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MTHFR gene polymorphism in acute lymphoblastic
leukemia among North Indian children: a case–control
study and meta-analysis updated from 2011

Nirmalya Roy Moulik1, Farah Parveen2, Archana Kumar1, Shally Awasthi3 and Suraksha Agrawal2

Studies on the association of methylenetetrahydrofolate reductase (MTHFR) genotype in childhood acute lymphoblastic

leukemia (ALL) have yielded conflicting results. The present study examines this association in north Indian children with ALL

and includes an updated meta-analysis. MTHFR (677 and 1298) genotype of children with ALL and healthy adult controls were

done by the PCR–restriction fragment length polymorphism (PCR-RFLP) method and were compared using various models of

inheritance. A total of 150 patients and 300 controls were included. The 677T allele was found protective (odds ratio (OR)

0.21, 95% confidence interval (CI) 0.04–0.94), whereas 1298C allele led to an increase in risk (OR 4.44, 95% CI 2.19–8.99)

of childhood ALL. Meta-analysis included 31 and 27 studies examining the association of 677 and 1298 genotypes,

respectively. The 677 C-T polymorphism was protective (OR 0.90, 95% CI 0.82–0.99). Protection was more pronounced in

folate-sufficient populations as compared with those not covered by folate fortification guidelines. The 1298A-C polymorphism

was associated with a marginal increase in risk (OR 1.19, 95% CI 1.01–1.40).
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INTRODUCTION

Acute lymphoblastic leukemia (ALL) is the most common childhood
malignancy seen all over the world.1 The etiopathogenesis of ALL is
partly because of genetic susceptibility and partly because of
environmental factors.2 Many genes including that of the folate
metabolism have been studied as probable risk modifiers for
pediatric ALL. Methylenetetrahydrofolate reductase (MTHFR) gene
has been the most frequently studied gene in this context with
variable results.3 Interethnic variation of susceptibility, dietary folate
availability, genotyping errors as well as lack of adequate power of the
individual studies because of small number of subjects may be
responsible for the contradictory results.3,4 These factors in varying
combinations might have yielded different answers to the same
question. To circumvent the problem of underpowered studies,
many meta-analyses were performed using case–control studies.
The MTHFR enzyme leads to the formation of 5-MTHF (5-methyl

tetrahydroxyfolate), the circulating form of folic acid, and a methyl
donor for the conversion of homocysteine to methionine. Poly-
morphisms in the MTHFR gene lead to alteration in the enzyme’s
activity by altering its thermal stability or affinity toward its
coenzyme, thereby reducing production of 5-MTHF.5 This decrease
in the enzyme activity may alter folate metabolism leading to
alteration in DNA formation and stability that in turn may alter
the risk of malignancy. Numerous studies have been conducted to

investigate the association between MTHFR polymorphisms and
various types of solid and hematological cancers in both adults and
children.
Most of the case–control studies have revealed a protective role of

677T allele and no effect of 1298C allele on the development of
childhood ALL. In the present study we examined the association
between MTHFR polymorphism (at 677 and 1298 loci) and pediatric
ALL in a case–control study and also performed a meta-analysis
including the present as well as previous studies from India and
around the world in order to present the latest and most updated
evidence to assess the risk modification of childhood ALL by MTHFR
genotypes. This is the largest case–control study from India and the
first from this part of the country and the current meta-analysis
provides an update to the last meta-analysis conducted on this
subject.3

MATERIALS AND METHODS

Case–control study

Patients and controls. The ALL patients ranged between 1 and 15 years

of age admitted for treatment in the department of Paediatrics of the King

George’s Medical University, Lucknow, India from July 2011 till June 2013 were

taken as cases. The controls were normal healthy adults (between

18 and 40 years of age) without any history of malignancy or any other

disease. The study was performed in accordance with the ethical standards laid

1Division of Pediatric Hematology-Oncology, Department of Pediatrics, King George’s Medical University, Lucknow, India; 2Department of Medical Genetics, Sanjay Gandhi Post
Graduate Institute of Medical Sciences, Lucknow, India and 3Department of Pediatrics, King George’s Medical University, Lucknow, India
Correspondence: Professor S Agrawal, Department of Medical Genetics, Sanjay Gandhi Post Graduate Institute of Medical Sciences, Raebareli Road, Lucknow, Uttar Pradesh
226014, India.
E-mail: sur_ksha_agrawal@yahoo.co.in

Received 28 November 2013; revised 13 March 2014; accepted 27 April 2014; published online 12 June 2014

Journal of Human Genetics (2014) 59, 397–404
& 2014 The Japan Society of Human Genetics All rights reserved 1434-5161/14

www.nature.com/jhg

http://dx.doi.org/10.1038/jhg.2014.44
mailto:sur_ksha_agrawal@yahoo.co.in
http://www.nature.com/jhg


down by the Declaration of Helsinki, and all individuals/parents of the

children with ALL involved gave their informed consent before inclusion in the

study. Furthermore, the study was also approved by the ethics committees of

King George’s Medical University, Lucknow, India, and Sanjay Gandhi Post

Graduate Institute of Medical Sciences, Lucknow, India. Peripheral blood

samples (5ml) were collected in EDTA-coated vials and stored at �20 1C until

use. Genomic DNA was obtained using genomic DNA extraction kit from

Quiagen (Brand GMbH and Co KG, cat no. 51104, Valencia, CA, USA).

Genotype analysis. Genotypes forMTHFR 677 and 1298 loci were determined

by PCR–restriction fragment length polymorphism (PCR-RFLP) method; the

primers for PCR amplification, restriction enzymes for RFLP and the reaction

conditions are mentioned in Supplementary Table S1. The RFLP products were

run on 9 and 12% non-denaturing polyacrylamide gel for 677 and 1298 loci

respectively and stained with ethidium bromide. The sizing of the RFLP

product was done using 10-bp DNA ladder, the PCR product was visualized

under ultraviolet light and scored by two different observers, genotyping was

performed in batches and at the end of each batch genotype and allele

frequency was matched from previous one to avoid the confounding factor.

After decoding the results of two different observers, nearly 15% of the samples

required re-genotyping because of lack of mutual agreement. In addition, 10%

of the samples were randomly selected and subjected to sequencing and the

results were compared with that of the PCR-RFLP findings.

Meta-analysis

Search strategy. PubMed database was searched using MESH terms Leuke-

mia/etiology and methylenetetrahyrofolatereductase (NADPH2)/etiology and

general terms like case–control studies, P(a)ediatric/childhood ALL, MTHFR

polymorphism, genetic association and folate pathway genes. In addition,

Google scholar was also searched for studies that may have been published in

non-PubMed indexed journals. The last date of search was 30 October 2013. A

total of 22 studies were shortlisted and 8 more studies were included based on

bibliography search. We also searched the previously published meta-analyses

to identify relevant studies. In addition, one study was included from Google

scholar search. The total numbers of studies analyzed were 31 and 27 for

MTHFR 677 and 1298 polymorphisms, respectively. The details of the search

results are depicted in Supplementary Figure S1.

Inclusion criteria. We included studies that were published in English

language, had a case–control design, had children of ALL as the cases and

individuals without any history of malignancy as the controls and had

sufficient accessible data required to calculate the effect size of the polymorph-

isms. All related studies that were not in case–control design (for example, case

series, cohort studies without a control group, family-based studies) were

excluded. The reporting quality of the studies were also assessed by the quality

control, validity of genotyping technique, number of cases

and controls in each genotype and conformity of the control groups to

Hardy–Weinberg equilibrium (HWE).

Data extraction. Data extraction was done after two different investigators

(NRM and FP) independently reviewed the abstracts followed by the full texts

of relevant studies, and any difference in the opinion was sorted out upon

mutual discussion. The following data were extracted from the studies: first

author, year of publication, ethnicity and country, number of cases and control

subjects. The frequencies of the allele and the genotypic distributions were

extracted (if not available, the allele frequencies were calculated from

genotypes) for both the cases and the controls.

Statistical analysis. Allele and genotype frequency differences were tested

between patients and controls by means of two-sided Fisher’s exact test with

Bonferroni correction. The magnitude of the effect was estimated by odds ratio

(OR) and its 95% confidence interval (CI). Statistical analysis was performed by

using SPSS version 20.0 for Windows (Statistical Package for Social Sciences,

SPSS, IBM Corporation, New York, NY, USA). Yates correction was applied

wherever required. Allele and genotype frequencies, heterozygosities and like-

lihood ratio were tested for HWE via a 2 degree-of- freedom w2 goodness of fit
by using software PopGen v 16 (http://www.ualberta.ca/~fyeh/popgene.html).

The haplotype analysis was carried out using Arliquin v3.5 software package

(http://cmpg.unibe.ch/software/arlequin35/, University of Geneva, Switzerland).

The meta-analysis was carried out using the Meta Analyst v2.0 (http://

tuftscaes.org/meta_analyst) software based on bivariate and random effect

models. The risk of ALL associated with the MTHFR C677T and A1298C

polymorphisms was evaluated by OR, risk ratio and risk difference with

corresponding 95% CIs under allele contrast, dominant and the recessive

models. The heterogeneity between studies was assessed using the I2 value

along with Cochrane Q-statistic. A P-value of o0.10 was taken as significant

for assessing heterogeneity. We chose to perform the random effects OR for all

the models in order to provide a conservative estimate of the overall effect size.

Recursive cumulative meta-analysis was also performed to determine the

temporal trend in change of evidence with availability of more studies

(Supplementary Figures S2 and S3). The forest plots were drawn with the

use of ORs. We also compared the genotype frequencies of both cases and

controls of all the studies included with that of our study subjects to examine

the population/ethnic differences between our study subjects and other studies

included in the meta-analysis (Supplementary Tables S2 and S3). Subgroup

Table 1 Meta-analysis of studies grouped according to mandatory folate fortification guidelines

Heterogeneity
Genotype Studies included Genetic model I2value, Cochrane Q-statistic (P-value) Odds ratio (95% CI) P-value

MTHFR 677 Non-folate-fortified countries (n¼24) Dominant 93.1%; 0.00 1.13 (0.82–1.55) 0.31

Recessive 6.4%; 0.37 0.86 (0.75–0.99)a 0.04

Allele contrast 91.2%, 0.000 0.94 (0.84–1.04) 0.19

Folate-fortified countries (n¼7) Dominant 91.1%; 0.00 0.55 (0.29–1.05) 0.08

Recessive 0%; 0.83 0.68 (0.49–0.94)a 0.03

Allele contrast 63.7%; 0.01 0.78 (0.62–0.99)a 0.05

MTHFR 1298 Non-folate-fortified countries (n¼20) Dominant 66.2%; 0.00 1.08 (0.93–1.25) 0.25

Recessive 36%; 0.06 1.08 (0.90–1.29) 0.28

Allele contrast 89.3%; 0.00 1.15 (0.94–1.40) 0.17

Folate-fortified countries (n¼7) Dominant 74.5%; 0.001 1.24 (0.88–1.74) 0.19

Recessive 74.2%; 0.001 1.16 (0.64–2.12) 0.35

Allele contrast 73.3%; 0.001 1.32 (1.03–1.40)b 0.04

Abbreviations: CI, confidence interval; MTHFR, methylenetetrahydrofolate reductase.
aSignificant risk reduction.
bSignificant increase in risk.
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analysis was done according to the continents of origin (Supplementary

Table S4) as well as existing folate fortification guidelines (Table 1).

RESULTS

Case–control study
A total of 150 children with mean (±s.d.) age of 7.5 (±3.2) years and
gender ratio of 7.4:1(M/F) diagnosed as ALL were included as cases.
Immunophenotyping of the cases revealed B-ALL in 106 and T-ALL
in 28 children; immunophenotyping could not be done in 16 of these
children. Genotyping by PCR-RFLP was successfully done in all the
children with ALL and the control subjects included in the study. The
genotypic frequencies for MTHFR 677 and 1298 loci were in HWE in
both cases and controls (P-values for HWE for 677 genotype were
0.69 and 0.26 for cases and controls respectively; P-values for HWE
for 1298 genotype were 0.89 and 0.13 for cases and controls
respectively). The different genotypes, alleles, recessive, dominant
and additive models for both the single-nucleotide polymorphisms
under study are presented in Table 2.
There were significant differences in the genotypic frequencies

between cases and controls for both the 677 and 1298 polymorph-
isms. The 677T allele was found to be protective for development of
childhood ALL (OR 0.21, 95% CI 0.04–0.94; P¼ 0.024 for TT

genotype). In both the dominant and recessive models of comparison,
TT and CT were found protective for ALL in children. The T allele
(OR 0.57, 95% CI 0.38–0.84; P¼ 0.005) conferred protection against
childhood ALL, whereas the C allele (OR 1.74, 95% CI 1.18–2.57;
P¼ 0.005) was associated with increased risk.
The 1298C allele revealed higher risk of ALL among children

with ALL (OR 4.44, 95% CI 2.19–8.99; Po0.0001 for CC genotype).
Both the dominant and recessive models showed similar increase
in risk. The C allele was associated with an increase in risk of
childhood ALL (OR 1.87,95% CI 1.39–2.51; P¼ 0.0001), whereas the
A allele was found to be protective (OR 0.53, 95% CI 0.39–0.71;
P¼ 0.0001).
Upon haplotypic analyses (Table 2) there were four possible

combinations; that is, CC, CA, TA and TC. One (CC) of these was
associated with increased risk (OR 2.06, 95% CI 1.53–2.77;
Po0.0001) and two (CA and TA) were protective in nature (OR
for CA 0.73, 95% CI 0.55–0.96; P¼ 0.028) and (OR for TA 0.62, 95%
CI 0.41–0.93; P¼ 0.021).

Meta-analysis
In this meta-analysis we included 31 studies6–34 and 27
studies6,7,9–15,17,18,20,21,23–34 examining the association of MTHFR677

Table 2 Case–control study and meta-analysis showing association between MTHFR (677 and 1298) polymorphism and childhood ALL

Case–control study Patients (n¼150) Control (n¼300) OR (95% CI) P-value

MTHFR 677

CC 113 (75.3) 192 (64.0) 1

CT (additive model) 35 (23.3) 92 (30.6) 0.64 (0.41–1.01) 0.0597

TT (additive model) 2 (1.33) 16 (5.4) 0.21 (0.04–0.94) 0.0242*

TTþCT vs CC (dominant model) 0.58 (0.37–0.90) 0.0184*

TT vs CTþCC (recessive model) 0.23 (0.05–1.05) 0.0429*

C allele 261 (87.0) 476 (79.3) 1.74 (1.18–2.57) 0.0045*

T allele 39 (13.0) 124 (20.7) 0.57 (0.38–0.84) 0.0045*

MTHFR 1298

AA 53 (35.3) 157 (52.3) 1

AC (additive model) 73 (48.6) 127 (42.3) 1.70 (1.11–2.60) 0.0141*

CC (additive model) 24 (16.0) 16 (5.3) 4.44 (2.19–8.99) o0.0001*

CCþAC vs AA (dominant model) 2.00 (1.34–3.01) 0.0007*

CC vs ACþAA (recessive model) 3.38 (1.73–6.58) 0.0003*

A allele 179 (59.6) 441 (73.5) 0.53 (0.39–0.71) 0.0001*

C allele 121 (40.4) 159 (26.5) 1.87 (1.39–2.51) 0.0001*

Haplotypes

CC 119 (39.6) 145 (24.2) 2.06 (1.53–2.77) o0.0001*

CA 142 (47.1) 331 (55.2) 0.73 (0.55–0.96) 0.0283*

TA 37 (12.3) 110 (18.3) 0.62 (0.41–0.93) 0.0218*

TC 2 (0.007) 14 (2.3) 0.28 (0.06–1.24) 0.1062

Meta-analysis

Genotype Studies included Genetic model Heterogeneity I2value, Cochrane Q-statistic (P-value) Overall odds ratio (95% CI) P-value

MTHFR 677 N¼31 (cases 5709, controls 8637) Dominant 93%; 0.00 0.96 (0.72–1.28) 0.38

Recessive 0%; 0.50 0.84 (0.75–0.95) 0.01*

Allele contrast 65.7%; 0.00 0.90 (0.82–0.99) 0.05*

MTHFR 1298 N¼27 (cases 5309, controls 7963) Dominant 68.3%; 0.00 1.12 (0.97–1.28) 0.12

Recessive 51.5%; 0.001 1.10 (0.91–1.32) 0.25

Allele contrast 87.2%; 0.00 1.19 (1.01–1.40) 0.05*

Abbreviations: ALL, acute lymphoblastic leukemia; CI, confidence interval; MTHFR, methylenetetrahydrofolate reductase OR, odds ratio.
*P-valueo0.05.

MTHFR gene polymorphism in ALL
NR Moulik et al

399

Journal of Human Genetics



and MTHFR1298 polymorphisms and childhood ALL, respectively.
There were 12 studies from Asia, 11 from Europe, 4 from South
America, 2 from North America and 1 from Africa.
The allele contrast, dominant and recessive models were used

while analyzing the effect of polymorphism (Table 2). In

the pooled analysis (including all the studies), the 677 C-T
polymorphism was found to be imparting protection in the recessive
(OR 0.84, 95% CI 0.75–0.95; P¼ 0.01) and allele contrast (OR 0.90,
95% CI 0.82–0.99; P¼ 0.05; Figure 1) models, whereas the 1298A-C
polymorphism was found to be associated with a borderline increase

Figure 1 Forest plots (allele contrast model) showing the association of methylenetetrahydrofolate reductase (MTHFR; 677 and 1298) genotypes with

childhood acute lymphoblastic leukemia (ALL). (a) A protective effect of MTHFR C677T mutation on the risk of childhood ALL, cumulative odds ratio 0.90

(0.82–0.99), and (b) marginal increase in risk of childhood ALL with MTHFR A1298C mutation; cumulative odds ratio 1.19 (1.01–1.40). A full color

version of this figure is available at the Journal of Human Genetics journal online.
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in risk for childhood ALL only in the allele contrast model (OR 1.19,
95% CI 1.01–1.40; P¼ 0.05; Figure 1). Leave-one-out analysis did not
suggest excessive influence of any one study on the overall effect size
in any of the models.
Subgroup analyses of the studies grouped according to the

continents of origin as well as by the existing folate fortification
guidelines were also done (Table 1 and Supplementary Table S4). The
groups comprising South American and Asian studies showed
protective effect of 677T allele in the allele contrast and recessive
models, respectively, whereas increased risk was observed for 1298C
allele from the South American group. Countries with folate
fortification (United States, Canada, Brazil and Indonesia)7,9,13,20,29,34

showed a higher protection of 677T allele as compared with those

without fortification. The 1298C allele was found to increase the risk
in countries with folate fortification, an effect that was no longer
significant (OR 1.37, 95% CI 0.98–1.92) on removing the study from
the United States.20

DISCUSSION

Folate pathway genes, responsible for the one-carbon metabolism,
have received special attention in cancer genetics. Among hematolo-
gical malignancies, the association of folate pathway genes and acute
leukemias are the best studied and the association of MTHFR
polymorphisms has received special interest. The MTHFR genotypes,
and especially the 677T allele are known to modify cancer risk in a
site-specific manner.35 Many studies have investigated its association

Figure 1 Continued.
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with childhood ALL in children from different ethnicities including
those from India. The present study is the largest case–control study
(including 150 patients and 300 controls) form India. The cases were
children with a diagnosis of ALL, whereas healthy adults (18–40 years)
without any environmental risk factors for cardiovascular diseases or
malignancies were taken as controls. Like previous investiga-
tors,16,17,21,28 we also had to choose adults as controls because
drawing blood for genotyping from a large number of healthy

children was an ethical issue and facility for archival of cord
blood20,23 is unavailable at our center.
Our study showed protective role of 677T allele in childhood ALL

in the dominant, recessive and the additive models. Haplotype
analysis also revealed protective effect. The 1298C allele was associated
with increase in the risk of ALL among children. One of the previous
north Indian studies showed increased risk of ALL with 677T allele,25

whereas another showed no association.31 When ALL and 1298C

Dietary folate

Dihydrofolate (DHF) 

Teyrahydrofolate (THF) 

5,10 methylene teyrahydrofolate
(5,10-MTHF) 

MTHFR enzyme

5 methyl THF
(5-MTHF)

MTHFR polymorphism
(reduced activity)

Deficient folate Adequate folate 

5,10–methylene THF  5, 10–methylene THF

dUMP

uracil misincorporation uracil misincorporation

Protection against leukemiaLeukemogenesis

DNA synthesis

Nucleotide synthesis

dTMP

dUMP

Homocysteine

Methionine

DNA
methylation 

Figure 2 Effect of methylenetetrahydrofolate reductase (MTHFR) polymorphism and folate availability on leukemogenesis. This figure depicts the proposed

relationship between leukemogenesis and MTHFR gene mutation in situations of adequate availability of folate versus folate deficiency. MTHFR mutation

leading to decreased enzyme activity leads to increased uracil misincorporation (and susceptibility to leukemia) in states of folate deficiency and vice versa.

Table 3 Meta-analyses (previously published along with the present) examining the association of MTHFR polymorphism with childhood ALL

Cases/controls OR (95% CI)

Author Year Number of studies included C677T A1298C C677T A1298C

Pereira et al.37 2006 8, 7a 1914/2980 1710/2712 0.88 (0.73–1.06) 0.80 (0.56–1.16)

Wang et al.38 2010 21 3358/6961 — 0.90 (0.88–1.04) —

Vijayakrishnan et al.39 2010 17, 15 2770/4713 2496/4403 0.87 (0.73–1.03)b

0.87 (0.73–1.03)c
1.07 (0.96–1.20)d

1.05 (0.88–1.25)e

Tong et al.40 2011 28 4240/9289 4182/8569 0.81f,g (0.71–0.92) 1.16h,d (1.01–1.33),

1.16h,i (1.00–1.34)

Zintzaras et al.4 2011 23 4517/7117 4360/6717 0.91 (0.82–1.00) 1.04 (0.93–1.16)

Yan et al.41 2012 21 4340/6880 4230/6414 0.83f,g (0.72–0.95) 1.02 (0.89–1.17)

Wang et al.3 2012 25, 22 — — 0.90f (0.82–0.99) 1.04 (0.93–1.16)

Present meta-analysis 2013 31, 27 5709/8637 5309/7963 0.90f (0.82–0.99) 1.19h (1.01–1.40)

Abbreviations: ALL, acute lymphoblastic leukemia; CI, confidence interval; MTHFR, methylenetetrahydrofolate reductase OR, odds ratio.
aEight studies for 677 and 7 studies for 1298 polymorphisms respectively.
bCT vs CC.
cTT vs CC.
dCA vs AA.
eCC vs AA.
fSignificant risk reduction.
gFor TT vs CT/CC.
hIncrease in risk; Wang et al.38 analyzed for 677 polymorphisms only.
iCA/CC vs AA.
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allele were taken into consideration, none of these studies revealed any
association. Of the studies done from south India, one study showed
lack of effect of MTHFR genotypes at both the loci,26 whereas the
other showed protective effect with both 677T and 1298C alleles.14

This discrepancy in the findings from the same geographical area was
perplexing; the probable reason behind this may be the small sample
sizes and the wide genetic variation in the population of the Indian
subcontinent that is diverse and known to give rise to prevalence of
variable single-nucleotide polymorphism patterns among different
regions as well as between communities and castes.36 Our findings
pertaining to the 677T allele is in agreement with most of the
association studies done worldwide, and that related to the 1298C
allele is compatible with some of the earlier studies.11,33,34 Many
studies6,12,13,21,25 show a lack of effect of 1298C allele on childhood
ALL, whereas few of them show protection.18,27

Of the 7 previously published meta-analyses on this subject, the
latest one done in 2011 included 25 and 22 studies for the 677T and
1298C alleles, respectively.3 The present meta-analysis includes a
larger number of studies compared with the previously published
ones (Table 3).
Although there exists a considerable amount of disagreement

among the meta-analyses3,4,37–41 performed till date (Table 3), the
trend of the results point towards a protective effect of the 677T allele
and lack of association between 1298C allele and ALL risk in children.
One of these meta-analyses40 showed an increase in risk with 1298C
allele, a finding not endorsed by the rest. The difference in the
findings of the meta-analyses may be because of nonuniform
inclusion and exclusion criteria resulting in variation in the number
of studies included for analysis.3 The present meta analysis, like
the previous ones,37,38 also demonstrated statistically significant
protective effect of the 677T allele and showed only a borderline
increase in risk of childhood ALL with 1298C allele and that too only
in the allele contrast model.
To examine the ethnic differences in the effect of MTHFR and ALL

risk, we performed meta-analysis grouping studies according to their
continents of origin as details on the ethnicity of the study groups
were unavailable in many of the studies. While studying the
intercontinental variation of susceptibility, we found statistically
significant protection of 677T allele in the Asian and the South
American studies as compared with the European studies, whereas for
the 1298C allele no significant effect was observed from any part of
the world. Data from Africa were insufficient as we had only one
study from the entire continent.18

Gene–environment interactions play a significant role in deciding
the resultant effect of a genotype on a certain disease risk that is true
for the enzymes of folate pathway as well. Availability of dietary
folates alter the effect of genetic polymorphisms in the folate pathway.
One of the major deficits in the association studies pertaining to
MTHFR polymorphisms and ALL risk is the noninclusion of the
folate status of the subjects in most of these studies. Taking
cognizance of this phenomenon, we tried to examine the combined
effect of MTHFR genotype and folate status on the risk of childhood
ALL. When the countries were stratified by mandatory folate
fortification guidelines, significant protection of 677T allele was
documented in the group of countries with mandatory fortification
(United States, Canada, Brazil and Indonesia)7,9,13,20,29,34 and not in
those without fortification. The protective effect that we observed in
our meta-analysis may be a combined effect of adequate folate levels
as well as the genetic factors. Although mandatory fortification
guidelines may not be reflective of the folate levels in the study
subjects, we had no other way to assess folate status as data related to

folate levels in the study subjects are sparse;3 moreover, studies show
that folate fortification of food has raised the mean serum folate level
of the population covered, thereby reducing the prevalence of folate
deficiency.42 We found a borderline increase in risk of ALL with the
1298C allele in the folate-fortified countries, an observation difficult
to explain given the beneficial role of folate in reducing risk of various
cancers including that of acute leukemias. However, this significant
effect size was lost when we performed leave-one-out analysis
(OR 1.37, 95% CI 0.98–1.92) excluding the study from the United
States6 that, when included, altered the OR for the entire group
of folate-fortified countries. Recursive cumulative meta-analysis
(Supplementary Figures S1 and S2) showed gradual narrowing of
the CIs with accumulation of more studies over the years.
The protective effect of the 677T allele on childhood leukemia may

be because of reduced MTHFR enzyme activity and consequent
intracellular accumulation of 5,10-methylene leading to decreased
uracil mis-incorporation to the DNA thereby preventing neoplastic
transformation (Figure 2). This protective effect may in fact be
enhanced in the presence of adequate dietary folate intake, an effect
observed in both adult ALL43 and colorectal carcinomas.44 In the
presence of inadequate folate intake, the protective effect offered by
the genotype may get mitigated.43 This explains the statistically
significant protection rates of the 677T allele in populations under
mandatory food folate fortification.43 The lack of association of
1298C allele on the risk of ALL may be because of less significant
alteration in the MTHFR enzyme produced by polymorphism at this
locus. In conclusion, we found that in north Indian children, 677T
allele is protective whereas 1298C allele increases the risk of
developing ALL. The risk of childhood ALL is modulated by
MTHFR polymorphisms but the effect varies between ethnic groups
and populations with different folate intakes. Present meta-analysis
shows a protective effect of 677T allele on childhood ALL that appears
to be more in children from regions with mandatory folate
fortification guidelines. No effect of 1298C allele on the risk of
childhood ALL was observed. Studies from around the world taking
into account the folate status of the study subjects are needed to arrive
at a meaningful inference of the yet unresolved issue of association
between childhood ALL and MTHFR polymorphism.
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