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Abstract Chronic myelogenous leukemia (CML) is a com-
plex disease with a genetic basis. The genetic association
studies (GASs) that have investigated the association between
adult CML and 5,10-methylenetetrahydrofolate reductase
(MTHFR) C677Tand A1298C polymorphisms have produced
contradictory and inconclusive results. The aim of this meta-
analysis is to provide a relatively comprehensive assessment
of the association of these polymorphisms with adult CML
risk. A literature search for eligible GAS published before
September 15, 2013 was conducted in PubMed, Embase,
Web of Science, Cochrane Library, and China National
Knowledge Infrastructure (CNKI) databases. Pooled odds
ratios (ORs) with their corresponding 95 % confidence inter-
vals (95 % ClIs) were used to evaluate the strength of the
association under a fixed or random effect model according
to heterogeneity test results. All analyses were performed
using the Stata software, version 12.0. Twelve case-control
studies were included in this meta-analysis with a total of 932
CML patients and 3,465 healthy controls. For MTHFR C677T
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(dbSNP: 151801133, C>T), though the pooled ORs were not
significant in the overall population, all the ORs greater than 1
suggested an increased risk of CML for carriers of the risk
allele. However, stratified analysis based on genotyping meth-
od revealed a significant association in the PCR-restriction
fragment length polymorphism (RFLP) subgroup, possibly as
a result of heterogeneity. For MTHFR A1298C (dbSNP:
rs1801131, A>C), the combined results showed that carriers
ofthe C allele may be associated with a decreased risk of adult
CML. Stratified analysis showed that the magnitude of this
effect was especially significant among Asians, indicating
ethnicity differences in adult CML susceptibility. This meta-
analysis shows that the C allele of MTHFR A1298C may be
associated with a decreased risk in adult CML, especially
among Asians, while MTHFR C677T may not be associated
with adult CML risk. However, the development of adult
CML may be the result of gene-gene and gene-environment
interactions, which should be considered in future individual
GAS and subsequent meta-analyses.

Keywords MTHFR - Chronic myelogenous leukemia -
Polymorphisms - Meta-analysis

Introduction

Leukemias, as a group, are cancers that develop from hema-
topoietic cell lines [1]. Genetic translocations, inversions, or
deletions in hematopoietic cells disrupt the normal function of
the genes at these locations, altering normal blood cell devel-
opment [2]. As a result, dysfunctional or non-differentiated
leukemic cells accumulate in the bone marrow and progres-
sively replace normal hematopoietic cells [3]. Leukemias can
be either acute or chronic and can arise from myeloid or
lymphoid cell lines [4, 5]. Chronic myelogenous leukemia
(CML), one of the major forms of leukemias, is a clonal,

@ Springer



4234

Tumor Biol. (2014) 35:4233-4245

myeloproliferative disease characterized by the accumulation
of myeloid precursors in the bone marrow, blood, and body
tissues [6]. It is a relatively rare disease worldwide, accounting
for approximately 14 % of all leukemias [7]. Although the
clinical and biological aspects of CML are well documented,
little is known about the factors that condition an individual’s
susceptibility to CML. Since leukemias are derived from
rapidly proliferating tissues that have the greatest requirement
for DNA synthesis, it is thought that CML are likely to be
affected by the metabolic fate of folic acid [8]. Folic acid
metabolism plays an essential role in DNA synthesis and
methylation processes, which are associated with CML, and
5,10-methylenetetrahydrofolate reductase (MTHFR) is a cen-
tral component of the human folic acid metabolic pathway as
shown in Fig. 1 [9]. Folate deficiency has been associated with
hypomethylation and uracil misincorporation into DNA dur-
ing replication, increasing the risk of chromosomal aberra-
tions and presumably facilitating the onset of oncogenic pro-
cesses [10]. Folate metabolism requires the optimal activity of
various enzymes [11]. MTHFR is one of the most important
enzymes of the folate cycle and affects both nucleotide syn-
thesis and methylation reactions [12]. It catalyzes the reduc-
tion of 5,10-methylenetetrahydrofolate (5,10-methyleneTHF)
to 5,10-methyltetrahydrofolate (5,10-methylTHF), which is
the predominant circulatory form of folate and carbon donor
for the remethylation of homocysteine to methionine [13]. The
enhanced availability of 5,10-methyleneTHF may play a pro-
tective role in the onset of CML by reducing the
misincorporation of uracil into DNA, which might otherwise
result in double-strand breaks during uracil excision repair
processes [ 14, 15]. This protective effect might be due to more
efficient DNA synthesis and repair, since excessive 5,10-
methyleneTHF levels are used in the conversion of uracil to
thymine and for purine synthesis.

The MTHFR gene, which encodes MTHFR enzyme, is
located on the short arm of chromosome 1 at position 36.3

SAH
/ Homocysteine
DNA 5-methylTHF
methylation «—SAM
Methionine B12
Folic acid DHF THF 5, 10-methyleneTHF

Purines\ /
10-formylTHF

dUuMP
thymidylate
synthetase

DNA synthesis ¢—————dTMP

Fig. 1 Overview of the human folic acid metabolic pathway and the role
of MTHFR
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[16]. Two common polymorphisms have been described in the
MTHFR gene which are single nucleotide substitutions
resulting in amino acid changes: (1) C677T (exon 4 at codon
222), which is a C to T substitution at position 677 resulting in
an alanine to valine substitution, and (2) A1298C (exon 7 at
codon 429), which causes a glutamate to alanine (A to C)
substitution [17]. Both of these polymorphisms have been
found to result in decreased MTHFR enzyme activity, leading
to increased homocysteine levels and, thus, to an imbalance in
plasma folate concentration [18]. To date, several genetic
association studies (GASs) have been carried out to investigate
the role of MTHFR C677T and A1298C in the development of
CML among various populations. However, these studies have
produced contradicted and inconclusive results, partly because
they had limited sample sizes and insufficient statistical power
to demonstrate a significant association. In addition, these
studies included different populations and sampling strategies,
making their results difficult to interpret. Hence, we performed
a meta-analysis to derive a relatively comprehensive assess-
ment of the relationship between the MTHFR C677T and
A1298C polymorphisms and the risk of adult CML. To eval-
uate this association, we analyzed the pooled data from all
available GAS relating the MTHFR C677T and A1298C var-
iants with adult CML risk.

Materials and methods
Identification and eligibility of relevant studies

A literature search for GAS that investigated the association
between the MTHFR C677T or A1298C genetic variants and
the risk of adult CML published before September 15, 2013
was conducted in the following electronic databases: PubMed,
Embase, Web of Science, Cochrane Library, and China Na-
tional Knowledge Infrastructure (CNKI) databases. The fol-
lowing combined MeSH terms were used: (“methylenetetra-
hydrofolate reductase” or “MTHFR”) and (“‘chronic myelog-
enous leukemia” or “CML”) and (“‘genetic polymorphism” or
“SNP”). The search was done without limitations on language
but only included those studies that were conducted on human
subjects. All references in eligible articles were extensively
reviewed to identify additional published articles.

To be included in the analysis, candidate studies had to
meet the following criteria: (1) case-control study focused on
the relationship between MTHFR C677T or A1298C and adult
CML risk, (2) all patients who met the diagnostic criteria for
CML, and (3) included sufficient original data for calculating
odds ratios (ORs) with corresponding 95 % confidence inter-
vals (95 % ClIs). The major reasons for excluding studies were
as follows: (1) not case-control study, (2) duplicate publica-
tions, and (3) no available data reported. For multiple studies
using overlapping cases or controls, the study with the largest
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sample size was included in the meta-analysis. This meta-
analysis was conducted according to the Preferred Reporting
Items for Systematic Reviews and Meta-analyses (PRISMA)
guidance with slight modification to be more suitable for this
study and did not require ethics board approval [19].

Data extraction

According to the PRISMA guidance, two independent re-
viewers checked each full-text report for eligibility and ex-
tracted and tabulated the following data from eligible studies:
surname of first author, year of publication, country of origin,
ethnicity, definition and numbers of cases and controls, age,
sex ratio, genotyping method, allele and genotype frequency,
and Hardy-Weinberg equilibrium (HWE) status in controls.
Disagreements were solved by discussion between all authors
until consensus was reached. For data not provided in table
form or in the main text, required information was obtained by
contacting corresponding authors when possible.

Quality assessment

Strengthening the reporting of genetic association studies
(STREGA) quality score system and the Newcastle-Ottawa
Scale (NOS) criteria were used to assess the qualities of all
included studies [20, 21]. The STREGA system includes 22
assessment items related to quality appraisal with scores

ranging from 0 to 22. The included studies were classified
into three levels based on their scores: low quality (0-12),
moderate to high quality (13—17), and high quality (18-22).
The NOS criteria use a “star” rating system to judge method-
ological quality based on three aspects of a study: selection,
comparability, and exposure. Scores range from 0 star (worst)
to 9 stars (best), with scores of 5 or higher indicating a moderate
to high methodological quality. Two authors independently
assessed the quality of included studies. Discrepancies over
quality scores were solved by discussion with all authors and
subsequent consensus.

Statistical analysis

Taking into consideration the possible between-study hetero-
geneity, a statistical test for heterogeneity was conducted
using Cochran’s Q statistic [22]. Heterogeneity was also
assessed with the 2 metric, which calculates values between
0 and 100 % with higher values denoting a greater degree of
heterogeneity [23]. When no heterogeneity was found with
P>0.05 or I><50 %, a fixed effect model was used to estimate
the pooled ORs with their corresponding 95 % ClIs under five
genetic models: the allele model, the dominant model, the
recessive model, the homozygous model, and the heterozy-
gous model. Otherwise, a random effects model was applied.
The significance of the pooled ORs was determined using the
Z test. Genotype distributions in the controls were tested for
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Fig. 2 Flow diagram of the selection of studies and specific reasons for exclusion from the present meta-analysis
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conforming to HWE using the chi-square test. Subgroup
analyses were performed to explain heterogeneity and to
investigate whether overall reported associations were present
in subgroups based on ethnicity (Caucasians, Asians, and
mixed) or genotyping method (PCR-restriction fragment
length polymorphism (RFLP) and non-PCR-RFLP), where
applicable. Univariate and multivariate meta-regression anal-
yses were also performed to identify variables that could
possibly explain sources of heterogeneity [24]. Sensitivity
analyses were conducted by omitting individual studies in
turn to reflect the influence of individual datasets on the
pooled results [25]. Begg’s funnel plot and Egger’s linear
regression test were used to assess the potential for publication
bias [26, 27]. All two-tailed P < 0.05 were considered statis-
tically significant. All analyses were performed using the
Stata software, version 12.0 (Stata Corp, College Station,
TX, USA).

Results
Baseline characteristics of included studies

A total of 169 relevant papers were identified using the pre-
specified search strategy. In accordance with the inclusion
criteria, 12 case-control studies [28-38], with 12 on MTHFR
C677T and 8 on MTHFR A1298C, were included in this meta-
analysis. Figure 2 presents a flow chart of retrieved and
excluded studies with their reasons for exclusion. A total of
4,397 subjects were involved in this meta-analysis, including
932 CML patients and 3,465 healthy controls. Studies were
conducted in various populations of different ethnicities, with
six on Asian, five on Caucasian, and one on mixed popula-
tions. The publication years of included studies ranged from
2003 to 2012. The distribution of genotypes in the controls
was consistent with HWE in all studies (all P > 0.05). The
quality scores of all the included studies were moderate to
high, with STREGA scores higher than 13 and NOS stars
more than 5. The characteristics and methodological quality of
the included studies are summarized in Table 1.

Association between the MTHFR C677T polymorphism
and adult CML risk

An evaluation of the association between the MTHFR C677T
(dbSNP: rs1801133, C > T) polymorphism and adult CML
risk is summarized in Table 2. Twelve case-control studies
investigated the relationship between C677T and adult CML
risk with a total of 932 CML patients and 3,465 healthy
controls. The overall analysis of the association between the
677T allele and the risk of CML compared to the 677C allele
revealed a nonsignificant association (P = 0.464) and signifi-
cant heterogeneity (P = 0.035) under the allele model,
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Table 1 Main characteristics and methodological quality of all eligible studies

OS
star

N

STREGA

score

Mutation site

Genotyping
method

Male (%)

No. of controls, age

No. of cases, age
(years) (years)

Country  Ethnicity

Year

First author

(case/control)

C677T 18/22 7/9

47,30 PCR-MCA

161, mean 39.0 (SD, 11.4)

200, mean 34.0

Turkey Caucasian 131, mean 45.9 (SD, 15.7)
40, mean 50.0

2003

Deligezer [29]
Hur [30]

6/9

16/22

C677T, A1298C
C677T, A1298C
C677T, A1298C
Co677T, A1298C
C677T, A1298C

Multiplex PCR
TagMan

68, 64
65, 45

Asian

Korea

2006
2007
2008

8/9
7/9

19/22
17/22
15/22
19/22

434, mean 47.3 (SD, 15.3)

100, mean 29.0

170, NA

115, mean 43.8 (SD, 14.7)

67, mean 44.0
149, NA

Asian

Korea

Moon [37]

PCR-RFLP
PCR-RFLP

55,53

Barbosa [28] Brazil Caucasian

Ismail [32]
Kim [35]

6/9

NA, NA

Jordan Asian

2009
2009

8/9

Real-time PCR

1700, mean 52.2 63, 48

152, mean 50.4 (SD, 17.1)

Asian

Korea

(SD, 14.3)
97, mean 44.8 (SD, 18.6)

26, NA

7/9

18/22
14/22
16/22
17/22
15/22
1522

C677T, A1298C

C677T
C677T
C677T

PCR-RFLP
PCR-RFLP
PCR-RFLP
PCR-RFLP
PCR-RFLP
PCR-RFLP

54, 48

38, mean 45.9 (SD, 14.7)

43, NA

Asian

Iran

2010

Vahid [38]

5/9

NA, NA

Caucasian

Serbia
India

2011

Jankovic [34]
Hussain [31]

6/9
7/9
6/9

NA, NA

251, mean 41.5 (SD, 11.7)
53, range (23, 63)

155, NA
118, NA

43, mean 39.5 (SD, 19.5)

52, range (28, 73)

41,NA
64, NA

Asian

2012

54,57

Caucasian

Serbia
Brazil

2012

Jakovljevic [33]
Lordelo [36]
Lordelo [36]

C677T, A1298C
C677T, A1298C

49,53

Caucasian
Mixed

2012

6/9

49,53

Brazil

2012

NA not available, SD standard deviate, PCR polymerase chain reaction, MCA melting curve analysis, RFLP restriction fragment length polymorphism, STREGA strengthening the reporting of genetic

association studies, NOS Newcastle-Ottawa scale
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indicating a lack of sufficient evidence for this association. In
a subgroup analysis based on ethnicity, no significant results
were observed for the Asian and Caucasian subgroups under
the major genetic models (Fig. 3a). A marginally significant

association was shown for mixed populations under the ho-
mozygous model (TT vs. CC: OR=3.73,95 % CI 1.02-13.68,
P=0.047), but this result may lack a statistical power due to a
small sample size since only one study was included in this

Fig.3 Forest plots of ORs for the A

association between the MTHFR Included studies OR (95% Cl)  Weight %

C677T polymorphism and .

susceptibility to adult CML in Caucasian !

subgroup analysis based on Deligezer U (2003) - - 0.77 (0.54, 1.11) 12.33

ethnicity (a) and genotyping Barbosa CG (2008) — 0.87 (0.49, 1.54) 4.68

method (b) under the allele model Jankovic RN (2011) s - 0.66 (0.33, 1.33) 3.51
Jakovljevic K (2012) ¢ - 0.75(0.43,1.31) 5.34
Lordelo GS (2012) * 1.35 (0.82, 2.25) 4.58
Subtotal (P =4.7%, P =0.380) L 0.86 (0.69, 1.07) 30.44
Asian '
Hur M (2006) — 1.23(0.76, 1.99) 5.42
Moon HW (2007) - 0.95 (0.71, 1.28) 16.81
Ismail SI (2009) | —— 1.61 (1.14,2.26) 9.54
Kim HN (2009) ——— 0.92 (0.72,1.17) 25.98
Vahid P (2010) o- 0.95 (0.51, 1.80) 3.61
Hussain SR (2012) 1.79 (1.04, 3.06) 3.23
Subtotal (P =55.9%, P=0.045) < 1.10 (0.95, 1.27) 64.60
Mixed
Lordelo GS (2012) 1.46 (0.90, 2.36) 4.97

Overall (F =47.3%, P=0.035)

1.04 (0.93, 1.17) 100.00

0.326 3.06
B
Included studies OR (95% CI)  Weight %
Non-PCR-RFLP '
Deligezer U (2003) —_— 0.77 (0.54, 1.11) 12.33
Hur M (2006) - 1.23(0.76,1.99) 5.42
Moon HW (2007) ——— 0.95 (0.71,1.28) 16.81
Kim HN (2009) —] 0.92 (0.72,1.17) 25.98
Subtotal (£ =0.0%, P=0.517) <:} 0.93 (0.79, 1.08) 60.54
PCR-RFLP
Barbosa CG (2008) —* 0.87 (0.49, 1.54) 4.68
Ismail SI (2009) B a— 1.61 (1.14,2.26) 9.54
Vahid P (2010) = 0.95 (0.51,1.80) 3.61
Jankovic RN (2011) . : 0.66 (0.33,1.33) 3.51
Hussain SR (2012) o 1.79 (1.04, 3.06) 3.23
Jakovijevic K (2012) . ; 0.75(0.43,1.31) 5.34
Lordelo GS (2012) — 1.35 (0.82, 2.25) 4.58
Lordelo GS (2012) . N 1.46 (0.90, 2.36) 4.97
Subtotal (P =46.1%, P=0.072) : 1.23(1.03, 1.47) 39.46
Overall (F = 47.3%, P = 0.035) <i’> 1.04 (0.93,1.17) 100.00
T * T
0.326 1 3.06
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subgroup. A stratified analysis based on genotyping method
revealed a significant association in the PCR-RFLP subgroup
(T allele vs. C allele: OR = 1.23, 95 % CI 1.03-1.47,
P=10.025; TT vs. CC + CT: OR = 1.68, 95 % CI 1.12-2.50,
P =0.011; TT vs. CC: OR = 1.74, 95 % CI 1.15-2.64,
P =0.009; TT vs. CT: OR = 1.61, 95 % CI 1.05-2.46,
P=10.027) (Fig. 3b), which may be a result of heterogeneity.

Fig. 4 Forest plots of ORs for the
association between the MTHFR
A1298C polymorphism and
susceptibility to adult CML in
subgroup analysis based on
ethnicity (a) and genotyping
method (b) under the allele model

Included studies

Asian

Association between the MTHFR A1298C polymorphism

and adult CML risk

A summary of findings on the relationship between the
MTHFR A1298C (dbSNP: rs1801131, A>C) polymorphism
and susceptibility to adult CML is also provided in Table 2.
Data from eight case-control studies, in total, comprised of

A

Hur M (2006)
Moon HW (2007)
Ismail SI (2009)
Kim HN (2009)
Vahid P (2010)
Subtotal (/2 =0.0%, P = 0.656)

Caucasian
Barbosa CG (2008)
Lordelo GS (2012)

———
]

——
———

<>

Subtotal (P = 27.0%, P = 0.242)

Mixed
Lordelo GS (2012)

Overall (P =0.0%, P = 0.450)

-

 —

OR (95% Cl)  Weight %

0.55 (0.28, 1.08) 6.86
0.67 (0.47, 0.97) 17.36
0.76 (0.55, 1.06) 21.68
0.89 (0.66, 1.20) 23.60
0.74 (0.43, 1.26) 8.03

( )

0.76 (0.64, 0.90) 77.52

0.96 (0.56, 1.64) 7.27
0.59 (0.32, 1.09) 7.70
0.77 (0.52, 1.15) 14.97

1.22 (0.74, 2.00) 7.51

0.80 (0.69, 0.93) 100.00

T
0.279

Included studies

Non-PCR-RFLP

—_

o

Hur M (2006)
Moon HW (2007)
Kim HN (2009)
Subtotal (2 =17.3%, P =0.298)

PCR-RFLP
Barbosa CG (2008)
Ismail SI (2009)

oy

Vahid P (2010)
Lordelo GS (2012)

Lordelo GS (2012)
Subtotal (P = 3.5%, P=0.387)

Overall (F =0.0%, P = 0.450)

*

T
3.59

OR (95% CI)  Weight %

0.55 (0.28, 1.08) 6.86
0.67 (0.47,0.97) 17.36
0.89 (0.66, 1.20) 23.60
0.76 (0.62, 0.95) 47.81

0.96 (0.56, 1.64) 7.27
0.76 (0.55, 1.06) 21.68
0.74 (0.43, 1.26) 8.03
0.59 (0.32, 1.09) 7.70
1.22 (0.74,2.00) 7.51
0.83 (0.67, 1.02) 52.19

0.80 (0.69, 0.93) 100.00

0.279

10

3.59
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663 adult CML cases and 2,974 healthy controls, were pooled
together for analysis. The fixed effects model was conducted
since no heterogeneity obviously existed (all P>0.05 and
<50 % under five genetic models). The combined results
showed that carriers of the C allele may be associated with a
decreased risk of CML (C allele vs. A allele: OR = 0.80, 95 %
C10.69-0.93, P=0.003; AC +CC vs. AA: OR=10.79,95 %
CI10.65-0.95, P=0.011; CC vs. AA+ AC: OR =0.64, 95 %
CI 0.44-0.94, P = 0.023; CC vs. AA: OR = 0.60, 95 % CI
0.40-0.89, P = 0.012). Stratified analysis showed that the
magnitude of the effect was especially significant among
Asians (C allele vs. A allele: OR=0.80, 95 % CI 0.69-0.93,
P=0.003; AC + CC vs. AA: OR=0.79, 95 % CI 0.65-0.95,
P=0.011; CC vs. AA + AC: OR=0.64, 95 % CI 0.44-0.94,
P =0.023; CC vs. AA: OR=0.60, 95 % CI 0.40-0.89,
P=0.012) (Fig. 4a), indicating ethnicity differences for adult
CML risk. A significant association was also detected in the non-
PCR-RFLP subgroup under two major genetic models (C allele
vs. A allele: OR =0.76, 95 % C1 0.62-0.95, P=0.015; AC+ CC
vs. AA: OR = 0.75, 95 % CI1 0.58-0.97, P= 0.026) (Fig. 4b).

Univariate and multivariate meta-regressions

Potential sources of between-study heterogeneity were also
investigated using univariate and multivariate meta-
regressions. Table 3 shows the influence of publication year,
ethnicity, genotyping method, and quality score on the
between-study effect size in meta-regression. For MTHFR
C677T, results of meta-regression analysis revealed that pub-
lication year (P = 0.756), ethnicity (P = 0.267), STREGA

score (P = 0.463), and NOS star (P = 0.760) did not signifi-
cantly explain between-study heterogeneity under multivari-
ate regression. By contrast, genotyping method (P = 0.033)
was significantly correlated with the magnitude of the genetic
effect, explaining more than 16 % of the heterogeneity. Re-
garding the variant A1298C, ethnicity was indicated as the
major source of between-study heterogeneity (P = 0.032),
which confirmed the ethnicity difference for adult CML
susceptibility.

Sensitivity analyses and publication bias

Sensitivity analyses of both MTHFR C677T and A1298C
indicated that no single study significantly influenced the
pooled ORs, suggesting that the results of this meta-analysis
are stable (Fig. 5). Begg’s funnel plots and Egger’s linear
regression test were used to assess the potential publication
bias of included studies under the allele model. The shapes of
the funnel plots did not reveal any evidence of obvious asym-
metry (Fig. 6). In addition, we did not find any evidence of
publication bias from Egger’s linear regression test (MTHFR
C677T: t = —0.16, P = 0.879; MTHFR A1298C: t = —0.25,
P =0.809). The above tests indicated a promising level of
robustness and accuracy for the results of this meta-analysis.

Discussion

The role of folate in cancer is probably due to defects in
different, but related, branches of folate metabolism, including

Table 3 Univariate and multivariate meta-analyses of potential source of heterogeneity

Heterogeneity factors C677T

A1298C

Coefficient (95 % CI) SE Z

P Coefficient (95 % CI) SE Z P

Publication year

Univariate 0.042 (0.016, 0.100) 0.030 1.42

Multivariate —0.012 (—0.088, 0.064) 0.039 -0.31
Ethnicity

Univariate 0.181 (—0.134, 0.496) 0.161 1.13

Multivariate 0.228 (—0.174, 0.630) 0.205 1.11
Genotyping method

Univariate —0.099 (-0.168,—-0.031) 0.035 —2.85

Multivariate —0.161 (-0.310,-0.013) 0.076 -2.13
STREGA score

Univariate 0.266 (—0.009, 0.540) 0.140 1.90

Multivariate —0.140 (-0.514, 0.234) 0.191 -0.73
NOS star

Univariate 0.092 (—0.456, 0.640) 0.279 0.33

Multivariate 0.099 (—0.536, 0.733) 0.324 0.30

0.155 0.058 (—0.035, 0.150) 0.047 1.22 0.223
0.756 0.013 (—0.138, 0.164) 0.077 0.17 0.869
0.260 0.275 (0.005, 0.545) 0.138 1.99 0.046
0.267 0.276 (0.023, 0.528) 0.129 2.14 0.032
0.004 0.075 (=0.227, 0.378) 0.154 0.49 0.625
0.033 0.304 (-0.418, 1.025) 0.368 0.82 0.410
0.058 —0.003 (—0.086, 0.081) 0.043 —0.06 0.949
0.463 —0.194 (=0.738, 0.349) 0.277 —0.70 0.484
0.742 0.010 (—0.155, 0.174) 0.084 0.11 0.910
0.760 0.530 (0.547, 1.607) 0.549 0.96 0.335

STREGA strengthening the reporting of genetic association studies, NOS Newcastle-Ottawa scale, SE standard error, 95 % CI95 % confidence interval
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Fig.5 Sensitivity analysis of the association between the MTHFR C677T
under the allele model

the defective cell division caused by a shortage of thymidine for
DNA synthesis and a shortage of methyl groups for DNA
methylation [39, 40]. Folic acid metabolism plays an important
role in CML, and the MTHFR gene is central in this process
(Fig. 1). Common polymorphisms in the MTHFR gene have
been identified as resulting in reduced MTHFR activity that

0.80 0.93 0.97

(a) and MTHFR A1298C (b) polymorphisms and susceptibility to adult CML

decreases the pool of 5,10-methyl THF and increases the pool of
5,10-methyleneTHF. On the one hand, impaired MTHFR ac-
tivity, because of polymorphic variation, reduces the amount of
5,10-methylTHF available for the methylation of homocysteine
to methionine. On the other hand, the enhanced availability of
5,10-methyleneTHF may play a protective role in the onset of
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Fig. 6 Begg’s funnel plots of publication bias for the association between the MTHFR C677T (a) and MTHFR A1298C (b) polymorphisms and

susceptibility to adult CML under the allele model

CML by reducing the misincorporation of uracil into DNA,
which might otherwise result in double-strand breaks during
uracil excision repair processes [14, 15].

The MTHFR C677T and A1298C polymorphisms have
been the focus of many investigations of genetic variation in
the folate metabolic pathway. However, results are inconsis-
tent, with some studies reporting protective effects for 677T
allele and 1298C allele [30, 31, 36] and others, yielding a lack
of or contrary evidence of this effect [32, 37]. Hur et al. first
reported a significant association between the A1298C poly-
morphism in MTHFR and a decreased risk of CML in the
Korean population [30], and Hussain et al. found similar
effects for C677T on adult CML risk in the North Indian
population [31]. In addition, Lordelo et al. conducted a Bra-
zilian case-control study analyzing the connection between
the MTHFR C677T and A1298C polymorphisms and CML

@ Springer

risk [36]. They found the two loci to be associated with CML.
However, other studies have obtained conflicting results. Is-
mail et al. and Moon et al. studied the association between the
different genotypes of MTHFR C677T and A1298C and the
risk of CML [32, 37]. Both of their results showed an in-
creased risk of CML for carriers of 677T and 1298C alleles.
Other GAS failed to find strong evidence for the influence of
these MTHFR variants on adult CML [28, 29, 33-35, 38].
There are several possible reasons for these inconsistencies,
one of which relates to the small case population of most
previous studies. In addition, it is probable that the complexity
of the folate metabolic pathway may be important as MTHFR
is only one of more than 30 enzymes involved in the pathway.

Meta-analysis has the advantage of synthesizing data from
published GAS to provide a greater statistical power for detect-
ing significant associations than an individual GAS, especially
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in the absence of large heterogeneity between studies [41]. A
large number of meta-analyses have been conducted to investi-
gate the association between the MTHFR gene and various kind
of carcinomas, including prostate cancer [42, 43], lung cancer
[44], gastric cancer [45, 46], breast cancer [47], ovarian cancer
[48], cervical cancer [49, 50], and colorectal cancer [51]. In
addition, several recent meta-analyses have investigated the
association between the MTHFR gene and acute lymphoblastic
leukemia (ALL), most of which concluded that both adults and
children with the variant forms of MTHFR C677T and A1298C
have a decreased risk of acute lymphoid leukemias [52-55]. To
the best of our knowledge, our study is the first meta-analysis to
describe the associations of the MTHFR genetic polymorphisms
with adult CML risk. This systematic review provides a more
comprehensive summary of the currently available evidence on
the associations between the MTHFR C677T and A1298C
polymorphisms and the risk of adult CML. In this meta-
analysis, MTHFR A1298C was found to be associated with
decreased adult CML susceptibility in the overall population,
whereas the association between MTHFR C677T and adult
CML risk was not significant. The lack of significant associa-
tion between the MTHFR C677T variants and adult CML may
be due to other unidentified functional variants that exist in the
folate pathway and the MTHFR gene and thus influence sus-
ceptibility to CML.

In a meta-analysis, heterogeneity evaluation is always con-
ducted. Thus, subgroup analyses based on ethnicity and
genotyping method, as well as meta-regressions, were applied
to find potential sources of between-study heterogeneity. In
the stratified analysis by ethnicity, significant associations
were found in Asian populations for MTHFR A1298C. How-
ever, few significant results were detected for MTHFR C677T.
The subgroup analysis based on genotyping method indicated
a significant association in the PCR-RFLP subgroup for
MTHFR C677T, but not in the PCR-RFLP subgroup for
MTHFR A1298C. There are several possible reasons for such
differences. First, the distribution of the risk allele or genotype
may vary between ethnicities. In addition, clinical heteroge-
neity such as age, sex ratio, BMI, years from onset, and
disease severity may also explain discrepancies. Moreover,
such different results could also be explained by study design
or sample size. Results of meta-regression analyses further
confirmed the sources of heterogeneity for both variants,
revealing that genotyping method could explain more than
16 % of the heterogeneity for MTHFR C677T, and ethnicity
might be the major source of between-study heterogeneity.

In interpreting the results of this meta-analysis, some spe-
cific issues need to be addressed. First, only published studies
were included, and as a result, publication bias may have
occurred, though not shown by statistical analysis. Second,
as with other complex traits, adult CML risk may be modu-
lated by other genetic markers besides MTHFR genes. Thus,
fully elucidating the pathogenesis of CML would demand an

investigation into the association and combined interaction of
many gene variants with adult CML risk. Third, the included
studies only focused on the Asian and Caucasian populations.
Thus, further studies on a wider spectrum of subjects should
be carried to investigate the role of these variants in different
ethnicities. Last, this meta-analysis was based on unadjusted
ORs and possible effect modifiers, such as demographics and
other clinical characteristics, may influence the estimates of
associations. The calculation of adjusted pooled ORs may
provide more insight into the associations. Unfortunately,
individual GAS did not provide uniform adjusted risk esti-
mates. Thus, further well-designed GAS need to focus on
exploring sources of heterogeneity. Despite these limitations,
our study is the first comprehensive meta-analysis of all
eligible studies on the associations between the MTHFR
C677T and A1298C polymorphisms and adult CML risk.

In summary, the current meta-analysis indicates that the C
allele of MTHFR A1298C may be associated with a decreased
risk of adult CML, especially among Asians, while MTHFR
C677T may not be associated with adult CML risk. Thus,
MTHFR A1298C can probably be used with other genetic
markers together to identify individuals at high risk for adult
CML. However, due to the limitations of this study, these
results should be interpreted with caution and still require
future large-scale studies to confirm their accuracy. Moreover,
considering that CML is a complex disease with a multifac-
torial etiology, the development of adult CML might be asso-
ciated with gene-gene and gene-environment interactions,
whose effects should be considered in future GAS and subse-
quent meta-analyses that may provide more conclusive evi-
dence regarding the genetic susceptibility to adult CML.
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