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Abstract Breast cancer is the most common cancer affecting
women in China and the world. Folate supplementation is
proven to be effective in reducing the risk of breast cancer or
improving its prognosis. Methylenetetrahydrofolate reductase
(MTHFR) is an important enzyme involved in folate metabo-
lism and DNA synthesis. This study aims to examine whether
single nucleotide polymorphisms (SNP) in the MTHFR gene
are associated with risk and survival of breast cancer and
serum folate levels in healthy controls. We genotyped nine
tagging SNPs in the MTHFR gene in a case—control study,
including 560 breast cancer cases and 560 healthy controls
in China. We found that TT genotype of rs1801133 had sig-
nificant increased risk of breast cancer [adjusted odds ratio
(OR)=1.60, 95 % confidence interval (CI) 1.12-2.28] com-
pared with CC genotype, and CC genotype of rs9651118 con-
ferred significant reduced risk of breast cancer (adjusted OR=
0.65, 95 % CI 0.45-0.95) compared to TT genotype. Haplo-
type analysis also showed that MTHFR CACCAA and AGTC
AC haplotypes (rs12121543-rs13306553-rs9651118-
rs1801133-rs4846048-rs1801131) had significant reduced
risk of breast cancer (adjusted OR=0.70, 95 % CI 0.58—
0.86; adjusted OR=0.57, 95 % CI 0.40-0.80) compared with
CATTAA haplotype. Besides, MTHFR 159651118 CC geno-
type was significantly associated with survival in breast can-
cer cases (adjusted hazard ratio (HR)=0.63, 95 % CI 0.40—
0.99). But none of the SNPs in the MTHFR gene was associ-
ated with serum folate level in healthy controls. These
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findings suggest that variants in the MTHFR gene may influ-
ence the risk and prognosis of breast cancer.
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Introduction

Breast cancer is the most prevalent cancer affecting women in
the world. In China, breast cancer is the most common type of
cancer and the sixth leading cause of cancer-related death in
women. Based on the estimation of IARC (International
Agency for Research on Cancer, GLOBOCAN 2012), about
187,000 new cases of breast cancer were diagnosed annually
in women in China, and approximately 48,000 Chinese wom-
en died of breast cancer per year [1].

Although the etiological factors of breast cancer are com-
plicated and have not been fully understood yet, there are
potential risk factors that may affect the development of breast
cancer, including obesity, lack of physical exercise, alcohol
consumption, hormone replacement therapy, using oral con-
traceptives, ever-breastfeeding, and genetic factors [2—4]. It is
estimated that approximately 20-25 % of breast cancer cases
have a positive family history [5]. High-risk predisposition
alleles conferring a 4085 % lifetime risk of developing breast
cancer, including mutations in BRCAI, BRCA2, TP53, PTEN,
STK11, etc. [6].

Methylenetetrahydrofolate reductase (MTHFR) is a folate-
dependent enzyme that plays an important role in the conver-
sion of homocysteine to methionine by converting 5,10-meth-
ylenetetrahydrofolate to 5-methyltetrahydrofolate. It is a key
enzyme in the folate metabolism pathway that can regulate the
intracellular folate level, and it is also important for synthesis
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and methylation of DNA [7]. Studies have proven that specific
genetic mutations in the MTHFR gene could lead to change of
MTHEFR enzyme activity [8]. Molecular epidemiologic stud-
ies have also shown that genetic mutations in MTHFR gene
may be related to cancers, including breast [9—11]. But most of
the studies were focused on the hot spots (C677T and
A1298C), and little is known of other mutations in the
MTHFR gene and susceptibility to breast cancer in Chinese
population.

To help clarify whether the MTHFR variants are associated
with susceptibility and prognosis of breast cancer and serum
folate levels in healthy controls, we examined nine tagging
single nucleotide polymorphisms (SNP) in the MTHFR gene
(rs12121543, rs13306561, rs13306553, rs9651118,
rs1801133, 132274976, rs4846048, rs1801131, and
rs17037396) in a case—control study in China.

Methods
Study participants

In this study, 560 breast cancer patients were consecutively
enrolled in Yueyang Hospital of Integrated Chinese and West-
ermn Medicine, Shanghai, China, aged from 35 to 66 years. All
patients were pathologically confirmed between June 2009
and June 2014. A total of 560 healthy control subjects were
randomly selected from Yueyang Hospital of Integrated Chi-
nese and Western Medicine during the same period and were
frequency-matched to the cases by age (5-year age groups). In
this study, the response rates of the cases and controls were
90.5 and 88.6 %, respectively. At enrollment, written in-
formed consent and structured questionnaire, including demo-
graphic and medical histories, were obtained from each sub-
ject by a trained interviewer. Fasting venous blood samples
were also collected and then separated into serum, red blood
cells, and buffy coat. This study was approved by the Ethics
Committee of Yueyang Hospital of Integrated Chinese and
Western Medicine.

SNP selection

Tagging SNPs were selected from the HapMap project (www.
hapmap.org) by searching Han Chinese data using the
following criteria: (a) SNPs located in the gene or within the
2-kb region flanking the gene, (b) with minor allele frequency
>0.1, and (c) with a linkage disequilibrium of 72>0.90. As a
result, a total of nine tag SNPs were identified.

Laboratory tests

Serum levels of folate in healthy controls were determined by
chemiluminescent immunoassay using a Beckman Coulter
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ACCESS Immunoassay System (Beckman Coulter, Krefeld,
Germany). The intra-assay and inter-assay coefficients of var-
iation were 3.8 and 6.2 %, respectively.

Genomic DNA was extracted from buffy coat of each sub-
jects using DNA Extraction Kit (Qiagen, Hilden, Germany).
Genotyping was performed on the ABI PRISM 7900HT Se-
quence Detection System (Applied Biosystems, Foster City,
CA, USA), using the TagMan SNP Genotyping Assays. The
genotyping call rate was >95 %, and the completion rate was
>99 %. For quality control, 5 % of duplicate samples were
randomly selected from the whole population and re-geno-
typed. The concordance rate for the quality control samples
was 100 %.

Statistical analysis

We used SAS software (version 9.3; SAS Institute, Inc.) for
the statistical analyses. Chi-square statistics and ¢ test were
used to evaluate case—control differences in the distribution
of risk factors. Hardy—Weinberg equilibrium for genotypic
distribution in controls was tested against departure from the
Hardy—Weinberg equilibrium (HWE) using a goodness-of-fit
chi-square test before analysis. The associations between the
SNPs and breast cancer risk were accessed by odds ratios
(ORs) and 95 % confidence intervals (Cls) using uncondition-
al logistic regression model. Linkage disequilibrium between
loci was assessed by HaploView version 4.0 (Daly Lab at the
Broad Institute, Cambridge, MA, USA) [12]. Associations

Table 1  Selected characteristics of cases and controls
Characteristics Cases Controls P
(n=560) (n=560) value

Age (year) 47.0+£8.5 473+89 0.46
Age at menarche (year) 14.7+1.7 15.0«1.8 0.007
BMI (kg/m?) 24.6+34 239433 0.002
Menopause (yes/no) 251/309  273/287  0.19
Family history of breast cancer (yes/no) 30/530 8/552 0.003
Ever used oral contraceptives (yes/no)  112/447  108/452  0.75
Histological grade (n, %)

SBR, » 355(63.4)

SBR; 205(36.6)
Estrogen receptor status (7, %)

Positive 358(63.9)

Negative 202(36.1)
Progesterone receptor status (7, %)

Positive 311(55.5)

Negative 249(44.5)
Tumor size (1, %)

<2 201(35.9)

>2 359(64.1)
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Table 2 ORs and 95 % Cls for breast cancer in relation to polymorphisms of MTHFR gene

SNP Genotypes Cases, n (%) Controls, n (%) OR (95 % CI)* OR (95 % CI)° P trend®
1512121543 CC 357 (63.9) 354 (63.2) 1.00 1.00 0.73
CA 184 (32.9) 185 (33.0) 0.99 (0.77-1.27) 0.98 (0.76-1.27)
AA 18(3.2) 21 (3.8) 0.85 (0.44-1.62) 0.89 (0.46-1.71)
CA+AA 202 (36.1) 206 (36.8) 0.97 (0.76-1.24) 0.97 (0.76-1.25)
1513306561 T 459 (82.3) 441 (78.8) 1.00 1.00 0.09
TC 94 (16.9) 109 (19.5) 0.82 (0.61-1.12) 0.81 (0.60-1.11)
cC 5(0.9) 10 (1.8) 0.49 (0.16-1.44) 0.43 (0.14-1.32)
TC+CC 99 (17.7) 119 21.2) 0.80 (0.59-1.07) 0.78 (0.58-1.06)
159651118 TT 277 (49.5) 240 (42.9) 1.00 1.00 0.02
TC 217 (38.8) 238 (42.5) 0.79 (0.61-1.02) 0.80 (0.62-1.03)
cc 65 (11.6) 82 (14.6) 0.68 (0.47-0.99) 0.65 (0.45-0.95)
TC+CC 282 (50.5) 320 (57.1) 0.76 (0.60-0.96) 0.76 (0.60-0.96)
rs1801133 CC 170 (30.4) 226 (40.4) 1.00 1.00 0.001
CT 288 (51.4) 250 (44.6) 1.53 (1.18-1.99) 1.56 (1.20-2.03)
TT 102 (18.2) 84 (15.0) 1.62 (1.14-2.30) 1.60 (1.12-2.28)
CT+TT 390 (69.6) 334 (59.6) 1.56 (1.22-1.99) 1.57 (1.22-2.02)
154846048 AA 457 (81.6) 458 (81.8) 1.00 1.00 0.92
AG 100 (17.9) 96 (17.1) 1.05 (0.77-1.43) 1.06 (0.78-1.45)
GG 3(0.5) 6 (1.1) 0.50 (0.12-1.99) 0.57 (0.14-2.31)
AG+GG 103 (18.4) 102 (18.2) 1.02 (0.75-1.38) 1.03 (0.76-1.41)
rs1801131 AA 369 (65.9) 352 (62.9) 1.00 1.00 0.28
AC 172 (30.7) 185 (33.0) 0.89 (0.69-1.15) 0.89 (0.69-1.15)
cc 19 (3.4) 23 (4.1) 0.79 (0.42-1.47) 0.82 (0.44-1.55)
AC+CC 191 (34.1) 208 (37.1) 0.88 (0.69-1.12) 0.88 (0.69-1.13)
1517037396 CC 433 (77.7) 439 (78.4) 1.00 1.00 0.93
CT 119 (21.4) 111 (19.8) 1.08 (0.81-1.45) 1.04 (0.77-1.40)
TT 5(0.9) 10 (1.8) 0.51 (0.17-1.51) 0.45 (0.15-1.39)
CT+TT 124 (22.3) 121 (21.6) 1.04 (0.78-1.38) 0.99 (0.74-1.32)
152274976 GG 455 (81.4) 440 (78.6) 1.00 1.00 0.20
GA 101(18.1) 115 (20.5) 0.84 (0.63-1.14) 0.83 (0.61-1.12)
AA 3(0.5) 5(0.9) 0.58 (0.14-2.46) 0.65 (0.15-2.76)
GA+AA 104 (18.6) 120 (21.4) 0.83 (0.62-1.12) 0.82 (0.61-1.11)
513306553 AA 464(83.2) 445(79.5) 1.00 1.00 0.10
AG 91(16.3) 110(19.6) 0.79 (0.58-1.08) 0.77 (0.56-1.05)
GG 3(0.5) 5(0.9) 0.58 (0.14-2.44) 0.65 (0.15-2.73)
AG+GG 94(16.9) 115(20.5) 0.78 (0.58-1.06) 0.76 (0.56-1.03)
* Adjusted for age

® Adjusted for age, age at menarche, BMI, and family history of breast cancer

¢ Test of trend for the number of copies of the variant allele (0, 1, and 2)

between haplotypes (>1 % frequency) and the risk of breast
cancer were evaluated by HAPSTAT [13]. Overall survival

time was calculated from the date of cancer diagnosis to the
date of death. Univariate and multivariate Cox regression
analyses were used to evaluate the effects of the different

genotypes on cancer survival. Both univariate ANOVA and

multivariate ANCOVA analyses adjusting for age, age at men-

arche, BMI, and family history of breast cancer were per-
formed to determine the effects of the MTHFR polymor-
phisms on serum folate levels in healthy controls. P values

Results

of less than 0.05 (two-sided probability) were considered as
statistically significant.

Characteristics of the cases and controls are shown in Table 1.
Cases and controls were evenly matched by age. Cases were
more probably to have an earlier age at menarche, higher BMI
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Fig. 1 Pairwise linkage disequilibrium between polymorphisms in the
MTFHR gene. The value within each diamond is the pairwise correlation
between polymorphisms (measured as D')

levels, and more likely to have family history of breast cancer
than healthy controls.

The associations between MTHFR variants and risk of
breast cancer are presented in Table 2. The genotype distribu-
tions of the SNPs among controls showed no deviation from
the expected Hardy—Weinberg equilibrium (p>0.05). TT ge-
notype of rs1801133 conferred significantly elevated risk of
breast cancer (OR=1.62, 95 % CI 1.14-2.30, P=0.007) com-
pared with CC genotype, and rs9651118 CC genotype con-
ferred significantly reduced cancer risk (OR=0.68, 95 % CI
0.47-0.99, P=0.04) compared to TT genotype. These associ-
ations remained significant after adjustment for other risk fac-
tors (age, age at menarche, BMI, and family history of breast
cancer). None of the other SNPs examined was associated
with the risk of breast cancer.

Six SNPs in the MTHFR gene (1312121543, rs13306553,
rs9651118, rs1801133, rs4846048, and rs1801131) were in
linkage disequilibrium with D' ranging from 0.89 to 0.99
and /* ranging from 0.01 to 0.89 (Fig. 1). Subjects carrying
the MTHFR CACCAA and AGTCAC haplotypes had

significant reduced risks of breast cancer (OR=0.71, 95 %
CI1 0.59-0.87; OR=0.58, 95 % CI 0.41-0.82) compared with
those carrying the CATTAA haplotype (Table 3). This associ-
ation remained significant after adjustment for other risk
factors.

Till June 2014, a total of 105 patients died. When the Cox
regression analysis was used, there was one genetic marker
significantly associated with breast cancer survival (Table 4).
Specifically, cases with the 1s9651118 CC genotype had sig-
nificant decreased risk of death compared with the TT carriers
(crude HR=0.60, 95 % CI 0.38-0.92). To identify indepen-
dent prognostic factor for breast cancer, we further adjusted
for age, age at menarche, BMI, family history of breast cancer,
histological grade, ER, RR, and tumor size using multivariate
models. The result showed that rs9651118 was an independent
prognostic factor for breast cancer survival with adjusted HR
of 0.63 (95 % CI 0.40-0.99). None of the other SNPs were
associated with survival time.

Finally, we investigated the associations between the
MTHFR SNPs and serum folate levels in healthy controls
but failed to find any significance (Supplementary Table 1).

Discussion

In this molecular epidemiologic study, mutations in the
MTHFR gene were fully studied for their associations with
breast cancer risk and prognosis and serum folate levels in
healthy controls. We demonstrated that two genetic mutations
(rs1801133 and rs9651118) in MTHFR gene were significant-
ly associated with risk of breast cancer, and rs9651118 was
significantly associated with prognosis of breast cancer in
cases.

MTHFR gene is located on chromosome 1 location p36.3
in humans, and over 40 point genetic mutations in this gene
have been identified. Mutations in this gene are associated
with methylenetetrahydrofolate reductase deficiency, among
which A1298C (rs1801131) and C677T (rs1801133) are the
most studied [9]. MTHFR is a key enzyme in folate

Table 3  Association of haplotypes in the MTHFR gene with risk of breast cancer

Haplotype® Cases (%) Controls (%) OR (95 % CI)° OR (95 % CI)° P value
CATTAA 439 373 1.00 1.00

CACCAA 30.7 357 0.71 (0.59-0.87) 0.70 (0.58-0.86) 0.001
AGTCAC 74 9.3 0.58 (0.41-0.82) 0.57 (0.40-0.80) 0.002
AATCGC 8.0 8.5 0.81 (0.59-1.11) 0.83 (0.60-1.14) 0.19
CATCAA 5.5 5.4 0.83 (0.60-1.15) 0.86 (0.62-1.20) 0.26

*In the order rs12121543, 1513306553, 19651118, rs1801133, rs4846048, and rs1801131

® Adjusted for age

¢ Adjusted for age, age at menarche, BMI, and family history of breast cancer
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Table 4  Association between genotypes of MTHFR gene and survival of breast cancer patients
SNP Deaths, 1 HR (95 % CI)* HR (95 % CI)° P value HR (95 % CI)* HR (95 % CI)° P value
(MM/Mm/mm) for Mm for Mm for mm for mm
1512121543 83/21/1 1.04 (0.64-1.68) 0.98 (0.59-1.62) 0.89 0.61 (0.08-4.44) 0.49 (0.07-3.70) 0.63
1513306561 87/16/1 0.89 (0.52-1.53) 0.78 (0.44-1.39) 0.67 3.03 (0.41-22.3) 3.42(0.43-27.3) 0.28
1s9651118 38/21/46 0.69 (0.40-1.19) 0.75 (0.42-1.36) 0.18 0.60 (0.38-0.92) 0.63 (0.40-0.99) 0.02
rs1801133 62/34/9 0.89 (0.59-1.36) 0.85 (0.55-1.32) 0.60 1.69 (0.83-3.46) 1.61 (0.78-3.32) 0.15
154846048 99/6/0 1.46 (0.63-3.38) 1.66 (0.67-4.14) 0.38 - - -
rs1801131 82/21/2 1.05 (0.64-1.70) 0.99 (0.60-1.64) 0.86 1.03 (0.25-4.23) 0.88 (0.21-3.72) 0.97
rs17037396 84/18/1 0.95 (0.57-1.60) 0.84 (0.49-1.46) 0.85 3.05 (0.41-22.5) 3.38 (0.42-27.0) 0.27
152274976 85/19/1 1.01 (0.61-1.68) 0.90 (0.52-1.54) 0.97 3.08 (0.42-22.7) 3.38 (0.42-27.0) 0.27
rs13306553 84/18/1 0.90 (0.54-1.50) 0.79 (0.46-1.36) 0.68 3.02 (0.41-22.3) 3.38 (0.42-26.9) 0.28

M indicates major allele, m indicates minor allele
 Adjusted for age

® Adjusted for age, age at menarche, BMI and family history of breast cancer, histological grade, ER, RR, and tumor size

metabolism and it mainly involves in two important pathways
of folate metabolism: one leads to numerous methylation pro-
cesses that are dependent on S-adenosylmethionine (SAM),
and the other, via thymidylate synthesis that contributes to
DNA replication and cell division [14]. Reduced MTHFR
activity may result in DNA hypomethylation, and a reduced
level of MTHFR substrate could lead to uracil
misincorporation into DNA, diminished DNA repair and in-
creased frequency of chromosomal breaks and damage. Thus,
our finding that genetic variations in MTHFR can influence
the susceptibility and prognosis of breast cancer is biological-
ly plausible.

Rs1801133 is a missense mutation (Ala to Val) that locates
in exon 8 of MTHFR gene. This genetic change results in
approximately 70 and 35 % reduction of normal MTHFR
enzyme activity in TT and CT genotype carriers, respectively
[15]. Although many studies focused on the association of
rs1801133 and breast cancer risk, the results varied. Gao
et al. [16] previously investigated MTHFR C677T and
A1298C genotypes and breast cancer risk among 669 cases
and 682 controls in a Chinese population and found that
667TT genotype conferred increased risk breast cancer
(OR=1.62, 95 % CI=1.14-2.30). The Shanghai Breast Can-
cer Study, a population-based case—control study of 1144
breast cancer cases and 1236 controls, failed to find any asso-
ciation between MTHFR C677T and breast cancer risk (TT vs.
CC: age-adjusted OR=0.97, 95 % CI 0.76-1.24), but a sig-
nificant inverse relationship was observed between folate in-
take and breast cancer risk [17]. Recently, a meta-analysis,
consisted of 22 case—control studies in Chinese population,
revealed that MTHFR C677T had a positive relationship with
breast cancer (TT vs. CC: OR=1.18, 95 % CI 1.07-1.29),
which was consist with our study results [18]. Besides, our
results revealed that breast cancer patients who were carrying
677TT allele had a relatively shorter median survival time than

677CC carriers (10.65 vs. 12.01 months), although it was not
statistically significant.

Rs9651118, a mutation in the intron region of MTHFR
gene with unknown genetic function, gets less attention than
MTHFR C677T and A1298C. To our knowledge, no study has
investigated the association between rs9651118 and breast
cancer risk or prognosis. It was once reported that C allele of
1s9651118 was associated with reduced lung cancer risk in
never smokers non-Hispanic white population [19]. Another
case—control study of esophageal cancer in Xinjiang (China)
also found a decreased cancer risk among C allele carriers than
those T allele carriers [20]. In our study, we first found that the
mutant allele of this SNP was related to decreased risk of
breast cancer and longer survival time among cases. In addi-
tion, the haplotype analysis also suggested that six SNPs in
MTHFR gene, including rs9651118 and rs1801133, were
highly correlated in our study population. The combined ef-
fect of these SNPs was in consistent with individual SNPs
results.

In conclusion, the present study suggests that MTHFR
rs1801133 and rs9651118 were associated with breast cancer
risk and MTHFR rs9651118 may affect the prognosis of breast
cancer cases.
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