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Abstract The 5,10-methylenetetrahydrofolate reductase
(MTHFR) and thymidylate synthase (TS) are critical enzymes
in folate metabolism. Previous studies have reported conflict-
ing results on the associations between MTHFR/TS polymor-
phisms and adult leukemia risk, which may due to the lack of
information on folate intake. We investigated the risks of adult
leukemia with genetic polymorphisms of folate metabolic en-
zymes (MTHFR C677T, A1298C, and TS) and evaluated if
the associations varied by dietary folate intake from a multi-
center case-control study conducted in Chinese. This study
comprised 442 incident adult leukemia cases and 442 outpa-
tient controls, individually matched to cases by gender, birth
quinquennium, and study site. Genotypes were determined by
a polymerase chain reaction (PCR) or PCR-based restriction
fragment length polymorphism assay. Dietary folate intake
was assessed by face-to-face interviews using a validated
food-frequency questionnaire. The MTHFR 677TT genotype
conferred a significant higher risk of leukemia in males than in
females and exhibited an increased risk of acute myeloid leu-
kemia (AML) but a decreased risk of acute lymphoblastic

leukemia (ALL). The MTHFR 1298AC genotype appeared
to decrease the risks of leukemia in both genders, in AML
and ALL. Stratified analysis by dietary folate intake showed
the increased risks of leukemia with the MTHFR 677TT and
TS 2R3R/2R2R genotypes were only significant in individ-
uals with low folate intake. A significant interaction between
TS polymorphism and dietary folate intake was observed (P=
0.03). This study suggests that dietary folate intake and gender
may modify the associations between MTHFR/TS polymor-
phisms and adult leukemia risk.

Keywords Adult leukemiarisk .MTHFR .TS .Dietaryfolate
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Introduction

Leukemias, a group of heterogeneous malignancies, are gen-
erally characterized by acquired somatic mutations, including
chromosomal translocations, deletions, and inversions [1].
Their etiology likely involves a combination of exogenous
or endogenous exposures and genetic susceptibility, as well
as complex gene-gene and gene-environment interactions [2,
3]. The four major leukemia subtypes are acute myeloid leu-
kemia (AML), chronic myeloid leukemia (CML), acute lym-
phoblastic leukemia (ALL), and chronic lymphocytic leuke-
mia (CLL) [4].

Folate, as a carrier of one-carbon units, is an essential nu-
trient for nucleotide synthesis, as well as for DNAmethylation
[5]. Folate deficiency increases uracil misincorporation into
DNA and double-strand breaks during excision repair pro-
cesses, which subsequently induces chromosomal transloca-
tions and deletions [5, 6]. Low folate status has been implicat-
ed in the development of cancers, notably of the cervix, lung,
breast, brain, and colorectum [5]. Low folate status has also
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been hypothesized to increase the risk of leukemia [2]. This
hypothesis has received some support from our recent obser-
vation of an inverse association between dietary folate intake
and adult leukemia in a Chinese population [7].

The enzymes 5,10-methylenetetrahydrofolate reductase
(MTHFR) and thymidylate synthase (TS) are critical to the
metabolism of folate. MTHFR irreversibly catalyzes 5,10-
methylenetetrahydrofolate (THF) to the primary form of se-
rum folate, 5-methylTHF, which is the methyl donor for the
remethylation of homocysteine to methionine. C677T
(rs1801133) and A1298C (rs1801131) are two well-
described genetic polymorphisms of MTHFR. The common
677 C→T (Ala→Val) and 1298 A→C (Glu→Ala) muta-
tions of the gene could result in enzymes with reduced activity
[8, 9]. Compared with the wild-type 677CC genotype, the
mean activity level of MTHFR in vitro is 65 % in the hetero-
zygous variant and approximately 30 % in the homozygous
variant [8]. The 1298CC genotype has about 60 % of the
activity of the wild-type 1298AA [10]. Individuals with both
the 677CT and 1298AC genotypes have 50–60 % specific
wild-type MTHFR activity [9, 10].

TS uses 5,10-methyleneTHF as a methyl group donor for
conversion of uracil to thymidine for DNA synthesis. The TS
gene contains a series of polymorphic 28-base pair tandem
repeats in the 5′-terminal regulatory region (rs45445694), of
which triple repeats (3R) and double repeats (2R) are the most
common [11]. In vivo and in vitro studies show that the 2R
allele is associated with decreased TS expression compared
with the 3R [12]. TS is essential in the regulation of a balanced
supply of DNA precursors for the normal replication and re-
pair of DNA, while diminution in enzymatic activity affecting
the regulation process may lead to various biological and ge-
netic abnormalities [13].

Although several studies thus far have investigatedwhether
variant genotypes of MTHFR/TS alter the risk of adult leuke-
mia, the findings have generally been inconclusive [14–18]. It
has been hypothesized that the risk of leukemia associated
with theMTHFR polymorphismsmay depend on folate intake
[2]. However, none of the previous studies has assessed the
postulated association. In this study, therefore, we were spe-
cifically interested to examine the associations between the
genetic polymorphisms of folate metabolic enzymes (MTHFR
C677T, MTHFR A1298C, and TS) and adult leukemia risk
and to determine if dietary folate intake modified the
associations.

Materials and methods

Study design and participants The study design has been
reported in detail elsewhere [7]. Briefly, a hospital-based case-
control study was conducted at three major public hospitals in
southeast and northeast China between April 2008 and August

2013, namely the First and the Second Affiliated Hospitals of
Zhejiang University in Hangzhou, Zhejiang Province, and the
First Hospital of ChinaMedical University in Shenyang, Liao-
ning Province. The project protocol was approved by the Hu-
man Research Ethics Committee of The University ofWestern
Australia and the ethics committees of the participating hos-
pitals in China.

Eligibility criteria for cases were as follows: (i) incident pa-
tients with a hematologically confirmed diagnosis of leuke-
mia, (ii) aged 16 years or over, (iii) residing in the selected
provinces for at least 1 year, and (iv) presenting as an inpatient
to the participating hospitals. Patients with other malignancies
were considered ineligible for the study. A total of 442 patients
aged 16–86 years were included in the analysis as the cases
(response 97.8%). All cases were interviewed within 1 year of
initial diagnosis and most (86.7 %) within 3 months. Leuke-
mia subtype information was available in 363 (82.1 %) of the
442 cases. Among these patients, 243 (66.9 %) had AML, 62
(17.1 %) had ALL, 38 (10.5 %) had CML, and 20 (5.5 %) had
CLL.

Eligible outpatient controls were free of malignancy at the
time of recruitment and attended the Medical Examination
Center of the outpatient department at the same hospitals as
their cases. Large panels of controls had been selected and
interviewed for our series of case-control studies of colorectal
cancer, breast cancer, and leukemia. About 4.5 % of the po-
tential controls who were invited refused to participate. Post
hoc matching was then conducted with each control for this
study selected as the first attendee to individually match with
each case by gender, birth quinquennium, and study site. The
date of recruitment of a control never exceeded that for the
matching case by more than 1 year.

Questionnaire and interview After informed consent was
obtained from each participant, in-person interviews were
conducted using a structured questionnaire. Each interview
usually took 30–40 min. To minimize information bias, nei-
ther the participants nor the interviewers were informed about
the specific hypotheses under study. Information was sought
from the structured questionnaire on dietary intake, the use of
cigarette, alcohol, and tea, family history of cancer, and other
demographic and lifestyle characteristics.

Dietary intake was assessed by a quantitative 103-item
food-frequency questionnaire (FFQ). The use of vitamin or
mineral supplements was also queried on the FFQ. The FFQ
used in this study has been described previously [7], and its
validity and reliability have been assessed in previous studies
[19–21]. The internal reliability across preliminary test, test,
and retest was denoted as Cronbach’s alpha being 0.81, 0.72,
and 0.78, respectively [20, 21]. These high Cronbach’s alpha
scores suggested that the FFQ was a consistent and reliable
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instrument for measuring food consumption overall. Food
consumption was based on usual frequency and typical
amount of intake. Participants were asked how often they
had consumed each food item 1 year before their diagnosis
for cases or in the previous year before interview for controls.
One of nine possible responses to the frequency of each item
of food consumption was assigned: never or hardly ever, once
a month, two to three times a month, once a week, two to three
times a week, four to six times a week, once a day, twice a day,
and greater than or equal to three times a day. The amount of
each food item consumed per meal was estimated using the
common Chinese measure liang (1 liang=50 g).

Genotyping methods Blood samples obtained from 424
(95.9 %) cases and 420 (95.0 %) controls were used in this
study for genotyping assays. Whole blood was collected in
EDTA-coated tubes. Blood samples drawn from participants
were stored in a −80 °C refrigerator. Then, batches of the
frozen blood specimens were shipped under −20 °C during
the door-to-door transportation.

Genotyping was performed at the State Key Laboratory of
the Zhejiang University Women’s Hospital in Hangzhou. All
the samples were assayed by one technician, who was blind to
the case-control status, using Biometra TG96 equipment fol-
lowing the manufacturer’s instructions. Genotypes of
MTHFR C677T and A1298C were determined using poly-
merase chain reaction (PCR)-restriction fragment length poly-
morphism methods reported by Frosst et al. [8] and Weisberg
et al. [10]. Polymorphism of TS was identified by performing
PCR as described by Cui et al. [22], with minor modifications
of the reaction conditions for PCR. The reaction mixture was
initially denatured at 94 °C for 1 min, followed by 30 cycles of
94 °C for 30 s, 66 °C for 30 s, and 72 °C for 45 s. The last
extension was carried out at 72 °C for 7 min. Samples were
not amplified in one case for the MTHFR C677T and in one
case for the TS. A total of 300 quality control samples were
assayed twice, which were randomly selected from our series
of case-control studies (5 % of participants). The proportions
of reproducibility were 97.7 % for MTHFR A1298C and
98.7 % for both MTHFR C677T and TS.

Data analysis In this study, we estimated the intake of folate
only from food sources, as very few participants (<2 %) re-
ported regular use of supplements. The calculation of folate
intake was based on daily food consumption, taking edible
portions of foods, seasonal factors, and market availability
into account [20], and adjusting for energy intake using the
density method [23]. Total energy intake (kcal/day) was esti-
mated using the China Food Composition 2009 [24].
Figures for folate were only available in, and thus such figures
were derived from, the previous edition of China Food Com-
position [25, 26]. The median value of daily folate intake (μg/

1000 kcal) in the controls with blood samples was used to
categorize folate intake as Blow^ or Bhigh.^

Other covariates were described as follows. A total lifetime
consumption of 20 packs of cigarettes or more was defined as
cigarette smoking. Ever consumed liquor, beer, wine, or any
combination was classified as alcohol consumption using ab-
stainers who never drank alcohol as a reference group. Drink-
ing tea more than once per month was classified as tea con-
sumption. Body mass index was calculated using the
Quetelet’s index expressed in kilograms per square meter.
Metabolic equivalent task (MET) hours per week during the
past year were used as a measure of physical activity.

Odds ratios (ORs) and 95% confidence intervals (CIs) from
conditional logistic regression [27] were used to evaluate the
associations between genetic polymorphisms and adult leuke-
mia risk. Multivariate analyses were conditioned on matched
pairs and were further adjusted for other potential confounders
[28]. Factors associated with MTHFR/TS variants and associ-
ated with the risk of adult leukemia, which were identified from
univariate analyses or reported in previous studies [29], were
included as covariates. These included resident locality (urban,
rural), education (none, primary, secondary, tertiary), pack-
years of cigarette smoking (continuous), alcohol consumption
(no, yes), and tea consumption (no, yes); other polymorphisms
(wild-type, heterozygous variant, and homozygous variant)
were simultaneously controlled in the multivariate models.
For example, we adjusted all the analyses of MTHFR C677T
for the polymorphisms of MTHFR A1298C and TS and vice
versa; we adjusted the TS polymorphism for the analysis of
MTHFR C677T and A1298C combined. We report both uni-
variate and multivariate adjusted ORs (95 % CIs) in the tables,
but only describe the multivariate adjusted risk estimates in the
text. We performed separate analyses by gender and by leuke-
mia subtype. Gene dosage effects were tested for trend by using
a quantitative variable according to the number of variant al-
leles (likelihood ratio tests). To evaluate possible effect modi-
fication of folate intake on adult leukemia risk associated with
MTHFR/TS polymorphisms, we conducted stratified analyses
in unconditional logistic regression models (because of break
of matching after stratification by dietary folate intake); we
compared conditional logistic regressionmodels with andwith-
out product terms of dietary folate intake and MTHFR/TS
polymorphisms using likelihood ratio tests. The data were an-
alyzed using SAS, version 9.3 (SAS Institute Inc., Cary, NC,
USA). P values <0.05 were considered statistically significant.

Results

Table 1 reports the selected demographic characteristics, life-
style, and dietary factors in cases and controls by gender,
AML, and ALL. Cases were comparable to controls in terms
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of age, gender, alcohol consumption, physical activity, and
cancer history in first-degree relatives. The cases were less
educated and were less likely to consume tea than the
controls. The male cases and the AML cases were more
likely to live in rural areas than their controls. Compared
with their controls, the male cases and the ALL cases were
more likely to smoke. In males, the cases had a lower
proportion of body mass index ≥25 than the controls. The
cases in both genders and the AML cases had a lower
average daily intake of folate per 1000 kcal than their con-
trols. The male cases and the AML and ALL cases had a
higher mean daily intake of energy than their controls.

Table 2 shows the distributions of the MTHFR/TS geno-
types between the cases and controls by gender. The MTHFR
C677T and A1298C genotypes were found to deviate slightly
from Hardy-Weinberg equilibrium (HWE) in the controls

(χ2=4.61, P=0.03 for MTHFR C677T; χ2=4.75, P=0.03
for MTHFR A1298C). Among the controls, the distribution
of TS genotypes was in accordance with HWE (χ2=2.26, P=
0.13).

In the analyses of MTHFR/TS polymorphisms with the
susceptibility of leukemia by gender (Table 2), we found sig-
nificant differences in risks between males and females.
Among the males, the homozygous variants were significantly
associated with elevated risks of leukemia, with adjusted ORs
(95 % CIs) of 2.88 (1.51–5.49) for MTHFR 677TT versus
CC, 10.43 (1.71–63.44) for MTHFR 1298CC versus AA,
and 5.70 (1.72–18.86) for TS 2R2R versus 3R3R. Positive
trends were found with the increasing variant alleles of
MTHFR C677T (P=0.001) and TS (P=0.03), with an excep-
tion of the MTHFR A1298C. Using the MTHFR 677CC and
1298AA as a referent group, the combined 677CT and

Table 2 Associations between MTHFR/TS polymorphisms and adult leukemia risk by gender

Genotype Males (n = 491) Females (n = 353) Pinteraction
e

Cases/

controls

Univariate

OR (95% CI)
a

Adjusted

OR (95% CI)
b

Cases/

controls

Univariate

OR (95% CI)
a

Adjusted

OR (95% CI)
b

MTHFR C677T 0.02

CC 75/107 1.00
c

1.00
c

65/53 1.00
c

1.00
c

CT 112/103 1.61 (1.09−2.39) 1.63 (1.02−2.61) 71/78 0.69 (0.42−1.14) 0.69 (0.38−1.26)

TT 58/36 2.06 (1.24−3.41) 2.88 (1.51−5.49) 42/43 0.71 (0.37−1.38) 0.64 (0.28−1.48)

Ptrend
d

0.002 0.001 0.20 0.22

MTHFR A1298C 0.82

AA 180/168 1.00
c

1.00
c

132/114 1.00
c

1.00
c

AC 53/75 0.67 (0.44−1.03) 0.63 (0.37−1.05) 34/57 0.54 (0.33−0.90) 0.46 (0.25−0.86)

CC 12/3 3.94 (0.84−18.42) 10.43 (1.71−63.44) 13/3 3.80 (1.07−13.45) 3.80 (0.95−15.22)

Ptrend
d

0.58 0.96 0.85 0.74

TS 0.42

3R3R 148/160 1.00
c

1.00
c

114/108 1.00
c

1.00
c

2R3R 76/80 1.03 (0.68−1.55) 1.13 (0.70−1.84) 51/61 0.83 (0.53−1.30) 0.98 (0.57−1.68)

2R2R 21/6 3.55 (1.40−8.98) 5.70 (1.72−18.86) 13/5 2.49 (0.78−8.02) 2.65 (0.74−9.52)

Ptrend
d

0.05 0.03 0.78 0.41

MTHFR C677T and A1298C 0.14

CC/AA 42/65 1.00
c

1.00
c

37/25 1.00
c

1.00
c

CT/AA 82/69 1.86 (1.11−3.09) 1.88 (1.05−3.34) 53/49 0.69 (0.36−1.33) 0.74 (0.36−1.54)

TT/AA 56/34 2.30 (1.30−4.08) 3.22 (1.61−6.44) 41/40 0.67 (0.31−1.42) 0.82 (0.34−1.97)

CC/AC 23/40 0.88 (0.45−1.71) 0.75 (0.36−1.58) 19/26 0.52 (0.24−1.14) 0.58 (0.23−1.45)

CT/AC 28/33 1.24 (0.66−2.34) 1.05 (0.48−2.29) 15/28 0.35 (0.15−0.82) 0.34 (0.13−0.88)

TT/AC 2/2 4.15 (1.06−16.16)
f

7.25 (1.46−35.96)
f

0/3 1.44 (0.49−4.28)
f

1.76 (0.53−5.90)
f

CC/CC 10/2 9/2

CT/CC 2/1 3/1

TT/CC 0/0 1/0

MTHFR C677T and 0.03

0 42/65 1.00
c

1.00
c

37/25 1.00
c

1.00
c

1 105/109 1.52 (0.95−2.45) 1.52 (0.90−2.59) 72/75 0.63 (0.34−1.15) 0.68 (0.35−1.32)

2 94/69 1.89 (1.17−3.03)
f

2.21 (1.26−3.88)
f

65/70 0.60 (0.32−1.12)
f

0.68 (0.34−1.38)
f

≥3 4/3 4/4

Ptrend
d

0.01 0.006 0.20 0.41

Sum of MTHFR/TS variant alleles 0.02

0 26/50 1.00
c

1.00
c

21/19 1.00
c

1.00
c

1 74/85 1.88 (1.05−3.37) 1.92 (1.02−3.59) 67/49 1.25 (0.56−2.76) 1.41 (0.59−3.39)

2 96/74 2.53 (1.42−4.52) 3.11 (1.61−5.99) 53/72 0.63 (0.30−1.33) 0.76 (0.33−1.77)

≥3 49/37 2.43 (1.26−4.69) 3.07 (1.48−6.36) 36/34 0.89 (0.41−1.94) 1.29 (0.54−3.12)

Ptrend
d

0.002 <0.001 0.39 0.94

A1298C variant alleles

a
Estimates were derived from univariate conditional logistic regression model, matched-pair conditioned on gender, birth quinquennium, and study site

b Estimates were derived from multivariate conditional logistic regression model adjusted for resident locality, education, pack-years of cigarette
smoking, alcohol consumption, tea consumption, and other polymorphisms (as described in BData analysis^)
c Reference category
d Tests for trend were performed by using quantitative variable according to the number of variant alleles
eP for interaction was based onWald chi-square value derived frommultivariate conditional logistic regression model by includingmain effect variables
(gender and MTHFR/TS polymorphisms) and their product terms and plausible confounding factors listed above
f Risk estimates were for combined groups
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1298AA genotypes (adjusted OR=1.88; 95 % CI 1.05–3.34)
and the combined 677TT and 1298AA genotypes (adjusted
OR=3.54; 95% CI 1.41–8.91) were associated with increased
risks; the risk further increased for the combination of 677TT
and 1298AC and the combination of harboring 1298CC re-
gardless of the C677T genotypes (adjusted OR=7.25; 95 %
CI 1.46–35.96). Finally, we observed a significant and posi-
tive dose-response relationship between the sum of MTHFR/
TS variant alleles and leukemia risk in males (P, trend=
0.002).

Among the females, the risks of leukemia with the
MTHFR/TS polymorphisms were consistently lower than
those in males. Compared with the 677CC genotype, the ad-
justed ORs (95 % CIs) were 0.69 (0.38–1.26) for 677CT and
0.64 (0.28–1.48) for 677TT in females. A significant interac-
tion between the MTHFR C677T polymorphism and gender
was seen (P, interaction=0.02). There was no significant dif-
ference in susceptibility between males and females with
MTHFR A1298C and TS polymorphisms. It was noteworthy
that the heterozygous variant MTHFR 1298AC was associat-
ed with a lower risk of leukemia relative to the wild-type
1298AA in both genders, with adjusted ORs (95 % CIs) being
0.63 (0.37–1.05) in males and 0.46 (0.25–0.86) in females.

Table 3 presents the risks of AML and ALL with MTHFR/
TS polymorphisms. A discrepancy in risks was observed be-
tween AML and ALL. We found elevated risks of AML for
the MTHFR 677TT genotype and for a greater number of
MTHFR/TS variant alleles, whereas we observed inverse as-
sociations for ALL with these variants, though these associa-
tions were not statistically significant. Notably, 1298AC indi-
viduals were at lower risk of AML (adjusted OR=0.60; 95 %
CI 0.35−1.03) and ALL (adjusted OR=0.14; 95 % CI 0.03−
0.69), compared with those with the MTHFR 1298AA geno-
type. It was impractical to calculate risk estimates for CML
and CLL due to small numbers.

The associations between MTHFR/TS polymorphisms and
adult leukemia risk after stratification by dietary folate intake
are presented in Table 4. Overall, the risks of adult leukemia
with variant alleles of MTHFR C677T and TS were higher in
the subgroup whose daily dietary intake of folate was
<119.5 μg/1000 kcal. There was a significant multiplicative
interaction between TS polymorphism and folate intake (P=
0.03). The presence of TS 2R3R/2R2R significantly elevated
the risk in individuals with a low dietary folate intake (adjust-
ed OR=1.53; 95 % CI 1.01–2.31) compared with those with a
high dietary folate intake (adjusted OR=0.66; 95 % CI 0.41–
1.06). Although dietary folate intake did not significantly
modulate the risks of adult leukemia with polymorphisms of
MTHFR C677T and A1298C, the risk associated with the
677TT genotype was 2.26-fold increased (95 % CI 1.24–
4.10) in individuals with a low dietary folate intake; in con-
trast, the risk did not significantly vary by C677T genotype in
individuals with a high dietary folate intake.

Discussion

We report a multicenter case-control study conducted in China
to investigate the associations between three polymorphisms
of MTHFR C677T, A1298C, and TS and leukemia suscepti-
bility in adults. We conducted separate analyses by gender, by
leukemia subtype, and by dietary folate intake.

A slight departure from HWE was observed for the
MTHFR C677Tand A1298C polymorphisms among the con-
trols. Such a departure was unlikely to have resulted from
genotyping error because of the high concordance of quality
control samples (98.7 % for C677T and 97.7 % for A1298C).
Moreover, the frequencies of 677T (40 %) and 1298C (17 %)
alleles in our controls were very similar to those in other stud-
ies conducted in the Chinese and Korean populations [30, 31].
No controls and only one case had the combined MTHFR
677TT and 1298CC genotypes, which was also consistent
with literature described that both homozygous variants of
C677T and A1298C are rare in general populations [2, 9,
10]. The frequency of the TS 2R allele in our controls
(19 %) was consistent with that in Koreans (18 %) [31].

MTHFR/TS polymorphisms and adult leukemia risk by
gender Results from this investigation suggest that adult
males with the MTHFR 677TT, 1298CC, and TS 2R2R ge-
notypes are more likely to develop leukemia. MTHFR is a key
regulatory enzyme that can direct available folate toward the
methylation of homocysteine at the expense of nucleotide
synthesis. The MTHFR 677TT and 1298CC genotypes result
in lower enzyme activity. The reduced MTHFR enzyme ac-
tivity is less efficient in converting 5,10-methyleneTHF to 5-
methylTHF as a consequence, leading to an increased level of
cytosolic 5,10-methyleneTHF available for thymidylate, an
essential precursor of de novo synthesis of DNA. On the other
hand, less MTHFR enzyme activity also affects de novo me-
thionine synthesis and causes imbalanced DNA methylation.
The current study found that the risk of leukemia in males was
considerably elevated for 677TT (2.88-fold) and for 1298CC
(10.43-fold) compared with their wild-type homozygotes. The
observed positive associations may suggest that the effects on
genomic instability are mediated more by influences on insuf-
ficient DNA methylation than by influences on nucleotide
synthesis [32] and thus aberrant DNA methylation may con-
tribute to tumorigenesis.

The study found that the MTHFR 1298AC genotype was
inversely associated with leukemia risk in both genders. Sig-
nificant lower risks of leukemia in females were noted in the
analyses of the single polymorphism of A1298C, and the joint
associations of A1298C and C677T. Non-statistically signifi-
cant decreased risks were observed in males for the 1298AC
genotype or combined genotypes of 1298AC with 677CC.
The protective effect of the MTHFR 1298AC genotype may
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be related to a more efficient DNA synthesis [2]. The potential
biological mechanism of the protection could involve in-
creased levels of the methyl group donor 5,10-methyleneTHF
being available for DNA synthesis, thereby reducing levels of
incorporation of the abnormal base uracil instead of thymidine
into DNA [33], and thus generating a more desirable balance
between DNA methylation and DNA synthesis.

TS binds 5,10-methyleneTHF, which serves as a methyl
group donor in the conversion of dUMP to dTMP in DNA
synthesis. This study found that individuals with the TS 2R2R
genotype experienced a significant 5.70-fold increased risk of
leukemia in males and a non-statistically significant increase
in females relative to those with the 3R3R genotype. The
findings support the underlying effect of the decreased TS
enzyme activity, which may affect the balanced supply of
deoxynucleotides required for normal DNA synthesis, partic-
ularly in rapidly proliferating cells such as hematopoietic cells
[33].

A gender difference in risks of adult leukemia with
MTHFR polymorphisms was first reported in a case-control
study in a Chinese population (no. of B-ALL cases 127, no. of
controls 182), from which a preferential protection of females
against B-ALL was reported with an OR of 0.06 (95 % CI
0.00–0.53) and an OR of 0.71 (95 % CI 0.20–2.53) in males
for 677CC and 1298AC in contrast to 677CC and 1298AA
[30]. Thus, that study also found that the associations between
MTHFR polymorphisms and leukemia risk were modulated
by gender. In the present study, we consistently observed
higher risks of adult leukemia associated with the MTHFR
677TT, 1298CC, and TS 2R2R variants in males than in fe-
males. The presence of the MTHFR C677T variant genotypes
significantly increased the risk of leukemia only in males, but
no such effect was manifested in females. The findings on the
modification of effects of MTHFR/TS polymorphisms by
gender could partly explain the male predominance in adult
leukemia incidence in Chinese [34]. Interestingly, a previous

Table 3 Associations between MTHFR/TS polymorphisms and the risk of AML and ALL

Genotype AML (n=462) ALL (n=119)

Cases/controls Univariate OR
(95 % CI)a

Adjusted OR
(95 % CI)b

Cases/controls Univariate OR
(95 % CI)a

Adjusted OR
(95 % CI)b

MTHFR C677T

CC 72/77 1.00c 1.00c 23/23 1.00c 1.00c

CT 105/107 1.12 (0.75–1.69) 1.35 (0.79–2.29) 24/25 0.96 (0.42–2.19) 0.70 (0.16–3.20)

TT 51/49 1.04 (0.61–1.77) 1.51 (0.73–3.11) 12/12 0.86 (0.29–2.54) 0.32 (0.05–1.97)

Ptrend
d 0.79 0.24 0.79 0.22

MTHFR A1298C

AA 166/157 1.00c 1.00c 44/32 1.00c 1.00c

AC 49/75 0.66 (0.43–1.01) 0.60 (0.35–1.03) 12/27 0.29 (0.12–0.73) 0.14 (0.03–0.69)

CC 14/1 NP NP 3/1 2.37 (0.24–23.81) NP

Ptrend
d 0.93 0.96 0.07 0.04

TS

3R3R 139/138 1.00c 1.00c 45/40 1.00c 1.00c

2R3R 69/86 0.84 (0.56–1.26) 0.99 (0.60–1.63) 13/19 0.53 (0.22–1.25) 0.82 (0.20–3.34)

2R2R 20/9 2.17 (0.93–5.08) 1.85 (0.66–5.20) 1/1 0.73 (0.04–12.42) NP

Ptrend
d 0.52 0.35 0.17 0.81

Sum of MTHFR/TS variant alleles

0 25/30 1.00c 1.00c 10/6 1.00c 1.00c

1 76/70 1.33 (0.72–2.45) 1.29 (0.63–2.61) 24/19 0.86 (0.21–3.52) 0.58 (0.07–5.06)

2 75/87 1.10 (0.60–2.01) 1.37 (0.68–2.80) 19/25 0.40 (0.12–1.40) 0.18 (0.02–1.60)

≥3 51/46 1.26 (0.65–2.43) 1.60 (0.73–3.51) 6/10 0.35 (0.08–1.55) 0.38 (0.04–3.18)

Ptrend
d 0.57 0.19 0.04 0.15

NP risk estimates did not provide due to small numbers
a Estimates were derived from univariate conditional logistic regression model, matched-pair conditioned on gender, birth quinquennium, and study site
b Estimates were derived from multivariate conditional logistic regression model adjusted for resident locality, education, pack-years of cigarette
smoking, alcohol consumption, tea consumption, and other polymorphisms (as described in BData analysis^)
c Reference category
d Tests for trend were performed by using quantitative variable according to the number of variant alleles
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study has shown that the influence of one-carbon metabolism
r e l ev an t g ene t i c po l ymo rph i sm on p l a sma S -
adenosylmethionine (a primary methyl donor for the methyl-
ation) concentrations varied with gender and one-carbon me-
tabolism nutrients [35]. Further studies are warranted to inves-
tigate the gender difference in risks of adult leukemia with
MTHFR polymorphisms.

It should be noted that upon stratification according to gen-
der, the associations betweenMTHFR A1298C and TS genet-
ic variations and the risks of adult leukemia were based on a
very small sample size of the homozygous variant genotypes,
as shown by their wide 95 % CIs in Table 2. Thus, interpreta-
tion of these associations should be cautious.

MTHFR/TS polymorphisms and adult leukemia risk by
subtype This study observed that the risks with MTHFR/TS
polymorphisms differed between AML and ALL. Specifical-
ly, the MTHFR C677T variant genotypes as well as a greater
number of MTHFR/TS variant alleles, appeared to increase
the risk of AML, but decrease the risk of ALL. Although

previous case-control studies on the relationships between
MTHFR C677T polymorphism and risks of ALL and AML
in adults have produced inconsistent results, the discrepancy
observed in this study is somewhat supported by previous
observational studies.

With regard to the influence of MTHFR C677T polymor-
phism on ALL susceptibility in adults, a recent meta-analysis
based on nine studies found that 677TT individuals were at an
insignificantly decreased risk of ALL (OR=0.82; 95 % CI
0.47–1.42), when compared with their counterparts with the
677CC genotype [14]. A similar result (OR=0.75; 95 % CI
0.36–1.57) has been reported in another meta-analysis con-
ducted only in Chinese populations [15]. In assessing the risk
of AML with the C677T polymorphism, a non-statistically
significant positive association was observed in Asian popu-
lations with the 677TT genotype (OR=1.12; 95 % CI 0.88–
1.42) compared with 677CC [16]. More recently, a case-
control study conducted in a Chinese population comprising
98 AML cases (both genders, aged 14–76 years) and 2016

Table 4 Associations between MTHFR/TS polymorphisms and adult leukemia risk by dietary folate intake

Genotype Folate lowa (n=471) Folate higha (n=373) Pinteraction
e

Cases/controls OR (95 % CI)b Cases/controls OR (95 % CI)b

MTHFR C677T 0.08

CC 82/81 1.00c 58/79 1.00c

CT 115/98 1.26 (0.80–1.98) 68/83 1.20 (0.71–2.02)

TT 64/31 2.26 (1.24–4.10) 36/48 1.29 (0.67–2.46)

Ptrend
d 0.01 0.42

MTHFR A1298C 0.16

AA 208/149 1.00c 104/133 1.00c

AC/CC 53/61 0.69 (0.43–1.13) 59/77 0.91 (0.55–1.49)

TS 0.03

3R3R 148/135 1.00c 114/133 1.00c

2R3R/2R2R 112/75 1.53 (1.01–2.31) 49/77 0.66 (0.41–1.06)

MTHFR/TS variant alleles 0.19

0 30/40 1.00c 17/29 1.00c

1 84/71 1.70 (0.92–3.12) 57/63 1.53 (0.73–3.19)

2 90/67 2.20 (1.19–4.06) 59/79 1.32 (0.64–2.73)

≥3 56/32 3.21 (1.60–6.43) 29/39 1.28 (0.57–2.88)

Ptrend
d <0.001 0.75

a Cutoff value for folate was 119.5 μg/1000 kcal per day using the nutrient density method, based on the medium value among the controls with blood
samples (n=420)
b Estimates were derived from multivariate unconditional logistic regression model adjusted for years of age, gender, study site, resident locality,
education, pack-years of cigarette smoking, alcohol consumption, tea consumption, other polymorphisms, and kilocalorie of daily energy intake (as
described in BData analysis^)
c Reference category
d Tests for trend were performed by using quantitative variable according to the number of variant alleles
eP for interaction was based on the likelihood ratio tests to compare multivariate conditional logistic regression models with and without product terms.
The full model included main effect variables (dietary folate intake andMTHFR/TS polymorphisms) and their product terms and plausible confounding
factors listed above (excluding matching variables)
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controls (male only, aged 20–69 years) yielded an OR of 2.25
(95 % CI 0.95–5.33) for the MTHFR 677TT versus 677CC
after adjusting for age, smoking status, and alcohol consump-
tion [36].

Caution should also be exercised when interpreting the
variation in risks between AML and ALL. First, the statistical
power to calculate the subtype-specific risk estimates was re-
duced in our study, since subtype information was unavailable
for 18% of the cases. Second, the variation may be ascribed to
differences in the genetic backgrounds of study populations,
statistical power, dietary folate and other nutrients intake, and
other potential confounding factors. For example, alcohol and
green tea may influence the associations because of their
antifolate effect [37, 38]. In our study, the multivariate analy-
ses not only controlled demographic characteristics and other
polymorphisms but also adjusted for important lifestyle and
dietary factors, such as cigarette smoking and alcohol and tea
consumption. However, most previous studies performed ei-
ther univariate analyses [39–41] or adjusted for relatively few
confounders such as age and gender [30, 31, 42]. Despite
these concerns, it is possible that gene-disease associations
may vary by leukemia subtype, since it has been suggested
that a difference in folate requirements or susceptibility to
chromosomal damage may exist between myeloid and lym-
phoid cells [2, 43].

Interaction between MTHFR/TS polymorphisms and die-
tary folate intake on leukemia susceptibilityWe previously
reported that higher dietary folate intake was inversely asso-
ciated with adult leukemia risk [7]. This study is the first report
so far to examine the risks of adult leukemia with polymor-
phisms of folate pathway genes in conjunction with dietary
folate intake. Most notably, we found that low dietary folate
intake appeared to exacerbate the deleterious effect of TS
2R3R/2R2R on leukemia susceptibility. Our observation is
biologically plausible, since folate deficiency has been shown
to depress thymidylate synthesis, which increases the
misincorporation of uracil and increases the frequency of
chromosome breaks in human leukocytes [6] and bone mar-
row cells [44]. Simultaneous suppression of thymidylate syn-
thesis due to impaired TS enzyme activity may further in-
crease these lesions.

This study found a trend toward the 677TT genotype that
significantly elevated the risk of adult leukemia only in indi-
viduals with low dietary folate intake. Although the test of
interaction was not statistically significant in our analysis,
the MTHFR C677T polymorphism is likely to modulate leu-
kemia susceptibility depending on folate intake. Existing ev-
idence has shown that only the 677TT individuals with low
plasma folate levels account for the diminished genomic DNA
methylation in peripheral blood mononuclear cells [32]. The
pattern of interaction between dietary folate intake and

MTHFR C677T on leukemia susceptibility, as observed in
the present study, is similar to breast carcinogenesis and other
solid tumors [45–47], i.e., the highest risk was found among
677TT individuals with low dietary folate intake. No indica-
tion of effect modification by the A1298C polymorphism was
apparent in the study.

In summary, this study suggests that the MTHFR C677T,
A1298C, and TS homozygous variants significantly increase
the risk of leukemia in male adults. The MTHFR 1298AC
genotype was associated with lower risks of adult leukemia
in both genders and in subtypes of AML and ALL. Our data
add support to the literature that disparities in risks with
MTHFR/TS polymorphisms may exist between males and
females, between AML and ALL. This study provides the first
evidence that the associations between MTHFR/TS polymor-
phisms and adult leukemia risk may depend on dietary folate
intake. The study of gene-diet interaction may be of impor-
tance in pointing to the etiology of adult leukemia, targeting
susceptible populations, as well as guiding an effective dietary
modification strategy against the disease.
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