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Abstract Many molecular epidemiological studies have been
performed to explore the association between MTHFR C677T
polymorphism and cancer risk in diverse populations.
However, the results were inconsistent. Hence, we performed
a meta-analysis to investigate the association between cancer
risk and MTHFR C677T (150,086 cases and 200,699 controls
from 446 studies) polymorphism. Overall, significantly in-
creased cancer risk was found when all eligible studies were
pooled into the meta-analysis. In the further stratified and
sensitivity analyses, significantly increased breast cancer risk
was found in Asians and Indians, significantly decreased
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colon cancer risk was found, significantly decreased colorec-
tal cancer risk was found in male population, significantly
increased gastric cancer risk was found in Caucasians and
Asians, significantly increased hepatocellular cancer risk
was found in Asians, significantly decreased adult acute lym-
phoblastic leukemia (AALL) risk was found in Caucasians,
significantly decreased childhood acute lymphoblastic leuke-
mia (CALL) risk was found in Asians, and significantly in-
creased multiple myeloma and NHL risk was found in
Caucasians. In summary, this meta-analysis suggests that
MTHFR C677T polymorphism is associated with increased
breast cancer, gastric cancer, and hepatocellular cancer risk in
Asians, is associated with increased gastric cancer, multiple
myeloma, and NHL risk in Caucasians, is associated with de-
creased AALL risk in Caucasians, is associated with decreased
CALL risk in Asians, is associated with increased breast cancer
risk in Asians, is associated with decreased colon cancer risk,
and is associated with decreased colorectal cancer risk in male
population. Moreover, this meta-analysis also points out the
importance of new studies, such as Asians of HNC, Asians of
lung cancer, and Indians of breast cancer, because they had high
heterogeneity in this meta-analysis (*>75 %).

Keywords MTHFR - Polymorphism - Cancer -
Meta-analysis

Introduction

Folate deficiency has been associated with cardiovascular dis-
eases and anemia, and more recently with a rapidly growing
number of cancers [1, 2]. The methylenetetrahydrofolate re-
ductase (MTHFR) gene codes for a key enzyme in the folate
cycle, which affects DNA methylation and synthesis [3—6].
The MTHFR gene is located on short arm of chromosome 1
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(1p36.3), and the total length of the gene cDNA is 2.2 kb [7].
MTHEFR converts, irreversibly, 5,10-methylenetetrahydrofo-
late to 5S-methyltetrahydrofolate, and the 5-
methyltetrahydrofolate is the predominant circulatory form
of folate that donates a methyl group for the remethylation
of homocysteine (Hcy) to methionine [8]. A change of C to
T at nucleotide 677 in MTHFR C677T (Ala 222 Val, rs
1801133) results in an amino acid substance change of an
alanine to valine, and this substance is associated with reduced
enzyme activity that leads to reduced plasma folate levels [9,
10]. MTHFR 677TT variant genotype have approximately
30 % enzyme activity in vitro compared with the 677CC
wild-type [11], which has been shown to be associated with
DNA hypomethylation, genomic instability, and derepression
of proto-oncogenes [9].

To date, MTHFR C677T polymorphism has been reported
to be associated with risk of several types of cancer, such as
breast cancer, lung cancer, colorectal cancer, and so on
(Supplementary reference [ 1-428]). However, the results were
inconsistent or even contradictory. Some recent meta-analyses
analyzed such an association only for single cancer such as
head and neck, lung, breast, gastric, esophageal, colorectal
cancer and so on [12-20]. In addition, one recent meta-
analysis has studied the association between MTHFR
C677T polymorphism and risk of cancer. However, many
published studies were not included in the meta-analysis
[21]. Hence, we performed a meta-analysis to obtain a more
precise estimation of the association between MTHFR C677T
polymorphism and risk of cancer.

Materials and methods
Identification and eligibility of relevant studies

We performed a comprehensive literature search using the
databases PubMed, ISI, and EMBASE, and articles published
before the end of December 2014 were identified with a com-
bination of the following key words: “MTHFR,” or
“methylenetetrahydrofolatereductase,” “polymorphism,”
“mutation” or “variant,” and “cancer” or “carcinoma”. We
used no lower date limit. All eligible studies were retrieved,
and their bibliographies were checked for other relevant pub-
lications. The reference lists of reviews and retrieved articles
were hand searched simultaneously.

Inclusion criteria

All studies selected have to fulfill the following three criteria:
(1) case—control study of the MTHFR A1298C polymorphism
and cancer risk; (2) the genotype distribution of the polymor-
phisms in cases and controls were described in details and the
results were expressed as odds ratio (OR) and corresponding

@ Springer

95 % confidence interval (95 % CI); (3) When multiple pub-
lications reported on the same or overlapping data, only the
largest or most recent publication was included, as recom-
mended by Little er al. [22].

Data extraction

The following data were extracted from each included publi-
cation: the first author’s name, year of publication, country of
origin, ethnicity, source of controls, sample size, cancer type,
and numbers of different genotype in all subjects. Different
ethnicity descents were categorized as “Caucasian,” “African,
” (including African Americans), “Asian,” “Indian” (we con-
sidered the samples of studies from India and Pakistan as of
“Indian”), “Middle Eastern” (we considered the samples of
studies from Middle Eastern countries), and “mixed popula-
tion” (When one study did not state which ethnic groups was
included or if it was impossible to separate participants ac-
cording to phenotype, the sample was termed as “mixed pop-
ulation’). When studies included subjects of more than one
ethnicity and were able to separate, data were collected sepa-
rately for each ethnic group.

Statistical analysis

Odds ratios (ORs) with 95 % ClIs were used to assess the
strength of association between the MTHFR C677T polymor-
phism and cancer risk. The pooled ORs were performed for
dominant model (CT+TT vs. CC), recessive model (CC+CT
vs. TT), homozygous model (TT vs. CC), and heterozygous
model (CT vs. CC), respectively. Between-study heterogene-
ity was assessed by calculating O-statistic (heterogeneity was
considered statistically significant if £<0.10) [23] and quan-
tified using the F* value, a value that describes the percentage
of variation across studies that are due to heterogeneity rather
than chance, where =0 % indicates no observed heteroge-
neity, with 25 % regarded as low, 50 % as moderate, and 75 %
as high [24]. If results were not heterogeneous, the pooled
ORs were calculated by the fixed-effect model (we used the
O-statistic, which represents the magnitude of heterogeneity
between-studies) [25]. Otherwise, a random-effect model was
used (when the heterogeneity between-studies were signifi-
cant) [26]. In addition to the comparison among all subjects,
we also performed stratification analyses by cancer type (if
one cancer type contained less than three individual studies,
it was combined into the “other cancers” group), source of
control, and ethnicity. Moreover, the extent to which the com-
bined risk estimate might be affected by individual studies
was assessed by consecutively omitting every study from the
meta-analysis (leave-one-out sensitivity analysis). This ap-
proach would also capture the effect of the oldest or first
positive study (first study effect). In addition, we also ranked
studies according to sample size, and then repeated this meta-
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analysis. Sample size was classified according to a minimum
0f200 participants and those with fewer than 200 participants.
The cite criteria were previously described [27]. Last, sensi-
tivity analysis was also performed, excluding studies whose
allele frequencies in controls exhibited significant deviation
from the Hardy—Weinberg equilibrium (HWE), given that
the deviation may denote bias. Deviation of HWE may reflect
methodological problems such as genotyping errors, popula-
tion stratification, or selection bias. HWE was calculated by
using the goodness-of-fit test, and deviation was considered
when P<0.05. Begg’s funnel plots [28] and Egger’s linear
regression test [29] were used to assess publication bias. A
meta-regression analysis was carried out to identify the major
sources of between-studies variation in the results, using the
log of the ORs from each study as dependent variables, and
cancer type, ethnicity, sample size, and source of controls as
the possible sources of heterogeneity. All of the calculations
were performed using STATA version 10.0 (STATA
Corporation, College Station, TX).

Results
Eligible studies and meta-analysis databases

Figure 1 graphically illustrates the trial flow chart. A total of 1,
948 publications regarding MTHFR C677T polymorphism
with respect to cancer were identified. After screening the
titles and abstracts, 1521 publications were excluded because
they were duplicate articles, review articles, case reports, and
other polymorphisms of MTHFR. In addition, of these pub-
lished articles, 32 publications (Supplemental reference [1, 20,
53, 54, 61, 104, 125, 150, 157, 158, 164, 194, 202, 244, 251,
252,272, 296, 298, 301, 302, 309, 321, 326, 331, 344, 350,
369, 376, 407, 419, 421]) were excluded because of their
populations overlapped with another 28 included studies
(Supplemental reference [4, 25, 28, 68, 83, 85, 105, 107,
134, 154, 165, 169, 171, 179, 184, 217, 235, 258, 309, 318,
352, 360, 363, 3606, 391, 416, 423, 426]). As summarized in
Supplemental Table 1, 395 publications with 446 case—control
studies were selected in the meta-analysis, including 150,086
cases and 200,699 controls. Among these studies, there were
17 bladder cancer studies, 9 brain cancer studies, 68 breast
cancer studies, 14 cervical cancer studies, 83 colorectal cancer
studies, 3 endometrial cancer studies, 18 esophageal cancer
studies, 27 gastric cancer studies, 12 hepatocellular cancer
studies, 23 head and neck cancer studies, 62 leukemia studies,
20 lung cancer studies, 27 lymphoma studies, 8 multiple my-
eloma studies, 10 ovarian cancer studies, 7 pancreatic cancer
studies, 21 prostate cancer studies, 3 renal cancer studies, 5
skin cancer studies, and 9 studies with the “other cancers.” All
of the cases were pathologically confirmed.

Quantitative synthesis

The evaluations of the association of MTHFR C677T poly-
morphism with cancer risk are shown in Table 1. Overall,
significantly increased cancer risk was observed in all genetic
models (dominant model: odds ratio (OR)=1.05, 95 % CI=
1.02—1.08, P value of heterogeneity test [P,]<0.001, I*=
58.3 %; recessive model: OR=1.06, 95 % CI=1.02—-1.10,
P,<0.001, 7=50.7 %; homozygous model: OR=1.08, 95 %
CI=1.04-1.13, P,<0.001, ’=57.3 %; heterozygous model:
OR=1.04, 95 % CI=1.01-1.06, P,<0.001, *=50.4 %) when
all the eligible studies were pooled into meta-analysis. In the
stratified analysis by cancer type, significant association was
observed between MTHFR C677T polymorphism and breast
cancer (recessive model: OR=1.09, 95 % CI=1.01-1.18, P,<
0.001, P=476 %; homozygous model: OR=1.10, 95 % CI=
1.01-1.20, P,<0.001, P=43.8 %), colorectal cancer (reces-
sive model: OR=0.92, 95 % CI=0.85-0.99, P,<0.001, *=
50.5 %), esophageal cancer (heterozygous model: OR=1.29,
95 % CI=1.06-1.57, P,<0.001, P=68.7 %), gastric cancer
(recessive model: OR=1.21, 95 % CI=1.07-1.36, P,=0.009,
P=43.4 %; homozygous model: OR=1.29, 95 % CI=1.10—
1.52, P,<0.001, P=59.1 %), leukemia (dominant model:
OR=0.91, 95 % CI=0.85-0.98, P,<0.001, ’=42.8 %; homo-
zygous model: OR=0.88, 95 % CI=0.78-0.98, P,,=0.011,
PP=31.9 %; heterozygous model: OR=0.92, 95 % CI=0.86—
0.99, P;,=0.002, P=379 %), lung cancer (recessive model:
OR=1.13,95% CI=1.01-1.26, P,=0.003, =53.1 %; homo-
zygous model: OR=1.20, 95 % CI=1.04-1.39, P,,<0.001,
PP=66.1 %), multiple myeloma (dominant model: OR=1.26,
95 % CI=1.06-1.50, P,=0.207, P=277 %; heterozygous
model: OR=1.23, 95 % CI=1.03-1.48, P,=0.214, ’=
26.9 %; homozygous model: OR=1.32, 95 % CI=1.03—
1.68, P,=0.230, P=249 %), and renal cell cancer risk (dom-
inant model: OR=1.38, 95 % CI=1.18-1.62, P,=0.244, =
29.2 %; homozygous model: OR=1.36, 95 % CI=1.04-1.78,
P,=0.297, P=17.7 %; heterozygous model: OR=1.40, 95 %
CI=1.19-1.65, P,=0.368, ’=0.0 %). In the stratified analysis
by ethnicity, significantly increased cancer risk was observed
in Asians (dominant model: OR=1.08, 95 % CI=1.03-1.14,
P,<0.001, =70.1 %; recessive model: OR=1.11, 95 % CI=
1.04-1.18, P,,<0.001, P=68.0 %; homozygous model: OR=
1.16, 95 % CI=1.07-1.26, P,<0.001, ’=74.4 %; heterozy-
gous model: OR=1.06, 95 % CI=1.01-1.11, P,<0.001, P=
58.8 %) and Indians (recessive model: OR=1.44, 95 % CI=
1.12-1.86, P,=0.455, F=0.5 %; homozygous model: OR=
1.42, 95 % CI=1.09-1.83, P,=0.427, ’=2.5 %). We also
found that there was a statistically significant link between
the MTHFR C677T polymorphism and cancer risk in the
hospital-based studies (dominant model: OR=1.06, 95 %
CI=1.02-1.10, P;<0.001, ’=61.6 %; recessive model:
OR=1.10, 95 % CI=1.04-1.15, P,<0.001, =47.2 %; homo-
zygous model: OR=1.12, 95 % CI=1.06-1.19, P;,<0.001,

@ Springer



8956

Tumor Biol. (2015) 36:8953-8972

Fig. 1 Study flow chart
explaining the selection of the 395
eligible case—control studies
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PP=55.1 %; heterozygous model: OR=1.04, 95 % CI=1.01—
1.08, P,<0.001, #=54.7 %), but not in population-based
studies, as also shown in Table 1.

Ethnicity and cancer risk attributed to the MTHFR
C677T polymorphism

We further examined the association of the MTHFR C677T
polymorphism and cancer risk by cancer type and ethnicity
(Table 2) because there was significant heterogeneity between
studies. For samples of Caucasians, significant association
was observed between MTHFR C677T polymorphism and
gastric cancer (recessive model: OR=1.23, 95 % CI=1.03-
1.48, P,=0.550, =0.0 %; homozygous model: OR=1.34,
95 % CI=1.03-1.75, P,=0.094, ’=39.5 %), leukemia (dom-
inant model: OR=0.87, 95 % CI=0.79-0.95, P,=0.021, =
36.7 %; recessive model: OR=0.87, 95 % CI=0.78-0.96,
P,=0.229, P=15.0 %; homozygous model: OR=0.82, 95 %
CI=0.74-0.92, P,,=0.100, P=25.1 %; heterozygous model:
OR=0.92, 95 % CI=0.86-0.99, P,=0.106, ’=24.5 %), lym-
phoma (homozygous model: OR=1.16, 95 % CI=1.01-1.34,
P,=0.696, 7=0.0 %), multiple myeloma (dominant model:
OR=1.54,95 % CI=1.14-2.08, P,=0.278, ’=22.1 %; homo-
zygous model: OR=1.64, 95 % CI=1.02-2.62, P;,=0.702,
P=0.0 %; heterozygous model: OR=1.50, 95 % CI=1.10—
2.06, P,=0.237, ’=29.1 %), and skin cancer risk (dominant
model: OR=1.56, 95 % CI=1.05-2.34, P,=0.038, I*=
69.5 %; recessive model: OR=1.64, 95 % CI=1.11-2.41,
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P,=0.739, ’=0.0 %; homozygous model: OR=1.84, 95 %
CI=1.24-2.74, P,=0.876, ’=0.0 %). For samples of Asians,
significant association was observed between MTHFR C677T
polymorphism and esophageal cancer (heterozygous model:
OR=1.39, 95 % CI=1.11-1.74, P,<0.001, F=71.7 %), cer-
vical cancer (homozygous model: OR=1.34, 95 % CI=1.01-
1.77, P,=0.389, P=0.0 %), gastric cancer (recessive model:
OR=1.23,95 % CI=1.03—1.47, P,=0.002, "=60.6 %; homo-
zygous model: OR=1.30, 95 % CI=1.02-1.65, P,<0.001,
PP=71.2 %), and lymphoma risk (dominant model: OR=
0.73, 95 % CI=0.62-0.85, P,=0.238, P=30.4 %; recessive
model: OR=0.81, 95 % CI=0.66-1.00, P,=0.187, I*=
40.4 %; homozygous model: OR=0.69, 95 % CI=0.54—
0.86, P,=0.320, =12.2 %; heterozygous model: OR=0.74,
95 % CI1=0.63-0.88, P,=0.108, ’=55.1 %). For samples of
Africans, significant association was only observed between
MTHFR C677T polymorphism and bladder cancer risk (re-
cessive model: OR=0.59, 95 % CI=0.37-0.95, P;,=0.940,
#=0.0 %). For samples of Indians, significant association
was observed between MTHFR C677T polymorphism leuke-
mia risk (dominant model: OR=1.31, 95 % CI=1.05-1.63,
P,=0.115, P=46.2 %).

Source of controls and cancer risk attributed
to the MTHFR C677T polymorphism

We also examined the association between the MTHFR
C677T polymorphism and cancer risk by cancer type and
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source of controls (Table 3). For the population-based studies,
significant association was found between MTHFR C677T
polymorphism and cervical cancer (dominant model: OR=
0.67, 95 % CI=0.53-0.84; homozygous model: OR=0.66,
95 % CI=0.43-0.99; heterozygous model: OR=0.67, 95 %
CI=0.53-0.85) and colorectal cancer risk (recessive model:
OR=0.88, 95 % CI=0.81-0.95, P,=0.001, ’=47.2 %; homo-
zygous model: OR=0.88, 95 % CI=0.82-0.96, P;,=0.013,
P=38.2 %). For the hospital-based studies, significant associ-
ation was observed between MTHFR C677T polymorphism
and brain tumor (recessive model: OR=1.48, 95 % CI=1.19-
1.84, P,=0.122, ’=38.6 %), breast cancer (recessive model:
OR=1.17,95% CI=1.04-1.31, P,=0.002, =41.6 %; homo-
zygous model: OR=1.17, 95 % CI=1.04-1.32, P,=0.004,
P=39.1 %), gastric cancer (recessive model: OR=1.27,
95 % CI=1.13-1.44, P,=0.125, P=292 %; homozygous
model: OR=1.38, 95 % CI=1.12-1.72, P,=0.016, I*=
47.4 %), leukemia (dominant model: OR=0.89, 95 % CI=
0.81-0.96, P,<0.001, ’=45.0 %; recessive model: OR=
0.88, 95 % CI=0.79-0.98, P,=0.084, ’=21.6 %; homozy-
gous model: OR=0.84, 95 % CI=0.74-0.95, P,,=0.016, P=
31.5 %; heterozygous model: OR=0.90, 95 % CI1=0.83—-0.98,
Py=0.001, ’=40.2 %), lung cancer (homozygous model:
OR=1.24, 95 % CI=1.02-1.52, P,<0.001, *=70.7 %), mul-
tiple myeloma (dominant model: OR=1.41, 95 % CI=1.15—
1.72, P,=0.492, P=0.0 %; homozygous model: OR=1.42,
95 % CI=1.06-1.91, P,=0.209, P=288 %; heterozygous
model: OR=1.39, 95 % CI=1.13-1.72, P,=0.601, I*=
0.0 %), prostate cancer (recessive model: OR=0.65, 95 %
CI=0.51-0.82, P,=0.289, ’=15.5 %; homozygous model:
OR=0.63, 95 % CI1=0.48-0.82, P,=0.277, F=26.6 %), renal
cell cancer (dominant model: OR=1.38, 95 % CI=1.18-1.62,
Py=0.244, ’=29.2 %; homozygous model: OR=1.36, 95 %
CI=1.04-1.78, P,=0.297, P=17.7 %; heterozygous model:
OR=1.40, 95 % CI=1.19-1.65, P,=0.368, ’=0.0 %), and
skin cancer risk (homozygous model: OR=1.45, 95 % CI=
1.04-2.02, P,=0.202, ’=35.1 %).

Anatomical site, histological type, and association
of the MTHFR C677T polymorphism with cancer risk

We next completed a subgroup analysis by tumor site and
histological type or anatomical location (Table 4). Regarding
colorectal cancer, the MTHFR C677T polymorphism was as-
sociated with cancer risk for colon cancer (recessive model:
OR=0.84, 95 % CI=0.74-0.96, P,=0.057, ’=38.0 %) and
rectal cancer (recessive model: OR=0.87, 95 % CI=0.77-
0.98, P,=0.373, ’=7.3 %). For leukemia, the MTHFR
C677T polymorphism was associated with cancer risk for
children acute lymphoblastic leukemia (CALL; homozygous
model: OR=0.87, 95 % CI=0.77-0.98, P,=0.139, I’=
21.7 %) and children acute myeloid leukemia (CAML; het-
erozygous model: OR=0.71, 95 % CI=0.51-0.98, P,=0.068,

@ Springer

P=46.9 %). In the stratified analysis by ethnicity, for CALL,
significant association was observed in Asians (dominant
model: OR=0.86, 95 % CI=0.74-0.99, P,=0.195, I*=
30.6 %) and Indians (heterozygous model: OR=1.45, 95 %
CI=1.10-1.91, P,=0.115, ’=49.4 %). For esophageal can-
cer, there was significant association between the MTHFR
C677T polymorphism and esophageal squamous cell carcino-
ma (ESCC) risk (recessive model: OR=1.43, 95 % CI=1.13—
1.81, P,=0.002, ’=64.9 %; homozygous model: OR=1.83,
95 % CI=1.28-2.63, P,<0.001, P=75.0 %; heterozygous
model: OR=1.37, 95 % CI=1.04-1.81, P,<0.001, I*=
72.2 %). In the stratified analysis by ethnicity, significant as-
sociation was observed between the MTHFR C677T poly-
morphism and ESCC risk in Asians (dominant model: OR=
1.68, 95 % CI=1.24-2.28, P,<0.001, 7=73.9 %; recessive
model: OR=1.50, 95 % CI=1.16-1.94, P,=0.002, I*=
69.4 %,; heterozygous model: OR=1.53, 95 % CI=1.13-
2.06, P,=0.002, P=69.4 %). For gastric cancer, significant
association was observed in cardia gastric cancer (recessive
model: OR=1.44, 95 % CI=1.21-1.72, P,=0.105, I’=
39.4 %) and intestinal gastric cancer (recessive model: OR=
1.43, 95 % CI=1.10-1.86, P,=0.964, ’=0.0 %). In the strat-
ified analysis by ethnicity, significant association was ob-
served between the MTHFR C677T polymorphism and cardia
gastric cancer risk in Asians (recessive model: OR=1.53,
95 % CI=1.26-1.87, P;,=0.255, P=23.8 %; homozygous
model: OR=1.45, 95 % CI=1.15-1.81, P,=0.114, I*=
41.5 %). For lymphoma, the results suggested a differential
contribution of the MTHFR T allele, with a significant asso-
ciation in Hodgkin lymphoma (HL) (dominant model: OR=
0.75, 95 % CI=0.60-0.94, P,=0.518, *=0.0 %; heterozy-
gous model: OR=0.74, 95 % CI=0.58-0.95, P,=0.474, =
0.0 %). In the stratified analysis by ethnicity, significant asso-
ciation was observed between the MTHFR C677T polymor-
phism and non-Hodgkin lymphoma (NHL) risk in Asians
(dominant model: OR=0.73, 95 % CI=0.62-0.85, P,=
0.241, P=29.8 %; recessive model: OR=0.71, 95 % Cl=
0.55-0.93, P,=0.363, "=0.0 %; homozygous model: OR=
0.64, 95 % CI=0.48-0.85, P,=0.216, I’=34.8 %) and
Caucasians (dominant model: OR=1.10, 95 % CI=1.02—
1.20, P,=0.585, FP=0.0 %; recessive model: OR=1.16,
95 % CI=1.02-1.32, P,=0.954, P=0.0%; homozygous mod-
el: OR=1.21, 95 % CI=1.06-1.38, P,=0.885, "=0.0 %).

Interaction of MTHFR C677T and other risk factors
for cancer susceptibility

Finally, we tested if the MTHFR C677T polymorphism could
interact with other known risk factors (Table 5). For lung
cancer, significant association was observed in smokers (dom-
inant model: OR=0.84, 95 % CI=0.75-0.93, P,=0.372, ’=
6.0 %, homozygous model: OR=0.86, 95 % CI=0.74-0.99,
P,=0.346, P=10.5 %; heterozygous model: OR=0.83, 95 %
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Homozygous model Heterozygous model

Recessive model

Dominant model

No. comparisons (SZ

case/control)

Table 2 (continued)
Ethnicity ~ Cancer type

@ Springer

CT versus CC

TT versus CC

TT versus CT+CC

CT+TT versus CC

PyP (%)  OR (95 % CI) PP (%)  OR (95 % CI) PP (%)  OR (95 % CI) Pyl (%)

OR (95 % CI)

0.001/86.2
0.550/0.0

b

0.275/22.5
0.924/0.0
0.417/0.0

0.54 (0.21-1.36)

0.411/0.0
0.925/0.0
0.426/0.0

<0.001/84.8  0.60 (0.23-1.53)

0.517/0.0

5 (582/861)
5(892/933)
4 (358/533)
5 (729/834)

Cervical cancer

1.25 (0.94-1.66)
0.91 (0.44-1.86)
1.23 (0.84-1.81)"

1.29 (0.98-1.68) 1.54 (0.73-3.24) 1.62 (0.76-3.44)

0.93 (0.46-1.90)
1.31 (1.05-1.63)

Colorectal cancer

HNC

0.018/70.3
0.034/61.7

1.49 (0.73-3.01)

1.54 (0.79-3.00)

0.013/72.3
0.115/46.2

0.034/65.4 1.43 (0.62-3.28)*  0.050/61.7

1.28 (0.55-3.01)*

Leukemia

All summary ORs were calculated using fixed-effect models. ORs were calculated using random-effects models. Values set in italics indicate that the results are statistically significant

SZ sample size, CC wild-type, CT heterozygote, 7T variant homozygote, P;, P value of heterogeneity test, HNC head and neck cancer

#In the case of significant heterogeneity

CI=0.70-0.98, P,=0.295, P=18.8 %). For colorectal cancer,
significant association was observed in male (homozygous
model: OR=0.80, 95 % CI=0.70-0.92, P,=0.183, I’=
29.5 %) and female (homozygous model: OR=0.84, 95 %
CI=0.72-0.99, P,=0.376, F=7.2 %).

Heterogeneity analysis

In this meta-analysis, high between-study heterogeneity was
observed in endometrial cancer, esophageal cancer, pancreatic
cancer, Caucasians of cervical cancer, Caucasians of hepatocel-
lular cancer, Caucasians of HNC, Caucasians of prostate cancer,
Caucasians of skin cancer, Asians of bladder cancer, Asians of
HNC, Asians of lung cancer, Asians of multiple myeloma,
Africans of lymphoma, Asians of esophageal cancer, Indians
of breast cancer, Indians of cervical cancer, population-based of
esophageal cancer, hospital-based of pancreatic cancer,
population-based of prostate cancer, hospital-based of skin can-
cer, proximal colorectal cancer, meningioma, adult acute lym-
phoblastic leukemia (AALL), Asians of AALL, Caucasians of
AALL, Caucasians of chronic myeloid leukemia, esophageal
squamous cell caicinoma, Asians of ESCC, and Africans of
non-hodgkin lymphoma. However, when we excluded the
studies of HWE deviation, high between-study heterogeneity
was eliminated in Caucasians of hepatocellular cancer,
Caucasians of HNC, Caucasians of prostate cancer,
Caucasians of skin cancer, Africans of lymphoma, and
hospital-based of skin cancer, as shown in Table 6. When we
excluded the small sample studies, high between-study hetero-
geneity was eliminated in endometrial cancer and Asians of
multiple myeloma, as shown in Table 7. In addition, when the
study of Qu et al. (Supplemental reference [7]) was excluded,
high between-study heterogeneity was eliminated in esophage-
al cancer. When the study of Wang et al. (Supplemental refer-
ence [318]) was excluded, high between-study heterogeneity
was eliminated in pancreatic cancer and hospital-based studies
of pancreatic cancer. When the study of Zoodsma et al.
(Supplemental reference [353]) was excluded, high between-
study heterogeneity was eliminated in Caucasians of cervical
cancer. When the study of Chung et al. (Supplemental reference
[122]) was excluded, high between-study heterogeneity was
eliminated between MTHFR C677T polymorphism and blad-
der cancer risk in Asians. When the study of Shekari et al.
(Supplemental reference [209]) was excluded, high between-
study heterogeneity was eliminated between MTHFR C677T
polymorphism and cervical cancer risk in Indians. When the
study of Song et al. (Supplemental reference [224]) was exclud-
ed, high between-study heterogeneity was eliminated in the
population-based of esophageal cancer. When the study of
Naghibalhossaini et al. Supplemental reference [134]) was ex-
cluded, high between-studies heterogeneity was deleted in
proximal colorectal cancer. When the study of Li et al.
(Supplemental reference [18]) was excluded, high between-
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studies heterogeneity was deleted in meningioma. When the
study of Kim et al. (Supplemental reference [147]) was exclud-
ed, high between-studies heterogeneity was deleted in Asians of
AALL. When the study of Deligezer et al. (Supplemental ref-
erence [383]) was excluded, high between-studies heterogene-
ity was deleted in Caucasians of AALL and Caucasians of
chronic myeloid leukemia. When the study of Song et al.
(Supplemental reference [436]) was excluded, high between-
studies heterogeneity was deleted in ESCC and Asians of
ESCC. When the study of Nasr et al. (Supplemental reference
[22]) was excluded, high between-studies heterogeneity was
deleted in Africans of non-hodgkin lymphoma.

There was significant heterogeneity in any genetic model
when all the eligible studies were pooled into the meta-
analysis (P,<0.001). Then, we assessed the source of hetero-
geneity by ethnicity, cancer type, source of controls, HWE,
and sample size. The results of meta-regression indicated that
sample size (recessive model: P=0.030) but not ethnicity
(dominant model: P=0.494; recessive model: P=0.230; ho-
mozygous model: P=0.197; heterozygous model: P=0.822),
source of controls (dominant model: P=0.586; recessive mod-
el: P=0.371; homozygous model: P=0.429; heterozygous
model: P=0.731), cancer type (dominant model: P=0.886;
recessive model: P=0.379; homozygous model: P=0.439;
heterozygous model: P=0.770), and HWE (dominant model:
P=0.275; recessive model: P=0.476; homozygous model:
P=0.897; heterozygous model: P=0.104) contributed to sub-
stantial heterogeneity in the meta-analysis.

Sensitivity analysis

Examining genotype frequencies in the controls, significant de-
viation from HWE was detected in 51 studies (Supplemental
reference [4, 5, 9, 10, 12, 22, 25, 30, 48, 51, 52, 67, 68, 74, 75,
76, 82, 108, 112, 114, 121, 137, 139, 143, 165, 195, 198, 219,
228, 229, 232, 235, 241, 242, 253, 257, 262, 271, 273, 275,
283, 284, 287, 288, 300, 312, 322, 343, 352, 366, 423]). When
these studies were excluded, the results were changed in colo-
rectal cancer (recessive model: OR=0.94, 95 % CI=0.87-1.02),
esophageal cancer (heterozygous model: OR=1.21, 95 % CI=
0.97-1.52), hepatocellular cancer (recessive model: OR=1.17,
95 % CI=1.01-1.37), Asians of breast cancer (recessive model:
OR=1.16, 95 % CI=1.00-1.35), Asians of hepatocellular can-
cer (recessive model: OR=1.20, 95 % CI=1.00-1.44; homozy-
gous model: OR=1.26, 95 % CI=1.01-1.58), Africans of lym-
phoma (dominant model: OR=0.65, 95 % CI=0.45-0.94; het-
erozygous model: OR=0.63, 95 % CI=0.43-0.93), Caucasians
of lymphoma (homozygous model: OR=1.14, 95 % CI=0.97—
1.33), hospital-based of esophageal cancer (heterozygous mod-
el: OR=1.13, 95 % CI=0.88-1.45), hospital-based of lung can-
cer (homozygous model: OR=1.25, 95 % CI=0.99-1.59), and
hospital-based of skin cancer (homozygous model: OR=1.41,
95 % CI=0.98-2.02), as shown in Table 6. In addition, when

the meta-analysis was performed excluding studies with small
sample sizes, the results were changed in brain tumor (recessive
model: OR=1.39, 95 % CI=1.00-1.92), hepatocellular cancer
(recessive model: OR=1.17, 95 % CI=1.00-1.36), leukemia
(dominant model: OR=0.94, 95 % CI=0.87—1.01; homozy-
gous model: OR=0.90, 95 % CI=0.80-1.02; heterozygous
model: OR=0.95, 95 % CI=0.88-1.02), multiple myeloma
(dominant model: OR=1.19, 95 % CI=0.98-1.45; homozy-
gous model: OR=1.18, 95 % CI=0.89—1.56; heterozygous
model: OR=1.24, 95 % CI=0.92-1.69), African of bladder
cancer (recessive model: OR=0.62, 95 % CI=0.36-1.09),
Indians of breast cancer (recessive model: OR=2.38, 95 %
CI=1.164.89), Asians of cervical cancer (homozygous model:
OR=1.29, 95 % CI=0.96-1.74), Africans of lymphoma (dom-
inant model: OR=0.63, 95 % CI=0.43-0.93; heterozygous
model: OR=0.63, 95 % CI=0.42-0.95), and hospital-based of
lung cancer (homozygous model: OR=1.08, 95 % CI=0.96—
1.22), as shown in Table 7.

When the study of Hussain et al. (Supplemental reference
[45]) was excluded, the results were changed in Indians of
leukemia (dominant model: OR=1.34, 95 % CI=0.88-2.04).
When the study of Semmler (Supplemental reference [280])
was excluded, the results were changed in the hospital-based
studies of brain tumor (recessive model: OR=1.32, 95 % CI=
0.96—-1.81). When the study of Ulvik et al. (Supplemental
reference [356]) was excluded, the result was changed be-
tween colorectal cancer risk and MTHFR C677T polymor-
phism in female subgroup analysis (homozygous model:
OR=0.88, 95 % CI=0.74-1.05). When the study of Kim
(Supplemental reference [52]) was excluded, the results were
changed between MTHFR C677T polymorphism and rectal
cancer risk. When the study of Reddy et al. (Supplemental
reference [290]) was excluded, the result was changed in
Indians of CALL (heterozygous model: OR=1.23, 95 %
CI=0.88-1.72). When the study of Deligezer (Supplemental
reference [396]) was excluded, the result was changed in
Hodgkin lymphoma (dominant model: OR=0.81, 95 % CI=
0.63—1.03; heterozygous model: OR=0.79, 95 % CI=0.61-
1.04). When the study of Timuragaoglu et al. (Supplemental
reference [287]) was excluded, the result was changed adult
ALL (AALL) risk in Caucasian (recessive model: OR=0.51,
95 % CI=0.36-0.72; dominant model: OR=0.75, 95 % CI=
0.59-0.95; TT vs. CC: OR=0.45, 95 % CI=0.31-0.66).
When the study of Zheng et al. (Supplemental reference
[214]) was excluded, the result was changed between
MTHFR C677T polymorphism and CAML risk (heterozy-
gous model: OR=0.72, 95 % CI=0.41-1.28).

Publication bias
We performed Begg’s funnel plot and Egger’s test to assess

the publication bias of literatures. Begg’s funnel plots and
Egger’s test suggested that there might be publication bias
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between MTHFR C677T polymorphism and cancer risk (ho-
mozygous model: P=0.005; recessive model: P=0.029; dom-
inant model: P=0.003). This might be a limitation for the
meta-analysis because studies with null findings, especially
those with small sample size, are less likely to be published.
Adjusting for possible publication bias using the Duval and
Tweedie nonparametric “trim and fill” method for overall
studies, the results did not change between MTHFR C677T
polymorphism and cancer risk. Figure 2 lists the Duval and
Tweedie nonparametric “trim and fill” methods funnel plot.

Discussion

Gene variants of key enzymes in the folate metabolism, such
as the gene MTHFR, were suggested to be responsible for
differences in folate levels and DNA methylation [30, 31].
The MTHFR C677T polymorphism influences genomic
DNA methylation status through an interaction with the folate
status in the peripheral blood mononuclear cells [10]. In addi-
tion, MTHFR C677T polymorphism may cause uncontrolled
gene expression, genomic instability, and induce carcinogen-
esis [32, 33]. To date, a lot of studies have performed the
association of MTHFR C677T polymorphism with risk of
cancer, however, the results remained controversial. In order
to resolve this conflict, we performed a meta-analysis to derive
a more precise estimation of the association between MTHFR
C677T polymorphism polymorphism and risk of cancer.
Overall, significantly increased cancer risk was found
when all the eligible studies were pooled into meta-analysis.
In the stratified analysis by ethnicity, significantly increased
cancer risk was observed in Asians and Indians, but not in
Caucasians, Africans, and Middle East population. However,
when we performed the further stratified and sensitivity anal-
yses by ethnicity and cancer type, significantly increased
breast cancer risk was found in Asians and Indians, signifi-
cantly decreased colon cancer risk was found, significantly
increased gastric cancer risk was found in Caucasians and
Asians, significantly increased hepatocellular cancer risk
was found in Asians, significantly decreased adult acute lym-
phoblastic leukemia (AALL) risk was found in Caucasians,
significantly decreased childhood acute lymphoblastic leuke-
mia (CALL) risk was found in Asians, and significantly in-
creased multiple myeloma and NHL risk was found in
Caucasians. It should be considered that the apparent incon-
sistency of these results may underlie differences in ethnicity,
lifestyle and disease prevalence as well as possible limitations
due to the relatively small sample size. The current knowledge
of carcinogenesis indicates a multi-factorial and multistep pro-
cess that involves various genetic alterations and several bio-
logical pathways. Thus, it is unlikely that risk factors of cancer
work in isolation from each other. One important property of
the gene polymorphisms is that their incidence can vary

@ Springer

Filled funnel plot with pseudo 95% confidence limits
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Fig. 2 The Duval and Tweedie nonparametric “trim and fill” method’s
funnel plot of the meta-analysis of cancer risk and MTHFR C677T
polymorphism (a homozygous model; b recessive model; ¢ dominant
model)

substantially between different racial or ethnic populations.
We also found a wide variation of the T allele frequencies of
control resources in Asians (0.396), Indians (0.132),
Caucasians (0.326), Middle East (0.201), and Africans
(0.196), and this different allele frequency might account for
the association between the C677T polymorphism and cancer
risk in different ethnicity. In the subgroup analysis by source
of control, significantly increased cancer risk was found in the
hospital-based studies, but not the population-based studies.
The hospital-based studies may have certain biases for such
controls and may only represent a sample of an ill-defined
reference population, and may not be representative of the
general population or it may be that numerous subjects in
the population-based controls were susceptible individuals.
Based on biochemical properties described for MTHFR
C677T polymorphism, we expected that MTHFR C677T
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polymorphism was associated with risk of all types of cancer.
However, significant association was only observed among
breast cancer, colon cancer, gastric cancer, hepatocellular can-
cer, AALL, CCLL, and NHL, suggesting that other factors may
be modulating the MTHFR C677T polymorphism functionali-
ty. The same polymorphisms may play different roles in differ-
ent cancer susceptibility, because cancer is a complicated multi-
genetic disease, and different genetic backgrounds may contrib-
ute to the discrepancy [34]. However, the exact mechanism for
association between different tumor sites and MTHFR C677T
polymorphism was not clear, carcinogenetic mechanism may
differ by different tumor sites and the MTHFR genetic variants
may exert varying effects in different cancers. The results of
meta-regression indicated that sample size contributed to sub-
stantial heterogeneity among the meta-analysis. The small num-
ber of studies may hinder the ability of drawing more definite
conclusions for some results. For these cases, the interpretation
of the results should be taken carefully. There was some evi-
dence of publication bias, which may also have contributed to
the high heterogeneity observed. However, such limitations
highlight the need for further studies in specific tumor sites
and different ethnicities. Our meta-analysis results indicated
that a significantly increased risk was observed to be associated
with MTHFR C677T polymorphism and lung cancer risk in
smokers. There is a consensus that tobacco smoking is the
major cause of lung cancer and tobacco smoke contains some
carcinogens that induce MTHFR C677T may contribute to the
development of lung cancer.

We noticed with great interest that one previous meta-
analysis had been reported on the risk of all cancer with
MTHFR C677T polymorphism [21]. The study of Tang
et al. [21] only had 134 case—control studies, in which a total
of 46,207 cancer cases and 69,160 controls were included.
Their meta-analysis supported an association between the
MTHFR C677T polymorphism and increased risk of esopha-
geal and stomach cancer, especially in Asians. However,
many published studies were not included in their meta-
analysis [21]. By analyzing a larger number of studies than
the previous meta-analysis [21], our meta-analysis included
150,086 cases and 200,699 controls (from 446 studies) to
perform the MTHFR C677T polymorphism and risk of can-
cer. Our meta-analysis seems to confirm and establish the
trend in the meta-analysis of the MTHFR C677T polymor-
phism by the previous meta-analysis [21].

Some limitations of this meta-analysis should be acknowl-
edged. First, the controls of some studies were not uniformly
defined and some were hospital-based normal individuals or
patients of other diseases which were not representative
enough. Second, some studies with small sample size may
not have enough statistical power to explore the real associa-
tion. Third, the effect of gene-environment interactions was
not addressed in the analysis. Fourth, study quality was not
evaluated for included studies. However, the current meta-

analysis has also some strength compared with individual
studies and previous meta-analyses. First, differently from
previous meta-analyses [12-20], we explored the association
of MTHFR C677T polymorphism with risk of cancer risk,
allowing for a general view of its influence on cancer suscep-
tibility. Second, we explored the interaction of MTHFR
C677T polymorphism and other risk factors, such as smoking,
age, and menopausal status. Third, our meta-analysis explores
and analyzes the sources of heterogeneity between MTHFR
C677T polymorphism and cancer risk.

In summary, this meta-analysis suggests that MTHFR
C677T polymorphism is associated with increased breast can-
cer, gastric cancer, and hepatocellular cancer risk in Asians, is
associated with increased gastric cancer, multiple myeloma
and NHL risk in Caucasians, is associated with decreased
AALL risk in Caucasians, is associated with decreased
CALL risk in Asians, is associated with increased breast can-
cer risk in Asians, and is associated with decreased colon
cancer risk. Moreover, this meta-analysis also points out the
importance of new studies, such as Asians of HNC, Asians of
lung cancer, Indians of breast cancer, because they had high
heterogeneity in this meta-analysis (°>75 %).
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