regression, comparing CIMP-high to the referent of CIMP-low/0, adjusted for age
b Odds ratios for multivariate logistic regression, comparing CIMP-high to the referent of CIMP-low/0, adjusted for: age, sex, family history of

colon cancer, pack years smoked, body mass index (BMI), postmenopausal hormone (PMH) use, aspirin intake, physical activity, alcohol intake,

total folate consumption, and red meat consumption
c CIMP, CpG island methylator phenotype
d MTHFR 222 corresponds to nucleotide position and change: 677 C ? T

MTHFR 429 corresponds to nucleotide position and change: 1298 A ? C
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Table 4 SNPs in the one-carbon metabolism pathway and LINE-1 levels in 172 colorectal cancer cases

Genes/SNPs Wild type

n

Mean ± std

Median (95% CI)

Het ? Var

n

Mean ± std

Median (95% CI)

p valuea

(Wilcoxon)

rs2372536 ATIC Codon 116 67

61.25 ± 11.46

61.85 (58.45–64.04)

99

61.78 ± 9.15

62.42(59.95–63.6)

0.88

rs3733890 BHMT Codon 239 69

60.88 ± 11.17

62.85 (58.19–63.56)

92

62.43 ± 9.51

62.43 (60.46–64.40)

0.73

rs8111085 DNMT Codon 311 138

61.74 ± 10.26

62.59 (60.02–63.47)

18

61.59 ± 11.79

60.62 (55.73–67.46)

0.94

rs202676 FOLH Codon 75 101

62.66 ± 9.76

62.85 (60.73–64.59)

62

60.67 ± 10.74

61.81 (57.95–63.40)

0.33

Devlin et al. [31] FOLH Codon 475 151

61.62 ± 10.18

62.55 (59.99–63.26)

10

58.56 ± 9.93

59.31 (51.46–65.67)

0.22

rs3796191 FTHFD Codon 254 156

61.79 ± 10.25

62.41 (60.16–63.41)

5

54.90 ± 9.70

58.20 (42.86–66.94)

0.13

rs1127717 FTHFD Codon 793 101

62.47 ± 10.01

63.10 (60.49–64.44)

61

60.50 ± 9.57

61.05 (58.05–62.95)

0.10

rs4646750 FTHFD Codon 812 147

61.39 ± 10.13

62.30 (59.73–63.04)

19

64.70 ± 8.34

65.87 (60.67–68.71)

0.16

rs9984077 GART Codon 421 11

63.27 ± 10.43

56.26–70.28

154

61.56 ± 9.93

62.38 (59.98–63.15)

0.60

rs8971 GART Codon 752 7

66.11 ± 6.41

63.82 (60.18–72.04)

158

61.60 ± 10.36

62.41 (59.97–63.22)

0.27

rs1950902 MTHFD Codon 134 109

61.64 ± 10.12

62.40 (59.72–63.56)

48

62.73 ± 9.17

62.59 (60.06–65.39)

0.75

rs2236225 MTHFD Codon 653 59

61.23 ± 8.69

60.46 (58.96–63.49)

103

61.83 ± 10.53

63.07 (59.77–63.88)

0.34

rs1801133 MTHFRb Codon 222 67

62.64 ± 9.94

63.35 (60.22–65.07)

89

61.43 ± 10.39

62.35 (59.24–63.62)

0.47

rs1801131 MTHFRb Codon 429 73

61.27 ± 10.05

62.35 (58.92–63.61)

85

62.75 ± 9.57

63.17 (60.69–64.81)

0.39

rs8923 MTHFS Codon 202 134

62.03 ± 10.40

62.72 (60.25–63.81)

29

60.62 ± 9.21

61.47 (57.12–64.13)

0.31
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or LINE-1 methylation levels in colorectal cancer,

although we may be underpowered to evaluate these

associations given our sample size and due to multiple

comparisons. We have shown an association between the

MTHFR 429 Ala/Ala variant and CIMP-high in colorectal

cancer, which was modestly stronger than the association

observed in a larger population-based study of colon cancer

evaluating SNPs in eight one-carbon metabolism genes

[23]. In addition to sample size differences or chance, this

difference in the magnitude of association may be in part

due to differences in the CIMP markers and criteria in these

two studies; Curtin et al. [23] used the classic CIMP marker

panel (MINT1, MINT2, MINT31, CDKN2A, and MLH1),

which is different from our 8-marker CIMP panel [15, 33].

Another recent large study suggests that the MTHFR 222

Val/Val variant may be associated with MSI cases of

colorectal cancer [63]. Although CIMP status was not

determined in this study, these results collectively support

the relationship between the MTHFR SNPs and CIMP in

colorectal cancer.

In the B12-related cycle of the one-carbon metabolism

pathway, the TCN2 259 Arg/Arg variant had an association

with CIMP-high. However, Curtin et al. [23] reported a

reduced risk of colon cancer for the variant carriers of

TCN2. In the Nurses’ Health Study (NHS), the TCN2 259

Pro/Arg ? Arg/Arg genotypes were associated with

increased risk of colorectal adenoma [25] but not cancer

[24]. Additional studies are necessary to examine the

relation between the TCN2 Pro259Arg polymorphism and

DNA methylation status in colorectal cancer. The rela-

tionship of germline genetic variation and somatic meth-

ylation is an emerging area of investigation [22, 23, 47,

48]. This exploratory population-based study provides

evidence for the possible relationship between germline

Table 4 continued

Genes/SNPs Wild type

n

Mean ± std

Median (95% CI)

Het ? Var

n

Mean ± std

Median (95% CI)

p valuea

(Wilcoxon)

rs1805087 MTR Codon 919 99

61.85 ± 8.32

62.30 (60.19–63.51)

65

61.37 ± 11.99

62.55 (58.40–64.34)

0.83

rs1801394 MTRR Codon 22 39

61.89 ± 12.91

63.27 (57.71–66.08)

121

61.68 ± 9.53

62.40 (57.97–63.40)

0.55

rs1532268 MTRR Codon 175 68

61.73 ± 10.28

61.81 (59.24–64.22)

91

61.96 ± 9.94

(59.89–64.03)

0.58

rs2303080 MTRR Codon 284 151

61.62 ± 10.27

62.42 (59.97–63.27)

11

62.32 ± 9.34

62.22 (56.04–68.59)

0.90

rs162036 MTRR Codon 350 120

62.46 ± 9.86

62.70 (60.67–64.24)

43

60.86 ± 9.60

62.22 (57.91–63.82)

0.43

rs2287780 MTRR Codon 415 154

61.62 ± 10.34

62.29 (59.98–63.26)

12

62.31 ± 8.90

62.26 (56.66–67.97)

0.90

rs10380 MTRR Codon 595 127

62.36 ± 10.02

62.82 (60.50–64.02)

35

60.09 ± 9.64

61.85 (56.77–63.40)

0.26

rs1801198 TCN2 Codon 259 59

61.20 ± 10.47

60.77 (58.47–63.93)

100

61.67 ± 9.76

62.49 (59.73–63.60)

0.72

a No significant differences for any SNP comparing wild type and variant carriers (wild type determined according to Koushik et al. [24]) by

Wilcoxon test and/or linear regression using the codominant genetic model (data not shown)
b MTHFR 222 corresponds to nucleotide position and change: 677 C ? T

MTHFR 429 corresponds to nucleotide position and change: 1298 A ? C
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nonsynonymous SNPs in the one-carbon metabolism

pathway and DNA methylation in tumors and suggests the

need for further studies on the MTHFR 429 polymorphism,

the methionine-cycle and B12-related genes, and the

FTHFD gene. We were limited in this analysis by the

overlap of genotype data available on incident colorectal

cancer cases and methylation data from colorectal cancer

tissue. In addition to dietary methyl status, other risk fac-

tors, such as smoking [17, 38], may be indirectly related to

CIMP-high. The association of DNA methylation and

lifestyle factors [57, 64] remains an important area of

cancer research and the current findings should be evalu-

ated in larger studies with prospective data on risk factors

for cancer.

In summary, MTHFR 429 Ala/Ala and TCN2 259 Arg/

Arg in the one-carbon metabolism pathway are associated

with CIMP-high in colorectal cancer, although these find-

ings may be due to chance. Further studies are necessary to

elucidate the exact mechanisms of this association.
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