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Introduction

Methylenetetrahydrofolate reductase (MTHFR) plays a
central role in folate-dependent homocysteine metabolism.
Mutations in MTHFR have been reported as causes of
hyperhomocysteinemia (Frosst et al. 1995; Jacques et al.
1996). The best-characterized MTHFR genetic polymor-
phism is a 677CÆT transition that affects the predicted
catalytic domain of the MTHFR protein. This mutation,
resulting in decreased enzyme activity, is associated with
mildly elevated plasma homocysteine levels and a redi-
stribution of folates, namely, elevated red cell folate and
lowered plasma folate (van der Put et al. 1995, 1996). Ho-
mozygosity for the 677T mutation predisposes individuals
to the development of hyperhomocysteinemia, especially
during times of folate insufficiency (Frosst et al. 1995; van
der Put et al. 1998). Recently, a second common poly-
morphism in the MTHFR gene (1298AÆC) was discov-
ered, leading to a glutamate-to-alanine substitution in the
presumed regulatory domain of the protein. Individuals
who are either heterozygous 1298AC or homozygous
1298CC showed decreased enzyme activity, although their
plasma homocysteine levels were not altered significantly
(van der Put et al. 1998; Weisberg et al. 1998).

Given its key role in folate metabolism, it has been
suggested that MTHFR is an attractive candidate in the
etiology of neural tube defects (NTDs) because periconcep-
tional folic acid supplementation is known to reduce the
occurrence and recurrence risk for women to give birth to
an NTD child (MRC Vitamin Study Research Group 1991;
Czeizel and Dudas 1992). Moreover, significantly elevated
plasma homocysteine levels and reduced folate levels were
found in mothers of NTD-affected children (Mills et al.
1995; Whitehead et al. 1995). Therefore, the two MTHFR
polymorphisms (677CÆT and 1298AÆC) have been
widely investigated as genetic risk factors for NTDs. Al-
though the MTHFR C677T mutation is considered a genetic
risk factor for NTD by some (Kirke et al. 1993; Mills
et al. 1995; van der Put et al. 1995, 1996, 1997a; Whitehead
et al. 1995; Ou et al. 1996), there are studies that could not
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Abstract Homozygosity for the C677T mutation in the
methylenetetrahydrofolate reductase (MTHFR) gene is a
risk factor for neural tube defects (NTDs) in many popula-
tions, including Italians. Another common mutation on the
MTHFR gene, A1298C, has also been described as a risk
mutation. Furthermore, several studies have suggested that
a defective methionine synthase (MS) enzyme could be a
critical defect in folate-related NTDs. An A-to-G transition
at bp 2756 on the MS gene has also been reported. In this
case-control study, we studied the frequencies of these two
polymorphisms in 203 Italian probands with non-syndromic
NTDs: 98 mothers, 67 fathers, and 210 control individuals.
Although the A1298C polymorphism is common in the Ital-
ian population (0.25), the allelic frequency was significantly
higher among NTD cases and their parents. Heterozygous
patients and mothers have an odds ratio (OR) of 1.98 and
2.11, respectively. The risk associated with the 1298CC
genotype was higher for cases (OR � 3.67), for fathers (OR
� 3.28), and, above all, for mothers (OR � 6.23). The
prevalence of the A2756G polymorphism of the MS gene
was determined (0.15). No increased prevalence of the mu-
tated G allele was found in NTD families. This study shows
that the MTHFR A1298C polymorphism is a genetic deter-
minant for NTD risk in Italy. No association between the
MS A2756G and NTD susceptibility was found.
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confirm this mutation as a major determinant for NTD
(Papapetrou et al. 1996; Mornet et al. 1997; Speer et al.
1997; Boduroglu et al. 1998; Koch et al. 1998; Weitkamp et
al. 1998; Shaw et al. 1999). The C677T mutation was studied
in the Italian population, which has a relatively low pre-
valence of NTDs. In this study, an increased NTD risk was
found for the T/T genotype (odds ratio [OR] � 1.73), and
the corresponding attributable fraction was 10.8% (de
Franchis et al. 1998).

To date, few studies have evaluated the frequency of the
1298A/C alleles in a normal population and in NTD families
(van der Put et al. 1998; Weisberg et al. 1998; Friedman et
al. 1999; Rady et al. 1999; Stegmann et al. 1999; Volcik et al.
2000; Dekou et al. 2001; Song et al. 2001). In two of these
studies, combined heterozygosity of the two MTHFR vari-
ants appeared to be increased in NTD-affected children
when compared with the controls (van der Put et al. 1998;
Dekou et al. 2001). Therefore, additional investigations are
needed to establish whether the A1298C polymorphism is
an additional risk factor for folate-sensitive NTD.

Several studies have suggested that a defective methion-
ine synthase (MS) enzyme could be a critical defect in
folate-related NTDs (Kirke et al. 1993; Scott and Weir 1994;
Steegers-Theunissen et al. 1994; Mills et al. 1995). In fact,
MS, a vitamin B12-dependent enzyme that catalyzes the
remethylation of homocysteine to methionine, is essential
for mantaining adequate intracellular methionine and
tetrahydrofolate pools. An A-to-G transition at bp 2756,
which converts an aspartic acid to glycine, has been investi-
gated in NTD patients. No increased prevalence of the
2756GG and 2756AG genotypes was found in patients, and
no correlation was observed between these two genotypes
and homocysteine levels (Morrison et al. 1997; van der Put
et al. 1997b; Shaw et al. 1999). Additional studies on MS
variants are required to address the role of this variant on
NTD risk.

In the present case-control study, we examined the geno-
type frequencies of the MTHFR A1298C polymorphism as
well as the MS A2756G variant in the Italian population,
and evaluated their impact on NTD individuals and their
relatives. Our data show that the A1298C polymorphism is
a contributing risk factor for NTDs.

Subjects and methods

Probands and controls

This study included 203 (100 male and 103 female) unre-
lated Italian probands with non-syndromic NTD recruited
from the Spina Bifida Center of the Gaslini Hospital,
Genoa; they were all alive with an age range between 1
month and 10 years, and all of them were the first occur-
rence in the nuclear family. Ninety-eight mothers and 67
fathers were also included in the investigation. All parents
were young adults with a mean age of 35 years. NTD diag-
noses were made according to the Tortori-Donati et al.
(2000) classification. One hundred seventy-two cases were
affected by open spinal dysraphisms (OSDs) (84.7%) and

31 by closed spinal dysraphisms (CSDs) (15.3%). Seventy-
five percent of children with OSD presented with Chiari II
malformation. Although the open lesions were limited to
myelomeningocele (N � 172), the closed lesions included
meningocele (N � 5), lipoma (N � 9), lipomyieloschisis
(N � 12), dermal sinus (N � 3), and tight filum terminalis
(N � 2). Two hundred ten unrelated healthy Italian volun-
teers (103 male and 107 female) were used as control group.
They were young adults with an age range between 20 and
45 years; none of them suffered from NTDs or delivered an
NTD-affected child. Informed consent was obtained from
patients, parents, and control individuals.

Genetic analysis

DNA was isolated from peripheral leukocytes obtained in
blood draws using standard procedures. The detection of
the A1298C mutation was carried out by polymerase chain
reaction/restriction fragment length polymorphism (PCR/
RFLP) screening, using two PCR primers to generate a 241-
bp fragment: a forward primer, 5�-ATGTGGGGGGAG
GAGCTGAC-3�, and the intronic reverse primer, 5�-
GTCTCCCAACTTACCCTTCTCCC-3�. If the individual
is homozygous wild type (1298AA), then the MboII RFLP
results in two fragments, 204bp and 37bp in length. For the
homozygous mutant MTHFR genotype (1298CC), only the
241-bp fragment is produced, and the heterozygous geno-
type generates all three fragments (van der Put and Blom
2000).

To screen for the MS mutation (A2756G), an appro-
priate region of genomic DNA was amplified by using
two specific primers (5�-GGTGTGTTCCCAGCTGTTA
GATG-3� and 5�-GACACTGAAGACCTCTGATTTGA
AC-3�) and digested with HaeIII (van der Put et al. 1997b).
A 2756AA genotype results in an uncut fragment of 265bp,
whereas a 2756AG genotype gives three fragments of 265,
180, and 85bp. The homozygous 2756GG genotype pro-
duces two fragments of 180 and 85bp. The digested PCR
was separated on 3.5%–4% MetaPhor agarose (FMC
BioProducts, Rockland, ME, USA) gel electrophoresis and
stained by ethidium bromide. Direct sequencing of
PCR fragments was used to confirm mutations. The
sequencing reactions were manually performed using the
Thermosequenase Cycle Sequencing Kit (Amersham,
Buckinghamshire, UK), according to the manufacturer’s
instructions. The forward PCR primer for the MTHFR
A1298C and the reverse PCR primer for C677T mutation
analyses were used as sequencing primers.

Statistical analysis

Allele frequencies in the NTD patients, mothers, fathers,
and controls were determined by counting alleles and calcu-
lating proportions. The Hardy-Weinberg equilibrium analy-
sis was calculated using the data from the control group and
was tested using chi-square statistics for goodness of fit
(1 degree of freedom). The OR with an associated 95%
confidence interval (CI) was calculated to estimate the rela-
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tive risk of the different genotype combinations. MTHFR
and MS alleles frequencies were determined for the study
and control groups, and were compared by �2 analysis. Ex-
act methods were considered preferable whenever expected
numbers in any cell were less than five, and any results
reported herein are based on exact methods. P values
� 0.01 were considered statistically significant, and all P
values were based on two-tailed tests.

The attributable fraction, representing the proportion of
cases attributable to the presence of the mutation, was esti-
mated using the equation proposed by Miettinen (1974).

The SPSS statistical software program was used for all
analysis.

Results

Genotype distributions and allele frequencies

MTHFR and MS genotype distributions and allele frequen-
cies for Italian NTD patients, parents, and controls are
presented in Table 1. We found a genotype frequency distri-
bution for the MTHFR A1298C mutation that was as ex-
pected according to the Hardy-Weinberg equilibrium (�2 �
0.0325). A slight discordance was found for the genotype
distribution of the MS A2756G mutation (�2 � 4.06). The
frequency of the C allele of the MTHFR A1298C mutation
is 0.25 among control individuals. Thus, we have not re-
vealed striking differences between the prevalence of the
A1298C mutant allele among healthy Italian individuals
and other populations that have already been studied
(Weisberg et al. 1998; Rady et al. 1999). As shown in Table
1, we found that the 1298A/C heterozygous and 1298C/C
homozygous genotypes were significantly more prevalent in
NTD cases and parents than in controls. The A1298C fre-

quencies were 0.39, 0.44, and 0.36 among patients, mothers,
and fathers, respectively. The frequency of the G allele of
the MS A2756G polymorphism was 0.15 in the control
population, which was in agreement with the incidence
reported by other investigators (van der Put et al. 1997b).
No increased prevalence of this mutated allele was found
in NTD families, although a slightly higher frequency was
present in patients and mothers (0.11) and in fathers (0.13).

No differences in the allele frequencies were found when
we considered the type of defect. In fact, we found that the
frequency of the 1298C allele between NTD children with
open dysraphisms is 0.389 and with closed dysraphisms
0.370. Similarly, no significantly increased prevalence of the
2756G allele was present in NTD cases affected by open
(0.106) and closed (0.13) lesions.

Odds ratio and NTD risk

To evaluate the impact of the MTHFR A1298C variant on
NTD risk in our sample, we calculated the OR and 95% CI
associated with the 1298A/C and 1298C/C genotypes (Table
2). The estimated OR for heterozygous NTD cases was 1.98
(95% CI: 1.28–3.07; P � 0.001), and increased to 3.67 (95%
CI: 1.67–8.18; P � 0.0003) for homozygous NTD cases.
Furthermore, the NTD risk significantly increased if both
homozygous and heterozygous NTD children were com-
pared with control individuals (OR � 2.21; 95% CI 1.46–
3.36; P � 0.00008). More sensitive risk estimates resulted
for the mothers: an increased risk of 2.11 (95% CI: 1.19–
3.75; P � 0.006) and 6.23 (95% CI: 2.58–15.35; P � 0.00001)
was found for the prevalence of the 1298AC and 1298CC
genotypes, respectively, and of 2.67 if both heterozygous
and homozygous mothers were compared with controls.
There was no increased risk for the heterozygous A1298C
genotype of the fathers (OR � 1.45; 95% CI: 0.77–2.74;

Table 1. Genotype distribution and allele frequencies of MTHFR A1298C and MS A2756G
polymorphisms in Italian NTD families and controls

MTHFR A1298C

NTD cases Mothers Fathers Controls
% (N � 203) % (N � 98) % (N � 67) % (N � 202)

A/A 36.9 (N � 75) 32.7 (N � 32) 43.3 (N � 29) 56.4 (N � 114)
A/C 48.8 (N � 99) 45.9 (N � 45) 41.8 (N � 28) 37.6 (N � 76)
C/C 14.3 (N � 29) 21.4 (N � 21) 14.9 (N � 10) 5.9 (N � 12)
1298A 0.61 0.56 0.64 0.75
1298C 0.39 0.44 0.36 0.25

MS A2756G

NTD cases Mothers Fathers Controls
% (N � 174) % (N � 75) % (N � 48) % (N � 210)

A/A 79.3 (N � 138) 82.7 (N � 62) 77.1 (N � 37) 70.5 (N � 148)
A/G 19.5 (N � 34) 12.0 (N � 9) 18.8 (N � 9) 29.0 (N � 61)
G/G 1.1 (N � 2) 5.3 (N � 4) 4.2 (N � 2) 0.5 (N � 1)
2756A 0.89 0.89 0.87 0.85
2756G 0.11 0.11 0.13 0.15

NTD, Neural tube defect
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P � 0.22 not significant), but there is a trend toward an
increased risk for fathers that have a homozygous mutant
genotype (OR � 3.28; 95% CI 1.17–9.16; P � 0.01). Thus,
we estimate the attributable fraction of NTD cases due to
the MTHFR C/C genotype in Italy to be 7.8% and 10.4%,
depending on the comparison group used for the estimation
of the risk (1298CC versus 1298AA, or 1298AC plus
1298CC, versus 1298AA).

Finally, the possible involvement of MS A2756G in the
risk for NTD was investigated by analyzing the prevalence
of the mutation in NTD patients and their parents. There
was no significantly increased prevalence of 2756AG and
2756GG genotypes present in either the NTD patients or
their parents when compared with the prevalence observed
among the controls. Calculated OR indicates that neither
the homozygous nor the heterozygous mutant genotype in-
creased the NTD risk (data not shown), demonstrating that
this polymorphism is not a risk factor for NTDs, but instead
is most probably a benign polymorphism.

Discussion

In this study we investigated whether the MTHFR A1298C
mutation, as reported for the C677T mutation, could have
an impact on NTD in the Italian population. The 1298C
allele frequency in Italy was determined to be 0.25. Previous
studies on the prevalence of this polymorphism revealed
that there is wide heterogeneity in the prevalence of the
A1298C polymorphism throughout the world, as reported
for the C677T mutation. We found the frequency of the
1298C allele in Italy to be similar to that reported for the
Canadian (0.25) (Weisberg et al. 1998) and Ashkenazi
Jewish population (0.28) (Rady et al. 1999), demonstrating
that this polymorphism is common in the Italian popula-
tion, although its rate is lower than the C677T mutation.
The results of the present study indicate an increased preva-
lence of heterozygosity and homozygosity for the MTHFR
A1298C polymorphism among NTD patients and mothers.
The level of the conferred risk was minor for heterozygous
NTD cases (OR � 1.98) and mothers (OR � 2.11) and was

higher for homozygous mutant genotypes of patients (OR
� 3.67) and mothers (OR � 6.23). The father’s genotype
appeared to be a significant risk factor if he has the homozy-
gous 1298CC genotype (OR � 3.28). The results of this
study, which had a relatively large number of subjects, re-
producible genotyping methods, and significantly increased
OR, are unlikely to be due to selection bias. The allelic
frequencies among our controls are consistent with those
derived by Hardy-Weinberg equilibrium and those re-
ported previously in other European populations, demon-
strating the randomness of our control selection. However,
since case-control studies of a single polymorphism can
produce conflicting data, our results will be confirmed by a
family-based transmission disequilibrium test. Furthemore,
our results are biologically plausible because the A1298C
mutation results in diminished enzyme activity. A signi-
ficant decreasing effect on MTHFR activity has been
observed in the homozygous 1298CC as well as in the
heterozygous 1298AC state (van der Put et al. 1998). There-
fore, there seems to be an interaction between the C677T
mutation and the A1298C mutation, because heterozygos-
ity for both mutations is associated with lower activity than
heterozygosity alone for either mutation, resulting in
increased homocysteine levels (van der Put et al. 1998). A
limitation of the present study is that we did not have access
to plasma samples for evaluation of the impact of the
A1298C variant on folate and homocysteine levels in our
cases and mothers. Since the A1298C mutation influences
enzyme activity and homocysteine and folate concentra-
tions to a lesser extent than does the C677T mutation, it
may be expected that the A1298C mutation is a risk factor
for NTD, but with a smaller relative risk. On the contrary,
we found that the A1298C polymorphism is an important
risk factor for the Italian population with a risk associated
with the 1298C/C genotype that is even higher than that
reported for the homozygous mutant genotype of the
C677T mutation (de Franchis et al. 1998). MTHFR nucle-
otide 1298 is located on the regulatory domain of the pro-
tein, where it may be involved in protein stabilization (Shan
et al. 1999). We speculate that the effect of the A1298C
variant results in the alteration of one-carbon metabolism
within a cell rather than a simply generalized repression of
MTHFR activity. This mutation could become of clinical
importance, particulary under conditions of low intake of
folate or high requirements of folate, such as occurs in
pregnancy. The increased risk that we found in NTD-
affected children and their mothers suggest that this muta-
tion could be responsible for a proportion of NTD
cases that is not explained by homozygosity for the C677T
mutation.

Our finding of no association between the A2756G poly-
morphism in the MS gene and the occurrence of the NTD
phenotype is in agreement with the findings of other groups
who did not report a direct or significant role for this poly-
morphism in the etiology of NTD (Morrison et al. 1997; van
der Put et al. 1997b; Shaw et al. 1999; Johanning et al. 2000).
Given the importance of MS in homocysteine and folate
metabolism, it is likely that during evolution, mutations of
MS were so deleterious that they were lethal to the fetus

Table 2. Odds ratios with 95% confidence intervals of MTHFR
A1298C genotype in NTD cases, mothers and fathers

MTHFR A1298C Odds ratio (95% CI) P

Controls-patients
AA/CC 3.67 (1.67–8.18) 0.0003
AA/AC 1.98 (1.28–3.07) 0.001
AA/AC-CC 2.21 (1.46–3.36) 0.00008

Controls-mothers
AA/CC 6.23 (2.58–15.35) 0.00001
AA/AC 2.11 (1.19–3.75) 0.006
AA/AC-CC 2.67 (1.57–4.59) 0.0001

Controls-fathers
AA/CC 3.28 (1.17–9.16) 0.01
AA/AC 1.45 (0.77–2.74) 0.22*
AA/AC-CC 1.70 (0.94–3.08) 0.06*

NTD, Neural tube defect; CI, Confidence interval
* Not significant
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and were thus not propagated. The importance of this
enzyme for early development has been recently demon-
strated in mice by targeted disruption of the MS gene. In
fact, homozygous knock-out embryos survive through im-
plantation but die soon thereafter (Swanson et al. 2001).
Potential interaction of MTHFR and MS variants may be of
significance because MS and MTHFR are both key enzymes
in homocysteine and folate metabolism. Recently, it has
been reported that associations between the 677T mutation
in MTHFR and the MS A2756G polymorphism slightly
increased NTD risk (Johanning et al. 2000). Further re-
search should explore the comorbidity of MTHFR and MS
polymorphisms in a large population.

Spinal dysraphisms are categorized as open (OSD) and
closed (CSD) (Tortori-Donati et al. 2000). OSD is charac-
terized by exposure of the nervous tissue and/or meninges
to the environment through a congenital bony defect. Con-
versely, CSD is covered by skin (there is no exposed neural
tissue), although cutaneous stigmata usually betray its pres-
ence. CSD is more heterogeneous than OSD and a large
number of malformations belong to this group. In our study,
we categorized our patients by type of dysraphism and we
attempted to correlate it with MTHFR A1298C and MS
A2756G genotype distribution. No statistically significant
heterogeneity was found among NTD cases in the allelic
frequency, demonstrating that neither variants could be
associated to the type of defect. Moreover, the level of
the defect was not always available and therefore could not
be considered in the present study.

In conclusion, in this study we identified a second genetic
risk factor for Italian NTD cases, the MTHFR A1298C
mutation, which, like the C677T mutation, affects enzyme
activity. From the point of view of general health care, the
estimated OR of the A1298C mutation is of great impor-
tance because of the high prevalence of homozygous
and heterozygous individuals in the general population.
Homozygosity of NTD children for the A1298C mutation
can at most explain 10.4% of the observed protective effect
of folate. Since periconceptional folate supplementation re-
duces the risk for 70% of the population, other defective
genes of folate, vitamin B12, or homocysteine metabolism
may be associated with NTD risk.
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