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Abstract. Methylation abnormalities of cancer-related genes
are recognized to play an important role in carcinogenesis.
Methylenetetrahydrofolate reductase (MTHFR) regulates DNA
methylation by affecting synthesis of S-adenosylmethionine,
which is a universal methyl donor for methylation reactions.
MTHFR gene polymorphisms that affect enzymatic activity
may be associated with DNA methylation and cancer suscep-
tibility. In the present study, we investigated the MTHFR
C677T polymorphism in 247 cancer patients and 100 healthy
subjects using PCR-RFLP, as well as the methylation status
of the CpG island in the promoter region of the C-erbB-2
oncogene in 247 tumor and matched adjacent tissue samples
using methylation-specific PCR. The results revealed that the
methylation rate of the C-erbB-2 gene was significantly lower
in the tumor tissues than in the matched adjacent tissues (43.3
vs. 69.2%, P=0.000). No correlation was observed between
the methylation patterns of C-erbB-2 in tumor tissues and
the clinicopathological characteristics of the patients. The
frequency of the MTHFR gene 677 T allele was significantly
higher in cancer patients than in the healthy subjects, and
the combined variant genotypes (677CT+TT) signifi-
cantly increased the risk of developing cancer (OR=1.619,
95% CI 1.012-2.588, P=0.043). Among the cancer patients,
the methylation rate of the C-erbB-2 gene was higher in indi-
viduals with the CC genotype than in those with the CT/TT
genotype (50.0 vs. 39.4%). This difference was not significant
(P=0.103). However, a significant difference was found in
patients with breast cancer (P=0.008). In conclusion, the
C-erbB-2 promoter CpG island was hypomethylated in
cancer patients, and the MTHFR 677 CT/TT genotype
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increased the risk of developing the disease. Moreover, in
breast cancer patients, the MTHFR gene C677T polymorphism
had an effect on the methylation status of the C-erbB-2 gene.

Introduction

DNA methylation of gene promoter CpG islands has been
recognized as an important mechanism for the regulation of
gene expression associated with the development and
progression of various types of cancer (1,2). DNA methylation
depends on a sufficient supply of the methyl-group donor
S-adenosylmethionine (SAM). The methyl-group used by
SAM for methylation reactions is mainly derived from folate
metabolism. One of the key enzymes regulating folate
metabolism is methylenetetrahydrofolate reductase (MTHFR).
MTHER irreversibly catalyzes 5,10-methylenetetrahydrofolate
to 5-methyltetrahydrofolate, which provides a methyl-group
for the synthesis of methionine, a precursor of SAM (3.4). Of
the three common MTHFR polymorphisms (C677T, G1793A
and A1298C), the C677T polymorphism, which results in an
alanine for valine substitution, affects the thermolability and
catalytic activities of MTHFR. The 677TT homozygote and
677CT heterozygote are considered to have about 30 and 65%
of wild-type MTHFR enzymatic activity, respectively (5,6).
The relation of the C677T polymorphism to various types of
cancer has been investigated, but with discrepant results
(7-15).

To date, many studies have reported on the CpG methyl-
ation status of tumor suppressor genes. Several researchers
have investigated its association with MTHFR polymorphisms
(16-18), but provided little information regarding oncogene
methylation. The C-erbB-2 oncogene, also known Her2/neu
and located on 1721, encodes a 185-kDa transmembrane
glycoprotein (p185) that belongs to the epidermal growth
factor receptor family. p185 has intrinsic tyrosine kinase
activity, which results in ligand-independent activation leading
to cell proliferation and malignant transformation through
different signal conduction pathways (19). Many investiga-
tions have focused on the overexpression and/or amplification
of the C-erbB-2 gene in cancer (20-23); however, only a few
have reported on the methylation status of C-erbB-2 in tumors
(24,25). At present, there are no reports on the correlation of
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MTHEFR polymorphisms with the methylation of the C-erbB-2
gene. Here, we aimed to investigate the effect of the MTHFR
C677T gene polymorphism on C-erbB-2 methylation status
and its association with cancer.

The methylation status of the C-erbB-2 gene was examined
in 247 malignant and matched non-neoplastic adjacent tissues
from patients with various types of cancer using methylation-
specific PCR (MSP) (26), and the MTHFR C677T polymor-
phism was investigated in 247 patients and 100 healthy subjects
using PCR-based restriction fragment length polymorphism
analysis (PCR-RFLP) (5).

Materials and methods

Sample collection. A total of 247 10% formalin-fixed surgi-
cally resected tumor tissues and 247 paired non-neoplastic
adjacent tissues from 247 patients with cancer were collected
at the Teaching Hospital of Jiangsu University (Shanghai
People's Hospital of Putuo District, Shanghai, P.R. China)
and the First People's Hospital of Zhenjiang City (Jiangsu
Province, P.R. China) between October 2006 and March 2008.
The study was approved by the local ethics committee. The
247 patients were Han Mongolians (127 males, 120 females;
average age 05 years, range 29-92) diagnosed with various
types of cancer, including 24 esophageal, 82 gastric, 86
colorectal carcinomas, 14 lung and 41 breast cancers. Tumor
staging was performed according to the International Union
against Carcinoma (UICC) tumor-node-metastasis (TNM)
classification (T1, 22; T2, 58; T3, 139; T4, 28). As a control,
blood samples were obtained by venipuncture from 100 healthy
subjects (58 males, 42 females; average age 53 years, range
42-65), collected at Jiangsu University (Zhenjiang City,
Jiangsu Province, P.R. China) in EDTA vacutainers and
stored at -70°C until analysis.

DNA extraction. Tissues were macerated by PBS, pH 7.4, for
1 h, then transferred to fresh PBS for an additional 24 h. The
tissues were homogenated with TES buffer, and samples
were placed in Eppendorf tubes with a freshly prepared SDS
lysis buffer and proteinase K (Merck KGaA, Germany), then
incubated for 30 min at 60°C, 7 h at 55°C and overnight at
37°C. Genomic DNA was extracted by the standard phenol:
chloroform:isoamyl:alcohol protocol. The genomic DNA of
the blood samples was extracted using the Puregene DNA
Purification Kit (Gentra, USA) according to the manufacturer's
protocol.

Methylation-specific PCR analysis. Genomic DNA (4 ug)
was converted by bisulfite treatment using the CpGenome™
DNA Modification Kit (Chemicon, USA). DNA was quantified
using the RNA/DNA Calculator and stored at -30°C. The
primer sequences for the wild-type, methylated and unmethy-
lated C-erbB-2 gene (NT_010755) promoter were designed
using Methyl Primer Express Software version 1.0 (Applied
Biosystems, USA) and Oligo 6.0 (Molecular Biology
Insights, USA), and synthesized by Shanghai Biotechnology
Engineering (SBE, P.R. China). In order to confirm the effect
of bisulfite treatment, DNA was amplified with wild-type
primer before and after bisulfite modification. The primer
sequences for the wild-type promoter (reaction) were sense
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5'-CCA GAC TTG TTG GAA TGC-3' and antisense 5-AAG
AGG GCG AGG AGG AG-3', used to amplify a 352-bp
product (-205 to +147). Amplifications were performed in a
PT-150 type Minicycler (MJ Research, USA) in a 20-ul
volume reaction mixture containing 200 ng DNA, 2 ul 10X
PCR buffer, 1 1 dNTP (10 mmol/l), 3 ul Mg* (25 mmol/l),
1 pl of each primer (20 pmol/ul) and 0.5 xl Tag DNA
polymerase (5 U/ul) (SBE). PCR conditions were as follows:
95°C for 5 min followed by 35 cycles of denaturation at 95°C
for 30 sec, annealing at 58°C for 30 sec and extension at 72°C
for 45 sec, and finally a final extension at 72°C for 5 min. PCR
products were electrophoresed on 1.5% agarose gel (Bio
Basic, Canada) with ethidium bromide and visualized under
ultraviolet illumination. DNA that could only be amplified by
wild-type primers before but not after bisulfite treatment was
amplified with methylated and unmethylated primers as
follows: the primer sequences of C-erbB-2 for the methylated
promoter were sense 5'-TTT TAC GGG GTT TTT TAT
TGC-3' and antisense 5'-TAA TAC TCA CTA CGA CTC
CGA CC-3', generating a 120-bp product (-119 to +1); and for
the unmethylated promoter sense 5'-TTT TTA TGG GGT TTT
TTA TTG T-3' and antisense 5'-ATA ATA CTC ACT ACA
ACT CCA ACC-3', generating a 122-bp product (-120 to +2).
All bisulfite-modified DNA samples were amplified by PCR
in a 20-ul volume reaction mixture containing 200 ng of
bisulfite-modified DNA, with the remaining components
identical to those used above. Reactions were hot-started at
95°C for 5 min and held at 90°C before the addition of Taq.
PCR amplification was then carried out under the following
conditions (with extension at 72°C for 30 sec for all cycles):
i) 95°C, 30 sec; 66°C, 30 sec; ii) 95°C, 30 sec; 64°C, 30 sec;
iii) 95°C, 30 sec; 60°C, 30 sec; iv) 95°C, 30 sec; 60°C, 30 sec;
v) 95°C, 30 sec; 58°C, 30 sec; (i-v, with 3 cycles respectively);
vi) 90°C, 30 sec; 56°C, 30 sec; vii) 90°C, 30 sec; 54°C, 30 sec;
viii) 90°C, 30 sec; 53°C, 30 sec; (vi-viii, with 4 cycles
respectively); ix) 90°C, 30 sec; 52°C, 30 sec, 20 cycles fol-
lowed by a final extension at 72°C for 5 min. Each PCR
product was separated by electrophoresis on 1.7% agarose
gel with ethidium bromide. Blood DNA treated with CpG
methylase M.SssI (New England Biolabs, USA) was used as
the positive methylated control. When this positive methylated
control was amplified by the methylated primers, DNA
amplified by unmethylated but not methylated primers was
used as the negative methylated (and positive unmethylated)
control. DNA amplified by methylated but not unmethylated
primers was used as a negative unmethylated control. Double-
distilled water was used instead of DNA as the blank control.
Assessment of methylation status for the cases was as follows:
those showing products amplified by methylated primers
were considered methylated and those showing only products
amplified by unmethylated primers were considered unmethy-
lated (27,28).

MTHFR polymorphism analysis. MTHFR polymorphisms
were analyzed using PCR-RFLP with the Hinfl restriction
enzyme (Fermentas, Lithuania) described by Frosst et al (5).
The 198-bp PCR product (10 pl) was subjected to digestion
with 20 U HinfI overnight at 37°C, followed by electrophoresis
on 2.6% agarose gel with ethidium bromide. For the MTHFR
C677T polymorphism, the wild-type C allele yielded a 198-bp
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MTHFR genotype MTHEFR allele frequencies
No. cases TT+CT CC P-value T C P-value
Control subjects 100 51 49 0.043 61 139 0.027
Cancer patients 247 155 92 195 299
T-category
T1 21 12 9 0.887 14 28 0.457
T2 57 36 21 44 70
T3 140 90 50 115 165
T4 29 17 12 22 36
Lymph node metastasis
NO 120 76 44 0.855 96 144 0.816
N+ 127 79 48 99 155
Age
<65 117 62 55 0.893 76 158 0.301
=65 130 70 60 96 164
Gender
Male 127 82 45 0.544 108 146 0.154
Female 120 73 47 87 153

200bp

/{SObp
/

Figure 1. PCR-RFLP results for the MTHFR C677T polymorphism in
cancer patients and controls. Lanes 1 and 4 respectively show TT and CC
homozygotes for the C677T polymorphism; lanes 2 and 3 show CT
heterozygotes for the C677T polymorphism in MTHFR. The 23-bp band
could not be visualized after gel electrophoresis.

band and the mutant T allele yielded 175- and 23-bp bands.
For quality control purposes, 50 samples were randomly
selected for repeat genotyping. No discrepancies were found.

Statistical analysis. For statistical analysis, SPSS 10.0 for
Windows (Chicago, IL, USA) was used. A P-value <0.05 was
considered significant. To test the concordance of genotype
frequencies with Hardy-Weinberg equilibrium, the y? test
was used. The relationship between methylation status and
the clinicopathological features of the cancer patients, as well
as the effect of the MTHFR gene polymorphism on C-erbB-2
methylation status, was also examined using the %> test. To
assess the relationship between the MTHFR genotype and

the risk of cancer, the odds ratio (OR) and 95% confidence
interval (CI) were calculated using unconditional logistic
regression.

Results

Genotyping of MTHFR in cancer patients and controls. The
distribution of MTHFR genotypes in cancer patients and
controls was in Hardy-Weinberg equilibrium (data not shown).
A representative genotype analysis of MTHFR is shown in
Fig. 1. Table I indicates that the frequency of the 677TT/CT
genotype was 62.8% in cancer patients and 51% in controls.
The respective allele frequencies of C and T were 60.5 and
39.5% in cancer patients and 69.5 and 30.5% in controls. The
677TT/CT genotype and T allele frequency were significantly
higher in cancer patients than in controls (P=0.043 and 0.027,
respectively). An association between genotypes or allele
frequencies and the clinicopathological characteristics of the
patients (gender, age, T-category, lymph node metastases) was
not found. Compared with the CC genotype, the OR for the
CT heterozygote was 1.494 (95% CI 0.909-2.456, P=0.113)
and for the TT homozygote, 2.130 (95% CI 0.982-4.623,
P=0.052). The 677TT/CT was associated with a 1.619-fold
(95% CI 1.012-2.588, P=0.043) increased risk of developing
cancer (Table II).

CpG island methylation pattern of C-erbB-2. Promoter CpG
island methylation of C-erbB-2 in the tumor and matched
adjacent tissues was analyzed (Fig. 2). The methylation of the
C-erbB-2 promoter was found in 43.3% (107/247) of tumor
tissues and in 69.2% (171/247) of matched adjacent tissues.
This difference was highly significant (P=0.000), indicating
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Table II. Association between the MTHFR C677T genotype in cancer patients and control subjects.

C677T No. patients (%) No. controls (%) OR (95% CI) P-value
(n=247) (n=100)
CC: 92 (37.2) 49 (49)
CT 115 (46.6) 41 (41) 1.494 (0.909-2.456) 0.113
TT 40 (16.2) 10 (10) 2.130 (0.982-4.623) 0.052
CT+TT 155 (62.8) 51 (51) 1.619 (1.012-2.588) 0.043
OR, odds ratio; CI, confidence interval. *The CC homozygote was used as the reference.
Table III. Correlation of C-erbB-2 methylation status with the clinicopathological characteristics of cancer patients.
No. patients Methylated Unmethylated P-value
Gender
Male 127 53 74 0.605
Female 120 54 66
Age
>65 130 61 69 0.228
<65 117 46 71
T-category
T1 21 10 11 0.133
T2 57 25 32
T3 140 54 86
T4 29 18 11
Lymph node metastasis
NO 120 45 75 0.073
N+ 127 62 65

IM 1IU 2M 2U 3M

3U MPC MNC MBC UPC UNC UBC

1 2 3 4 5 6 T 8 9 10 11 12 13

Figure 2. The methylation status of the CpG island in the promoter region of
the C-erbB-2 gene in tumor tissues. Lane 1 shows the DNA marker; lanes
2-7 show the amplification products with methylated and unmethylated
primers of C-erbB-2; lanes 8-10 respectively show the positive, negative and
blank control of methylation; lanes 11-13 respectively show the positive,
negative and blank control of unmethylation.

that the C-erbB-2 promoter CpG island was hypomethylated in
tumor tissues. Moreover, there was no significant association
between the methylation of C-erbB-2 in tumor tissues and the
clinicopathological features of the patients, such as gender,
age, T-category and lymph node status (Table III).

MTHFR gene genotypes versus C-erbB-2 promoter CpG island
methylation. No significant association was found between the
MTHFR C677T polymorphism and the methylation status of

the C-erbB-2 promoter CpG island in the cancer tissues. The
methylation rate of the C-erbB-2 promoter CpG island was
higher in individuals with the CC genotype than in those with
the CT/TT genotype (50.0 vs. 39.4%), but was without signifi-
cance (P=0.103). The distribution difference of the C and T
alleles was not significant between subjects with methylated
and unmethylated C-erbB-2 promoter CpG islands (P=0.078).
However, in breast cancer patients, the frequency of the CC
genotype and C allele was significantly higher in patients with
methylated C-erbB-2 promoter CpG islands than in patients
with unmethylated C-erbB-2 promoter CpG islands (P=0.008
and P=0.007, respectively) (Table I'V).

Discussion

In the present study, we examined whether MTHFR poly-
morphisms were associated with the methylation status of the
CpG island in the C-erbB-2 gene promoter region. No
statistically significant relationship was found between the
C677T polymorphism and C-erbB-2 methylation status in
the entire tumor sample. However, in breast cancer patients, a
significant difference in distribution was found between the
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fa spaNDIDOS- Correlation between the MTHFR C677T polymorphism and CpG island methylation in the C-erbB-2 promoter
Py PUBLICATIONS pyreast cancer patients.

MTHFR genotype MTHEFR allele frequencies

TT+CT CcC P-value T C P-value
Methylated 7 13 0.008 7 33 0.007
Unmethylated 16 5 19 23

C and T alleles as well as the CC and CT/TT genotypes in
subjects with methylated and unmethylated C-erbB-2 promoter
CpG islands (P=0.007 and 0.008, respectively). The C677T
polymorphism affected the methylation pattern of the C-erbB-2
promoter CpG island, while the CC genotype and C allele
increased its methylation rate in breast cancer patients.

In human malignancies, the C-erbB-2 gene plays an
important role in the proliferation and transformation of cells,
and promotes metastasis and the invasion of tumors (29). The
amplification and overexpression of the C-erbB-2 gene has
been reported in many types of tumors, such as gastric (20),
colorectal (22) and breast (23) cancers. However, little attention
(24,25) has been directed to C-erbB-2 gene methylation, which
is considered to be an important mechanism of gene expres-
sion regulation (30). We found that the methylation rate of the
C-erbB-2 promoter was significantly lower in tumor (n=247)
than in matched adjacent tissues (P=0.000), indicating the
hypomethylation of the C-erbB-2 promoter CpG island in
cancer patients. As hypomethylation was associated with the
activation of genes, the activation of C-erbB-2 by promoter
hypomethylation might contribute to the increased suscepti-
bility of many solid tumors. Our results coincide with those of
Hattori et al (24), who studied the demethylation of CpG sites
in the promoter region of C-erbB-2 in ovarian cancer using
methylation-sensitive restriction endonuclease-PCR. Using
Southern blotting with methylation-sensitive restriction endo-
nuclease enzyme, Holzmann et al (25) noted a difference in
methylation status in gastric carcinoma (n=5), but not in
colorectal cancer compared to mucosa samples (n=17). To the
contrary, in this study, we observed a difference in colorectal
cancer but not in gastric cancer. This may be due to differences
in sample size and/or detection methods. Moreover, the methy-
lation status of C-erbB-2 in cancer tissues was not correlated
with the clinicopathological characteristics of the patients.

MTHEFR plays an important role in DNA methylation,
synthesis and repair (31). Many studies have focused on the
association between the MTHFR C677T polymorphism and
susceptibility to cancer, with conflicting results. Some
studies found that 677T decreased the risk of childhood acute
lymphocytic leukaemia (7), colorectal cancer (8), and lung
cancer (9). In contrast, many researchers reported that 677T
was associated with an increased risk of cancer, such as breast
cancer (10), gastric cancer (11), esophageal squamous cell
carcinoma (12) and lung cancer (13). In addition, several res-
earchers have suggested that there is no obvious association
between the polymorphism and tumors (14,15).

These conflicting results may be due to ethnic and regional
differences, or to sample size. In our study, as a large sample
for individual tumor types was not available, we evaluated

the effect of C677T on a group of patients with several types
of cancer, instead of conducting type-stratified analyses. Our
findings indicate that the MTHFR 677 any T genotype sig-
nificantly increased the risk of developing cancer (OR=1.619,
95% CI 1.012-2.588, P=0.043). Moreover, this increased risk
was dependent on T allele dose, with ORs of 1.494 (95% CI
0.909-2.456) and 2.130 (95% CI 0.982-4.623) for the CT and
TT genotypes, respectively. These findings are in line with
several previous reports (10-13).

Various studies in the literature have reported on the MTHFR
gene C677T polymorphism in relation to promoter methylation
of tumor suppressor genes. Of these, some failed to find a
relationship between MTHFR C677T and gene promoter
methylation (16,32). In a Japanese population study, Oyama
et al (18) observed that proximal colon cancers exhibiting the
CpG island methylator phenotype were found significantly
more frequently in patients with MTHFR genotypes of low
rather than high enzymatic activity. In contrast, Kang et al (17)
reported that the MTHFR 677CT genotype was associated
with decreased promoter hypermethylation of O>-MGMT in
82 uterine cervical cancers. Our results, suggesting that the
MTHFR C677T polymorphism has no effect on the methy-
lation patterns of C-erbB-2 in tumor samples from various
types of cancer, are similar to those of Clarizia et al (16) and
Paz et al (32). However, one exception was noted in breast
cancer patients; those with the MTHFR 677 CT/TT genotype
exhibited a decreased C-erbB-2 promoter methylation rate.
This discrepancy could be due to differences in tumor type. As
previously reported, discrepant results have been obtained for
different tumor types, even for the same gene. Siraj et al (33)
demonstrated that there was no significant association between
MTHEFR variant genotypes and methylation of O>-MGMT in
diffuse large B cell lymphoma. In contrast, Wang et al (34)
reported that individuals carrying the CT or TT genotype had
a higher frequency of O>-MGMT gene hypermethylation in
esophageal squamous cell carcinoma tissues. These incon-
clusive results suggest that there are multiple other factors
modulating methylation in addition to the MTHFR C677T
polymorphism.

Various factors interact with and affect DNA methylation;
of these, diet is the first in need of consideration, as a folate/
methyl-deficient diet leads to gene hypomethylation (35).
Gene-specific promoter methylation was observed with
increased serum folate and vitamin B12 levels, independently
of the MTHFR 677 genotype (36). Moreover, C677T is not the
only polymorphism of this gene; other polymorphisms, such as
A1298C and G1793A, may affect the enzymatic activities and
DNA methylation alone or in combination with the C677T
polymorphism (6,37-39). Finally, we should bear in mind the
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crucial role of other enzyme genes involved in one-carbon
metabolism. The methionine synthase (MS) A2756G poly-
morphism has been observed to decrease the methylation of
CpG islands in tumor suppressor genes (32). Li er al (40)
reported that the AA homozygote for the methylene tetrahy-
drofolate dehydrogenase (MTHFD1) G1958A polymorphism
displayed more frequent hypermethylation of gene promoter
region CpG islands in 227 cases of breast cancer.

However, the lack of information regarding folate levels
and additional MTHFR polymorphisms, as well as other
enzymes critical to the determination of SAM levels, limits our
ability to provide a more comprehensive overview of the other
factors affecting C-erbB-2 methylation through interaction
with the MTHFR C677T polymorphism.

In conclusion, our findings suggest that the C677T poly-
morphism of the MTHFR gene is associated with individual
susceptibility to cancer, and that the C-erbB-2 promoter CpG
island is hypomethylated in cancer compared to matched
non-neoplastic adjacent tissue. Moreover, the results indicate
that the MTHFR C677T gene polymorphism has no effect on
C-erbB-2 methylation patterns in tumor tissues, with the
exception of breast cancer tissues. However, in addition to
MTHFR polymorphisms, numerous factors may affect DNA
methylation. Further research is therefore required to define the
effects of various agents on C-erbB-2 promoter methylation.
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