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TO THE EDITOR:

Neural tube defects (NTDs) are among the commonest human
birth defects, affectingaround 1 per 1,000 births [Copp et al., 2003].
A genetic basis for NTDs is implicated based on the high recurrence
risk within families compared to the general population occurrence
rate [Carter, 1974]. Although many mouse models for NTD
demonstrate Mendelian inheritance, the etiology of human NTDs
appears more complex, involving a combination of genetic risk
factors and environmental triggers [Harris and Juriloff, 2007].
Periconceptional folic acid supplementation has been shown to
be extremely effective at reducing the incidence of NTDs [MRC
Vitamin Study Research Group, 1991]. Sub-optimal maternal
dietary folate status may be associated with increased risk of a
NTD in an offspring [Kirke et al., 1993]. Polymorphic variants in
some of the key steps of folate metabolism have been shown to
diminish its bioavailability or bioactivity. One of the most fre-
quently cited is the Dutch study showing increased risk for infants
affected with spina bifida who were homozygous for the 5,10-
methylenetetrahydrofolate reductase (MTHFR) 677C > T thermo-
labile polymorphism (A222V) [van der Put et al., 1995]. It has also
been estimated that 12% of all fetuses with NTDs in Ireland are
attributable to the same variant [Kirke et al., 1996], although several
other studies have failed to detect this association [Rampersaud
et al., 2003; Amorim et al., 2007].

Other variants implicated in increased NTD risk, include a
second MTHFR variant 1298A > C [van der Put et al., 1998],
which also reduces enzyme activity though to a lesser extent than
677C > T. Similarly, MTHFDI 1958G > A (R653Q) [Brody et al.,
2002], MTR 2756A > G (D919G) [Doolin et al., 2002], MTRR
66A > G (I22M) [Doolin et al., 2002], a 19bp deletion in dihy-
drofolate reductase (DHFR) intron 1 [Johnson et al., 2004] and a
frequent variant (80G > A; R27H) in the reduced folate carrier
(RFCI) [Chango et al., 2000; De Marco et al., 2002], have been
implicated in elevated risk, particularly when occurring in combi-
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nation with MTHFRvariants [ Guéant-Rodriguez et al., 2003; Shang
et al., 2007]. Nevertheless, numerous studies fail to replicate these
associations, suggesting that geographical, ethnic differences or in
some cases, study design leading to either type I or type II errors,
may also play a role in this variability [Botto and Yang, 2000;
Rampersaud et al., 2003; Boyles et al., 2005; Amorim et al., 2007].

While the majority of studies report on patients with defects in
primary neurulation (anencephaly or spina bifida aperta), there has
been less focus on low sacral and coccygeal NTDs resulting from
failed or incomplete secondary neurulation. These anomalies are
often skin covered and described as “spina bifida occulta” when
asymptomatic or “occult spinal dysraphism” (OSD) when symp-
tomatic. In OSD, lesions include lipomas of the terminal spinal cord
and filum terminale, dermal sinus tracks and diastematomyelia
or split cord malformations. Lower limb weakness, pain, foot
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deformity, and impaired sphincter function through disturbed
neurological function are common. Spinal cord tethering often
contributes to these symptoms and typical treatment is to untether
the low spinal cord. The prevalence of OSD is thought to be around
two per thousand live births [Campbell, 1977]. Unlike open NTDs,
this group of defects is often not immediately recognized, being
diagnosed either at the onset of symptoms or incidentally through
treatment of unrelated problems [Bui et al., 2007]. It is important to
note that, while 85% of fetuses with open spina bifida in the UK
are terminated, closed forms of spina bifida are not diagnosed
prenatally, with the majority of infants surviving birth. Occult
spinal dysraphism is therefore an important cause of morbidity
and neurosurgery during childhood.

In this study, we investigated the role of MTHFR, MTHFDI,
DHFR, MTR, MTRR, and RFCI polymorphisms in OSD cases and
controls. Patients (n = 103) with symptomatic OSD were recruited
at the Great Ormond Street Hospital neurosurgical clinic. Normal
controls (n = 192) were randomly selected from alarge collection of
volunteers with full details of pregnancy history as described
previously [Apostolidou et al., 2007], which were recruited from
the North Thames Regional Health Authority. Comparison was
then made to patients with open NTDs (126 spina bifida aperta
and 49 with anencephaly recruited from either the Newcastle-
upon-Tyne or North Thames Regional Health Authorities between
1993 and 2006). Patients and controls were White European and
identified as consecutive consenting volunteers at the respective
clinics. All samples were collected with informed consent and study
approval was granted from the respective Research Ethics
Committees.

Genotyping was performed by DNA sequencing of PCR prod-
ucts amplified using primers flanking MTHFR (rs1801133),
MTHFR (rs1801131), MTHFD (rs2236225), MTR (rs1805087),
MTRR (rs1801394), DHFR (19bp indel), or for RFCI
(rs1051266) by RFLP analysis essentially as described by Chango
et al. [2000]. Primer sequences are available on request. The
observed distribution of genotypes among patients and controls
were consistent with Hardy—Weinberg equilibrium (data not
shown). The distribution of allele frequencies for each of the
polymorphisms is given in Table I. Odds ratios and 95% confidence
intervals were calculated to estimate the relative risk for different
genotype combinations in cases versus controls. Analysis was based
on two models, either dominant, in which the effects of both
homozygotes and heterozygotes are equal, or recessive, in which
effects are expected only from homozygotes. Fisher’s exact test was
used to calculate Pvalues. We did not detect an association between
any of the genotypes and increased risk of OSD. In contrast, for
polymorphisms in MTHFR and MTRR we detected significant
differences in allele frequencies between controls and patients with
open NTDs. The MTHEFR 677TT genotype was associated with a
reduced risk for all open (OR 0.57; P=0.038) but not closed NTDs.
When NTD patients were sub-divided, this association was still
apparent for spina bifida aperta (OR 0.46; P=0.033), but was not
significant for anencephaly. Surprisingly, these data indicate a
protective effect of the 677T allele rather than an increased risk,
that is, a lower frequency among NTD patients. Recessive inheri-
tance of MTRR 66GG was associated with increased risk when all
NTDs were considered together (total NTDs), with an OR of 1.47

(P=0.048). However, this effect did not reach statistical signi-
ficance when NTDs were sub-divided. Similarly, there was a trend
towards increased risk of open NTDs for the RFCI 80AA genotype
but this did not reach statistical significance (OR 1.46; C10.92—2.32;
P=0.07). When corrected for multiple testing, none of these
P values reached significance. Larger control and patient sample
numbers will be required to confirm and extend these findings.
Studies of this type are frequently limited in power by the number of
available cases and controls and it could be argued that only modest
to large effects can be detected. Nevertheless, the cohorts reported
here would be expected to detect considerably weaker associations
than those described for MTHER in the Dutch and Irish popula-
tions [van der Put et al., 1995; Kirke et al., 1996].

To investigate a possible effect of folate pathway gene—gene
interactions, we stratified the cases and controls by genotype. Since
this analysis generates many potential combinations, none of
the possible associations survive correction for multiple testing.
However, the following associations detected in the absence of
correction might suggest interactions that should be more speci-
fically investigated in the future. Notably, increased risk of open
NTDs was detected for combinations of MTHFR 677CT
with DHFR inin (OR 2.57, P=0.005) and RFCI 80GG (OR
2.45, P=0.015); and MTRR 66GG with RFCI 80GG (OR 3.3,
P=10.019). Apparent reductions in risk of NTDs were noted for
the double heterozygote combination of MTHFR 677CT with
DHFRindel (OR 0.5, P=0.02). Analysis of genotype combinations
in OSD revealed an apparent increased risk associated with the
combined presence of MTHFR 677TT with DHFR deldel (OR 5.43,
P=0.002) or decreased risk for MTHFR 677CT with RFCI 80AG
(OR 0.33, P=0.003) and MTRR 66AG with RFCI 80AG (OR 0.33,
P=0.005).

A modest increase in risk for NTDs has previously been reported
for MTHFR 677TT infants of mothers not using vitamin supple-
ments, compared to those who do [Shaw et al., 1998]. A similar
finding was found for conotruncal heart defects in RFCI 80GG
infants, but notin a similar group with orofacial defects [Shaw et al.,
2003]. While it is possible that both dietary intake and circulating
folate status may have had an important effect on the influence of
the various folate pathway enzyme variants in this study, it was
not possible to take this into account due to incomplete data.
Nevertheless, from those patients where data are available, it should
be noted that the great majority did not use any supplements.

Inaprevious study, we investigated the hypothesis that an inborn
error of folate metabolism in the fetus itself may be causally linked to
NTDs using a simple test of folate metabolism in patient cell lines
[Dunlevy et al., 2007]. This data showed that there may be an
underlying defect present in a subset of NTDs, although this did not
appear to be directly caused by the commonly analyzed “risk
factors” such as MTHFR C677T [Dunlevy et al., 2007]. The current
study focuses for the first time on a distinct group of NTD samples
with OSD, who, along with a cohort of open NTD patients, do not
indicate arole for the widely reported polymorphisms in folate cycle
enzymes in their etiology. Instead, it is reasonable to suggest that
the causative genetic factors in these patients have not yet been
identified or that multigenic interactions such as those investigated
here are responsible for the genetic component of NTD prevalence.
This latter possibility will either require a much larger sample size to
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MTHFR 677C-T
Control
0SD
SB aperta
Anencephaly
Open NTDs
Total NTDs

MTHFR 1298 A-C
Control
0SD
SB aperta
Anencephaly
Open NTDs
Total NTDs

MTHFD1 1958 G-A
Control
0SD
SB aperta
Anencephaly
Open NTDs
Total NTDs

DHFR del +/—
Control
0SD
SB aperta
Anencephaly
Open NTDs
Total NTDs

MTR 2756A-G
Control
0SD
SB aperta
Anencephaly
Open NTDs
Total NTDs

Genotypes, n

cc CT 1T
’3 86 28
39 39 11
49 63 9
22 20 5
1 83 14
124 137 26
Genotypes, n
AA AC cc
89 68 19
42 40 10
55 45 10
17 22 5
72 7 15
127 121 25
Genotypes, n
GG GA AA
’1 82 33
38 34 20
37 59 23
14 22 9
51 81 32
95 133 58
Genotypes, n
Sy = =
52 103 35
26 47 19
33 64 16
16 21 10
49 85 26
84 146 52
Genotypes, n
AA AG GG
118 60 10
52 35 1
80 36 4
22 13 3
102 49 7
147 /6 8

Recessive

OR (95% Cl)
Reference group
0.80 (0.38—1.69)
0.46 (0.21-1.00)°
0.68 (0.25—1.86)
0.52 (0.26—-1.02)°
0.57 (0.32—0.99)°

Recessive

OR (95% CI)
Reference group
1.01 (0.45-2.27)
0.83 (0.37—1.85)
1.06 (0.37-3.01)
0.89 (0.48—1.71)
0.83 (0.44—1.56)

Recessive
OR (95% Cl)
Reference group
1.29 (0.69—2.40)
1.11 (0.62—2.00])
1.16 (0.51—2.64)
1.12 (0.66—1.93)
1.18 (0.73—1.89)

Recessive
OR (95% CI)
Reference group
1.15 (0.62—2.15)
0.73 (0.38—1.39)
1.2 (0.54—2.63)
0.86 (0.49-1.50)
1.00 (0.62—-1.61)

Recessive

OR (95% CI)
Reference group
0.61 (0.19-2.00)
1.53 (0.40-5.83)
0.83 (0.31-2.22)
0.64 (0.25—1.65)
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Dominant

OR (95% CI)
Reference group
0.82 (0.49-1.37)
0.94 (0.59-1.50)
0.73 (0.38—1.39)
0.87 (0.57—1.34)
0.72 (0.50—1.04)¢

Dominant

OR (95% CI)
Reference group
1.22 (0.73—-2.02)
1.02 (0.64—1.65)
1.62 (0.83-3.19)
1.31 (0.85—2.00)
1.18 (0.80-1.72)

Dominant

OR (95% ClI)
Reference group
0.88 (0.53—1.46)
1.37 (0.84-2.23)
1.37 (0.68—2.74)
1.37 (0.88—2.13)
1.24 (0.84-1.82)

Dominant

OR (95% ClI)
Reference group
0.96 (0.55-1.67)
0.91 (0.55-1.53)
0.73 (0.37—1.44)
0.85 (0.54—1.36)
0.89 (0.59-1.34)

Dominant

OR (95% ClI)
Reference group
1.17 (0.70-2.00)
0.84 (0.52—1.36)
1.23 (0.60—2.49)
0.93 (0.60—1.44)
0.96 (0.65—1.44)

(Continued)
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TABLE 1. (Continued)

Genotypes, n

Recessive Dominant
MTRR 66A-6G AA AG GG OR (95% Cl) OR (95% Cl)
Control 41 99 44 Reference group Reference group
0SD 21 35 21 1.19 (0.65-2.19) 0.76 (0.42—1.41)
SB aperta 23 53 37 1.55 (0.92—2.60]) 1.12 (0.63—1.99)
Anencephaly 14 18 12 1.19 (0.57-2.51) 0.61 (0.30-1.27)
Open NTDs 37 /1 49 1.44 (0.89-2.33) 0.93 (0.56—1.54)
Total NTDs 64 116 83 1.47 (0.96—2.25)° 0.89 (0.57—1.39)
Genotypes, n
Recessive Dominant
RFCI 80A-G AA AG GG OR (95% CI) OR (95% ClI)
Control 35 112 45 Reference group Reference group
0sD 26 51 26 1.10 (0.63—1.92) 0.66 (0.37—1.17)
SB aperta 21 66 39 1.46 (0.88—2.42) 1.11 (0.61—-2.02)
Anencephaly 9 25 15 1.44 (0.72—2.88) 1.00 (0.45-2.27)
Open NTDs 30 91 54 1.46 (0.92—2.32) 1.08 (0.63—1.84)
Total NTDs 62 164 81 1.17 (0.77—1.78) 0.88 (0.56—1.40)
°P=0.033.
°P=0.038.
P=0.03.
4p=0.046.
°P=0.048.

detect significant association or the ability to better characterize
patients by phenotype.

ACKNOWLEDGMENTS

We thank Sally Newman and Sam Loughlin for assistance with
DNA sequencing.

REFERENCES

Amorim MR, Lima MA, Castilla EE, Orioli IM. 2007. Non-Latin European
descent could be a requirement for association of NTDs and MTHFR
variant 677C>T: A meta-analysis. Am ] Med Genet Part A 143A:
1726—1732.

Apostolidou S, Abu-Amero S, O’Donoghue K, Frost J, Olafsdottir O,
Chavele KM, Whittaker JC, Loughna P, Stanier P, Moore GE. 2007.
Elevated placental expression of the imprinted PHLDA2 gene is asso-
ciated with low birth weight. Mol Med 85:379—-3787.

Botto LD, Yang Q. 2000. 5,10 Methylenetetrahydrofolate reductase gene
variants and congenital anomalies a HuGe review. Am ] Epidemiol
151:862—877.

Boyles AL, Hammock P, Speer MC. 2005. Candidate gene analysis in
human neural tube defects. Am ] Med Genet Part C 135C:9-23.

Brody LC, Conley M, Cox C, Kirke PN, McKeever MP, Mills JL, Molloy
AM, O’Leary VB, Parle-McDermott A, Scott JM, Swanson DA. 2002. A
polymorphism, R653Q, in the trifunctional enzyme methylenetetrahy-
drofolate dehydrogenase/methylenetetrahydrofolate cyclohydrolase/
formyltetrahydrofolate synthetase is a maternal genetic risk factor for
neural tube defects: Report of the Birth Defects Research Group. Am J
Hum Genet 71:1207-1215.

Bui CJ, Tubs RS, Oakes WJ. 2007. Tethered cord syndrome in children: A
review. ] Neurosurg 23:1-9.

Campbell S. 1977. Early prenatal diagnosis of neural tube defects by
ultrasound. Obstet Gynecol 20:351-359.

Carter CO. 1974. Clues to the aetiology of neural tube malformations. Dev
Med Child Neurol 16:3—15.

Chango A, Emery-Fillon N, de Courcy GP, Lambert D, Pfister M,
Rosenblatt DS, Nicolas JP. 2000. A polymorphism (80G->A) in the
reduced folate carrier gene and its associations with folate status and
homocysteinemia. Mol Genet Metab 70:310—-315.

Copp AJ, Greene ND, Murdoch JN. 2003. The genetic basis of mammalian
neurulation. Nat Rev Genet 4:784—793.

De Marco P, Calevo MG, Moroni A, Arata L, Merello E, Finnell RH, Zhu H,
Andreussi L, Cama A, Capra V. 2002. Study of MTHFR and MS poly-
morphisms asrisk factors for NTD in the Italian population. ] Hum Genet
47:319-324.

Doolin MT, Barbaux S, McDonnell M, Hoess K, Whitehead AS, Mitchell
LE. 2002. Maternal genetic effects, exerted by genes involved in homo-
cysteine remethylation, influence the risk of spina bifida. Am ] Hum
Genet 71:1222-1226.

Dunlevy LP, Chitty LS, Burren KA, Doudney K, Stojilkovic-Mikic T,
Stanier P, Scott R, Copp AJ, Greene ND. 2007. Abnormal folate metabo-
lism in foetuses affected by neural tube defects. Brain 130:1043—1049.

Guéant-Rodriguez RM, Rendeli C, Namour B, Venuti L, Romano A, Anello
G, Bosco P, Debard R, Gérard P, Viola M, Salvaggio E, Guéant JL.
2003. Transcobalamin and methionine synthase reductase mutated
polymorphisms aggravate the risk of neural tube defects in humans.
Neurosci Lett 344:189-192.

Harris MJ, Juriloff DM. 2007. Mouse mutants with neural tube closure
defects and their role in understanding human neural tube defects. Birth
Defects Res A Clin Mol Teratol 79:187-210.



DOUDNEY ET AL.

1589

Johnson WG, Stenroos ES, Spychala JR, Chatkupt S, Ming SX, Buyske S.
2004. New 19 bp deletion polymorphism in intron-1 of dihydrofolate
reductase (DHFR): A risk factor for spina bifida acting in mothers during
pregnancy? Am ] Med Genet Part A 124A:339—-345.

Kirke PN, Molloy AM, Daly LE, Burke H, Weir DG, Scott JM. 1993.
Maternal plasma folate and vitamin B12 are independent risk factors for
neural tube defects. Q ] Med 86:703—708.

Kirke PN, Mills JL, Whitehead AS, Molloy A, Scott JM. 1996. Methy-
lenetetrahydrofolate reductase mutation and neural tube defects. Lancet
348:1037-1038.

MRC Vitamin Study Research Group. 1991. Prevention of neural tube
defects: Results of the Medical Research Council Vitamin Study. Lancet
338:131-137.

Rampersaud E, Melvin EC, Siegel D, Mehltretter L, Dickerson ME, George
TM, Enterline D, Nye JS, Speer MC, NTD Collaborative Group. 2003.
Updated investigations of the role of methylenetetrahydrofolate
reductase in human neural tube defects. Clin Genet 63:210—-214.

Shang Y, Zhao H, Li W-I, Zhou R, Zhang T, Xie J. 2007. Correlation of
polymorphisms of MTHFRs and REC-1 genes with neural tube defects in
China. Birth Defects Res A 82:3—7.

Shaw GM, Rozen R, Finnell RH, Wasserman CR, Lammer EJ. 1998.
Maternal vitamin use, genetic variation of infant methylenetetrahydro-
folate reductase, and risk for spina bifida. Am J Epidemiol 148:30—37.

Shaw GM, Zhu H, Lammer EJ, Yang W, Finnell RH. 2003. Genetic variation
of infant reduced folate carrier (A80G) and risk of orofacial and con-
otruncal heart defects. Am J Epidemiol 158:747—752.

van der Put NM, Steegers-Theunissen RP, Frosst P, Trijbels FJ, Eskes TK,
van den Heuvel LP, Mariman EC, den Heyer M, Rozen R, Blom HJ. 1995.
Mutated methylenetetrahydrofolate reductase as a risk factor for spina
bifida. Lancet 346:1070—1071.

van der Put NM, Gabreels F, Stevens EM, Smeitink JA, Trijbels FJ, Eskes TK,
van den Heuvel LP, Blom HJ. 1998. A second common mutation in the
methylenetetrahydrofolate reductase gene: An additional risk factor for
neural-tube defects? Am J Hum Genet 62:1044—1051.



