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ABSTRACT
Background: Folic acid supplementation prevents the occurrence
and recurrence of neural tube defects (NTDs), but the causal met-
abolic pathways underlying folic acid–responsive NTDs have not
been established. Serine hydroxymethyltransferase (SHMT1) parti-
tions folate-derived one-carbon units to thymidylate biosynthesis at
the expense of cellular methylation, and therefore SHMT1-deficient
mice are a model to investigate the metabolic origin of folate-associated
pathologies.
Objectives: We examined whether genetic disruption of the Shmt1
gene in mice induces NTDs in response to maternal folate and
choline deficiency and whether a corresponding disruption in de
novo thymidylate biosynthesis underlies NTD pathogenesis.
Design: Shmt1 wild-type, Shmt1+/2, and Shmt12/2 mice fed either
folate- and choline-sufficient or folate- and choline-deficient diets
were bred, and litters were examined for the presence of NTDs.
Biomarkers of impaired folate metabolism were measured in the
dams. In addition, the effect of Shmt1 disruption on NTD incidence
was investigated in Pax3Sp mice, an established folate-responsive
NTD mouse model.
Results: Shmt1+/2 and Shmt12/2 embryos exhibited exencephaly in
response to maternal folate and choline deficiency. Shmt1 disruption
on the Pax3Sp background exacerbated NTD frequency and severity.
Pax3 disruption impaired de novo thymidylate and purine biosyn-
thesis and altered amounts of SHMT1 and thymidylate synthase
protein.
Conclusions: SHMT1 is the only folate-metabolizing enzyme that
has been shown to affect neural tube closure in mice by directly
inhibiting folate metabolism. These results provide evidence that
disruption of Shmt1 expression causes NTDs by impairing thymi-
dylate biosynthesis and shows that changes in the expression of
genes that encode folate-dependent enzymes may be key determi-
nates of NTD risk. Am J Clin Nutr 2011;93:789–98.

INTRODUCTION

During embryogenesis, the neuroepithelium bends and fuses
to form the embryonic neural tube through the process of neu-
rulation. Failure of neurulation results in a spectrum of de-
velopmental anomalies collectively referred to as neural tube
closure defects (NTDs). Worldwide prevalence of human NTDs
ranges from ,1–30 per 10,000 births (1). One of the strongest
environmental determinants of NTD risk is low maternal folate
status (2), which interacts with specific gene variants to confer
NTD risk (3, 4). Maternal folic acid supplementation reduces

both NTD occurrence and recurrence (5, 6). However, the folate-
dependent metabolic pathway or pathways that affect neural
tube closure are unknown.

Folates function as enzyme cofactors that carry one-carbon
units for a network of anabolic pathways collectively known
as one-carbon metabolism (OCM; Figure 1). OCM is essen-
tial for de novo purine and thymidylate (dTMP) synthesis
and for the remethylation of homocysteine to methionine,
which can be adenosylated to form the universal methyl donor
S-adenosylmethionine (AdoMet) (Figure 1). OCM can be
impaired by genetic variation or nutrient deficiencies or both,
which can simultaneously disrupt de novo nucleotide bio-
synthesis and AdoMet synthesis, resulting in reduced pro-
liferative capacity, increased uracil in DNA, elevated plasma
homocysteine, and reduced cellular methylation (7). It is not
known which of these impairments ultimately contributes to
NTD pathogenesis.

Responsiveness to maternal folate supplementation has been
determined in only a few of the 150 mouse models (8) that exhibit
NTDs (9–12), and of those NTD models that respond to exog-
enous folic acid only the Splotch mutant (Pax3Sp) has shown
impairment in OCM. Homozygous Splotch embryos exhibit
fully penetrant spina bifida and impaired de novo thymidylate
biosynthesis (10). NTDs in the Splotch mutant can be rescued
with supplemental dietary folic acid or thymidine, indicating
that folic acid prevents NTDs by rescuing de novo thymidylate
synthesis in this mouse model (9, 10). However, Pax3 has not
been linked to human NTD pathogenesis in epidemiologic
studies (13, 14).

The thymidylate biosynthesis pathway is composed of 3
enzymes that function in the cytoplasm and the nucleus: thy-
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midylate synthase (TYMS), dihydrofolate reductase, and serine
hydroxymethyltransferase (SHMT) (15) (Figure 1). Two cyto-
plasmic isoforms of SHMT, SHMT1 and SHMT2a, which are
encoded by 2 different genes, undergo small ubiquitin-like mod-
ifier (SUMO)–dependent translocation into the nucleus during
S-phase to provide dTTP for DNA replication (16, 17). In mice,
disruption of Shmt1 impairs de novo thymidylate biosynthesis
(15), resulting in increased uracil misincorporation into DNA
(18). Shmt1 is not essential in mice (18), and Shmt1 null mice do
not develop NTDs when fed a commercial nonpurified rodent
diet. However, because human NTDs arise from gene-nutrient
interactions, we examined the contribution of Shmt1 to NTDs
during folate and choline deficiency in mice to determine directly
if impaired de novo thymidylate biosynthesis increases risk of
NTDs.

MATERIALS AND METHODS

Mouse models

Shmt1+/2 mice were maintained as heterozygote breeding
colonies on either congenic 129/SvEv or C57BL/6 backgrounds
(18). Heterozygous C57BL/6J-Pax3Sp (Splotch) mice were ob-
tained from Jackson Laboratories (Bar Harbor, ME). NTDs were
examined in litters harvested from crosses of either 129SvEv-
Shmt1(N10+) or C57BL/6-Shmt1(N10+) mice. To determine the
effect of Shmt1 disruption on NTDs in the Splotch mutant,

compound Pax3,Shmt1 mutants were obtained by crossing
Shmt1+/2 mice on a mixed C57Bl6/129Sv/EV/Balb/c back-
ground to Pax3Sp/+ mice. F1 compound heterozygotes (Pax3Sp/+,
Shmt1+/2) were then used for colony breeding. Pax3Sp/+,Shmt1+/2

or Pax3Sp/+,Shmt12/2 female mice were then crossed to Pax3Sp/+,
Shmt1+/2 male mice for timed mating experiments as described
below.

Experimental animals and diets

All animal experiments were approved by the Cornell In-
stitutional Animal Care and Use Committee (Cornell University,
Ithaca, NY) according to the guidelines of the Animal Welfare
Act and all applicable federal and state laws. Mice were main-
tained on a 12-h light/dark cycle in a temperature-controlled
room. For studies investigating Shmt1 disruption and NTDs,
female mice were randomly assigned to receive either an ex-
perimental AIN93G diet lacking folate and choline (FCD) or an
AIN93G (control) diet (Dyets, Bethlehem, PA) at weaning.
Choline was excluded from the experimental diet in addition to
folate to increase stress on the homocysteine remethylation cy-
cle and because both dietary folate and choline have been as-
sociated with NTD risk. Studies investigating the interaction
between Shmt1 and Pax3 in compound Pax3,Shmt1 mutants
were conducted in mice fed either a commercial nonpurified
rodent diet (Harlan, South Easton, MA) or the FCD diet. For all
studies, dams were fed the diet from weaning throughout the

FIGURE 1. Schematic of folate-mediated one-carbon metabolism in the cytoplasm and nucleus. One-carbon metabolism in the cytoplasm is required for the de
novo synthesis of purines and thymidylate and for the remethylation of homocysteine to methionine. One-carbon metabolism in the nucleus synthesizes de novo
purine and thymidylate (dTMP) from deoxyuridine monophosphate (dUMP) and serine. THF, tetrahydrofolate; MTHFD1, methylenetetrahydrofolate
dehydrogenase; MTR, methionine synthase; MTHFR, methylenetetrahydrofolate reductase; SHMT1, cytoplasmic serine hydroxymethyltransferase; TYMS,
thymidylate synthase; DHF, dihydrofolate; DHFR, dihydrofolate reductase; AdoMet, S-adenosylmethionine; AdoHcy, S-adenosylhomocysteine; Sumo, small
ubiquitin-like modifier.
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breeding period and for the duration of gestation until being
killed. Virgin 70- to 120-d-old female mice were housed over-
night with males. The following morning, females were exam-
ined for the presence of a vaginal plug. Gestational day 0.5
(E0.5) was designated at 0900 the day of the plug. Pregnant
females were killed by cervical dislocation between E9.5 and
E11.5, and blood was collected by cardiac puncture. Gravid
uteri were removed, and all implants and resorption sites were
recorded. Embryos were examined for presence of NTDs and
measured for crown-rump length. All yolk sacs were collected
for subsequent genotyping. Embryos extracted for later use in
biochemical assays or for protein extraction were taken at E8.5–
10.5 and rapidly frozen in liquid nitrogen followed by storage at
280�C. Embryos examined for morphologic abnormalities were
derived at E11.5 and fixed in 10% neutral buffered formalin.

Genotype analysis

Genotyping for the Splotch mutation and sex was performed
by using established protocols (19, 20). Genotyping for Shmt1flox

and Shmt1+/2 alleles was performed by using a previously de-
scribed protocol (18).

Histology

Embryos were processed for histologic analysis after gross
morphologic examination. Tissues were cryoprotected in 30%
sucrose in phosphate-buffered saline (PBS), embedded in Op-
timal Cutting Temperature (Tissue-Tek; Electron Microscopy
Sciences, Hatfield, PA) and frozen in isopentane cooled in liquid
nitrogen. Thirty-micrometer-thick cryosections were affixed to
plus-charged slides and stained with hematoxylin and eosin.

Immunofluorescence

For whole-mount immunofluorescence, E8.0 embryos were
fixed in 4% paraformaldehyde and stained by using standard
procedures in a block/diluent containing 1% bovine serum al-
bumin and 10% normal donkey serum. Embryos were incubated
with sheep anti-SHMT1 antibody (1:50) and visualized with
Alexafluor 488-conjugated donkey anti-sheep antibody (1:250;
Invitrogen, Carslbad, CA). Paired box gene 3 (PAX3) and
SHMT1 double fluorescent immunostaining was performed on
transverse 10-lm-thick cryosections of E9.0 embryos by using
sheep anti-SHMT1 and mouse anti-PAX3 antibody (1:25; R&D
Systems, Minneapolis, MN). Double immunofluorescence was
visualized with Alexafluor 488-conjugated donkey anti-mouse
antibody (1:100; Invitrogen) and Alexafluor 568-conjugated
donkey anti-sheep antibody (1:100; Invitrogen). Sections were
counterstained with DAPI (Invitrogen). Immunofluorescent
staining was visualized on a Zeiss LSM 510-META confocal
microscope (Thornwood, NY) and processed in Volocity 5.2
(Perkin Elmer, Waltham, MA).

Determination of metabolites

Plasma metabolite concentrations were determined as pre-
viously described (21, 22). Folate concentrations were quantified
by using a Lactobacillus casei microbiological assay as pre-
viously described (23). Total concentrations of AdoMet and
S-adenosylhomocysteine (AdoHcy) were measured in frozen

mouse embryonic fibroblast (MEF) cell pellets by an established
HPLC procedure (24).

Immunoblotting

Western blot analyses were performed in triplicate by using
15–30 lg protein extracted from individual embryos as de-
scribed elsewhere (18). The primary antibodies were diluted in
5% nonfat skim milk in PBS as follows: monoclonal mouse
anti-mouse TYMS antibody (1:2000; Invitrogen), monoclonal
mouse anti-mouse GAPDH (glyceraldehyde 3-phosphate de-
hydrogenase) antibody (1:40,000; Novus Biologicals, Lit-
tleton, CO), polyclonal goat anti-mouse PAX3 antibody
(1:3000; Santa Cruz Biotechnology, Santa Cruz, CA), poly-
clonal rabbit anti-mouse actin antibody (1:40,000; Abcam,
Cambridge, MA), and polyclonal sheep anti-mouse SHMT1
antibody (1:10,000) (25). Densitometry was performed on au-
toradiographs by using Image J software (National Institutes of
Health, Bethesda, MD).

Generation of mouse embryonic fibroblast cell lines

MEF cell lines were generated from embryos isolated 10–14 d
post coitus from crosses of Pax3Sp/+ mice. MEFs were incubated
at 37�C in Defined Minimal Essential Media (Hyclone; Thermo
Scientific, Rockford, IL) with 10% fetal bovine serum.

Nucleotide biosynthesis assays

Formate suppression and modified deoxyuridine suppression
assays, which measure the relative efficiency of de novo purine
and thymidine nucleotide synthesis, respectively, relative to
synthesis from nucleotide salvage pathways, was performed as
previously described (26, 27). Isotope incorporation into nuclear
DNA was quantified by using a Beckman LS6500 scintillation
counter (Beckman Coulter, Brea, CA) in dual disintegrations per
minute (dpm) mode.

Statistical analyses

Analyses of NTD incidence and embryonic crown-rump
length were conducted by using repeated-measured analysis of
variance (PROC MIXED or PROC GENMOD, SAS version 9.2;
SAS Institute, Cary, NC) and Tukey’s honestly significant dif-
ference post hoc test. Independent variables included maternal
and embryonic Shmt1 genotype and maternal diet, and litter was
considered as a repeated measure. Embryonic Shmt1 genotype
was excluded from the model when assumptions of variance
were violated due to the absence of exencephaly observed in
Shmt1+/+ embryos. Embryonic sex was also included in the
model, because sex modifies the incidence of exencephaly (8).
Analysis of total litter resorptions and implants was conducted
by analysis of variance in which litter was considered as the unit
of analysis. Independent variables in the model included ma-
ternal Shmt1 genotype and diet. Resorption rate was calculated
as the ratio of resorptions to total implants per litter, and log-
transformation was applied to normalize the data. Specific
comparisons within main effects were assessed by comparisons
of least-squares means. Chi-square analyses were used to assess
any deviation from expected genotype ratios on the basis of
Mendelian inheritance. For cell culture assays and densitometry
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measurements, genotype differences were assessed by using
a Student’s t test with a Bonferroni correction for multiple
comparisons. Two-tailed t tests were used in every case except
for the deoxyuridin suppression assay, for which a one-tailed t
test was used because the direction of the results was expected
based on a previous report (10).

RESULTS

Shmt1 disruption sensitizes embryos to exencephaly

We investigated NTD occurrence in mice deficient in Shmt1
expression in response to maternal folate and choline deficiency
to model the gene-nutrient interactions that result in NTDs in
humans. We bred Shmt1+/2 males to Shmt1+/+, Shmt1+/2, or
Shmt12/2 female mice (congenic 129SvEv or C57BL/6 back-
grounds) fed either a modified AIN93G diet (FCD diet) or
a control AIN93G diet from weaning and observed a low fre-
quency of exencephaly in both Shmt1+/2 or Shmt12/2 embryos
(Figure 2, A–F; Tables 1 and 2). The incidence of NTDs on the
129SvEv background is described below; however, NTDs were
also observed, albeit at a lower frequency, on the C57BL/6
background (see Supplementary Table 1, A, B, under “Supple-
mental data” in the online issue). Exencephaly was primarily
observed in litters from dams fed the FCD diet (v2 = 5.91, P =

0.0015), indicating that the NTD phenotype was responsive to
maternal folate status, as observed in humans. The frequency of
exencephaly was higher for Shmt12/2 littermates (14%; 13 of 92
embryos) as compared with Shmt1+/2 embryos (3.2%; 6 of 185
embryos) in litters isolated from dams fed the FCD diet, indi-
cating that complete loss of Shmt1 expression in the developing
embryo was associated with a greater risk of exencephaly when
compared with heterozygosity (v2 = 5.33, P = 0.02). In contrast
to the effects of fetal Shmt1 genotype, maternal Shmt1 genotype
did not significantly influence NTD occurrence, although only
one Shmt1+/2 embryo with exencephaly (1%; 1 of 101 embryos)
was uncovered from crosses involving Shmt1+/+ dams fed the
FCD diet.

The number of observed Shmt1+/+, Shmt1+/2, and Shmt12/2

embryos at E11.5 did not deviate from expected values for any
of the crosses examined (data not shown). However, we ob-
served that maternal diet (F = 21.5, P , 0.0001) and embryonic
Shmt1 genotype (F = 4.45, P = 0.01) significantly affected
embryonic growth at E11.5 (Figure 2, G, H). Embryos isolated
from dams fed the FCD diet had significantly shorter crown-
rump lengths (Figure 2H) as did Shmt12/2 embryos isolated
from dams that were fed either diet (Figure 2G). Neither Shmt1
genotype nor diet significantly affected the weight of female
mice at onset of gestation (P . 0.05; data not shown) or the
number of implantation sites, although the FCD diet resulted in

FIGURE 2. Neural tube defects in Shmt1-deficient embryos. A, B: At gestational day 11.5 (E11.5), Shmt1+/2 embryos from dams fed the diet lacking folate
and choline (FCD) exhibited failure of rostral neural tube closure at the midbrain/hindbrain boundary (B). All wild-type littermates (A) were unaffected.
Arrows indicate extent of lesions. C, D: At E14.5, affected Shmt1+/2 embryos (D) exhibited prominent exencephaly. Wild-type littermates (C) were
unaffected. Arrows indicate extent of lesions. E, F: Hematoxylin and eosin–stained transverse sections of the hindbrain region in E10.5 embryos showed
complete failure of closure in the hindbrain region in Shmt1+/2 embryos (F). Wild-type embryos (E) showed normal closure. G, H: Crown-rump length of
embryos derived from crosses of Shmt1-deficient mice. Main effects of genotype and diet and the interaction of genotype and diet were determined by mixed-
model ANOVA and Tukey’s honestly significant difference post hoc test. (G) Crown-rump length as a function of embryonic Shmt1 genotype. n = 90–110
embryos. *Significantly different from Shmt1+/+, P = 0.057. **Significantly different from Shmt1+/2, P = 0.007. (H) Crown-rump length as a function of
maternal diet. n = 90–120 embryos. **Significantly different from control diet, P � 0.01. The control diet consisted of an experimental feed (AIN93G; Dyets,
Bethlehem, PA); FCD refers to an AIN93G diet lacking folate and choline. Scale bars indicate 1 mm.
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significantly more resorptions per litter (22.4% with the FCD
diet compared with. 9.7% with the control diet; F = 7.52, P =
0.0094).

Maternal Shmt1 disruption does not influence markers of
folate status

To gain further insight into the metabolic mechanisms un-
derlying NTD pathogenesis, we investigated the effect of diet and
Shmt1 genotype on biomarkers of folate status in pregnant dams.
Maternal Shmt1 genotype did not influence red blood cell (RBC)
folate concentrations in pregnant dams receiving the FCD diet
[Shmt1+/+ (11 fmol/lg) compared with Shmt1+/2 (13 fmol/lg)
compared with Shmt12/2 (6.5 fmol/lg); P . 0.05], whereas the
FCD diet resulted in a significant reduction in RBC folate
concentrations (F = 2637, P , 0.0001; see Supplementary
Figure 1 under “Supplemental data” in the online issue). RBC
folate concentrations were reduced by’80% in female mice fed
the FCD diet compared with the control diet. Similarly, maternal
Shmt1 genotype did not influence plasma homocysteine con-
centrations or the concentrations of several metabolites associ-
ated with homocysteine remethylation and metabolism (see
Supplementary Table 2 under “Supplemental data” in the online
issue). The FCD diet resulted in plasma homocysteine concen-
trations that were elevated .3-fold relative to concentrations
observed with the control diet (49 6 7.1 compared with 15 6
3.5 lmol/L). The FCD diet also significantly affected concen-
trations of all metabolites associated with homocysteine re-
methylation (see Supplementary Table 2 under “Supplemental
data” in the online issue). These data are consistent with an
effect of maternal diet, but not maternal Shmt1 genotype, on
NTD occurrence.

Metabolic disruption of folate-mediated OCM in
Splotch MEFs

To assess whether a common mechanism underlies folate-
responsive NTDs in the Splotch mutant, we examined the meta-

bolic phenotype of Pax3Sp/Sp MEFs generated from Splotch
matings. Consistent with a previous report (10), we observed
a trend toward an impairment in de novo thymidylate biosynthesis
in Pax3Sp/Sp MEF lines (P = 0.1; Figure 3A). Surprisingly,
Splotch MEF lines also exhibited gene-dosage-dependent im-
pairments in de novo purine biosynthesis (Figure 3B). Pax3Sp/Sp

lines exhibited significantly reduced rates of de novo purine
biosynthesis compared with Pax3+/+ lines (P = 0.04). The relative
ratio of AdoMet to AdoHcy, which serves as an indicator of
the cellular methylation potential, increased in a gene-dosage–
dependent manner in response to the Splotch mutation, although
only the comparison between Pax3Sp/Sp and Pax3+/+ lines was
significant (P = 0.004; Figure 3C). These data support the hy-
pothesis that impairments in nucleotide biosynthesis underlie
NTD pathogenesis in folate-responsive NTDs.

Shmt1 and Pax3 interact in neural tube closure

Because disruption of either Shmt1 or Pax3 impairs thymi-
dylate biosynthesis, we reasoned that Shmt1 and Tyms expres-
sion might be altered in Splotch embryos. We examined SHMT1
concentrations in Splotch embryos and observed increased
SHMT1 protein concentrations in Pax3Sp/+ (P = 0.009) and
Pax3Sp/Sp (P , 0.0001) embryos relative to Pax3+/+ embryos at
E10.5 (Figure 4A). However, SHMT1 was not misexpressed in
Splotch embryos, because whole-mount immunofluorescence
did not reveal altered domains of expression (see Supplementary
Figure 2 under “Supplemental data” in the online issue). We also
observed reduced TYMS protein concentrations in response to
the Splotch mutation in both Pax3Sp/+ (P = 0.04) and Pax3Sp/Sp

(P = 0.02) embryos (Figure 4B), which is consistent with the
observation of impaired thymidylate biosynthesis in Splotch
MEFs. Examination of Shmt1 and Tyms message levels by
real-time polymerase chain reaction did not reveal any geno-
type differences (data not shown), indicating that the Splotch
mutation affects SHMT1 and TYMS protein concentrations

TABLE 2

Frequency of neural tube defects (NTDs) in Shmt1-deficient embryos on

a 129/SvEv background as a function of embryonic Shmt1 genotype1

Embryonic Shmt1 genotype2

Maternal Shmt1 genotype Shmt1+/+ Shmt1+/2 Shmt12/2

Shmt1+/+

No. of NTDs 0 1 (1.8) —

No. of embryos 46 55 —

Shmt1+/2

No. of NTDs 0 3 (3.4) 4 (8.2)

No. of embryos 43 88 49

Shmt12/2

No. of NTDs — 2 (4.8) 9 (21)

No. of embryos — 42 43

1 Frequency of NTDs observed in gestational day 11.5 embryos isolated

from crosses of Shmt1-deficient mice on a 129/SvEv background fed the

AIN93G diet lacking folate and choline (FCD diet; Dyets, Bethlehem, PA).

The effect of embryonic Shmt1 genotype was assessed by using a modified

generalized linear model procedure. The frequency of exencephaly was

higher for Shmt12/2 littermates (14%; 13 of 92 embryos) than for Shmt1+/2

embryos in litters isolated from dams fed the FCD diet (3.2%; 6 of 185

embryos) (v2 = 5.33, P = 0.02).
2 Percentages in parentheses.

TABLE 1

Frequency of neural tube defects (NTDs) in Shmt1-deficient embryos on

a 129/SvEv background as a function of maternal Shmt1 genotype and

diet1

Diet and

maternal genotype

No. of

litters

No. of

embryos

No. of

NTDs2

Control

Shmt1+/+ 8 44 0

Shmt1+/2 27 149 1 (,1)

Shmt12/2 8 39 0

FCD

Shmt1+/+ 19 101 1 (1)

Shmt1+/2 36 180 7 (3.9)

Shmt12/2 16 85 11 (13)

1 Frequency of NTDs observed in litters isolated from crosses of

Shmt1-deficient mice on a 129/SvEv background on gestational day 11.5.

Main effects of maternal Shmt1 genotype and maternal diet were assessed by

using a modified generalized linear model procedure. Maternal diet (v2 =

5.91, P = 0.0015) significantly influenced NTD occurrence. The control diet

consisted of an experimental feed (AIN93G; Dyets, Bethlehem, PA). FCD,

an AIN93G diet lacking folate and choline.
2 Percentages in parentheses.
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posttranscriptionally. Interestingly, PAX3 and SHMT1 protein
concentrations appear to be mutually regulated and compensa-
tory, because we also observed increased PAX3 protein con-
centrations in Shmt1+/2 (P = 0.08) and Shmt12/2 (P = 0.09)
embryos (Figure 4C). Disruption of Shmt1 also resulted in re-
duced TYMS protein concentrations in Shmt12/2 embryos
(Figure 4D). These data suggest that mutual regulation of PAX3
and SHMT1 protein concentrations may compensate for im-
pairments in de novo thymidylate biosynthesis.

SHMT1 and PAX3 colocalize within the neural tube

Because SHMT1 and PAX3 protein concentrations, but not
mRNA concentrations, were mutually regulated in Splotch mu-
tants and SHMT1-deficient embryos, colocalization of SHMT1
and PAX3 in the neural tube of wild-type embryos was de-
termined by immunofluorescence. As described previously (28),
strong PAX3 immunoreactivity was observed within the dorsal
neural tube, with the ventral border of expression delimited by
the sulcus limitans (Figure 4, E–H). Neuroepithelial expression
was observed from the level of the diencephalon through the
caudal end of the neural tube (Figure 4, E–G). Strong PAX3
immunoreactivity was also observed in neural crest. SHMT1
and PAX3 expression colocalized within the neuroepithelium
and the neural crest, primarily at the level of the hindbrain/
cervical flexure (Figure 4E). Cytoplasmic expression of SHMT1
was observed in a longitudinal band located dorsal to the sulcus
limitans. Overlapping domains of PAX3 and SHMT1 expression
were observed in this region as well as in the migrating neural
crest (Figure 4F). Some limited coexpression was also observed
in more caudal regions of the neural tube (Figure 4G). The
observed coexpression of SHMT1 and PAX3 within the neural
tube further suggests that these 2 proteins are coexpressed
during neural tube closure.

Shmt1 disruption exacerbates the NTD phenotype in
Splotch embryos

To test for an interaction at the level of metabolism between
PAX3 and SHMT1 during neural tube closure, we crossed the
Shmt1 2/2 mice to the Splotch mouse model and determined
whether aggravated impairments in de novo thymidylate bio-
synthesis in compound mutants would exacerbate NTDs. Shmt1
disruption increased the frequency of more severe lesions in
homozygous Splotch embryos (Figure 5A), which included le-
sions in both the cranial and spinal regions. Pax3Sp/Sp,Shmt1+/2

and Pax3Sp/Sp,Shmt12/2 embryos had significantly higher in-
cidence of combined spina bifida and exencephaly (46% and
66%, respectively) compared with embryos isolated from
crosses involving the Splotch mutation alone (22%; P = 0.04 and
0.001, respectively), whereas the incidence of combined lesions
in Pax3Sp/Sp,Shmt1+/+ embryos isolated from compound mutant
crosses (22%) did not differ from the effects of the Splotch
mutation alone (P . 0.95). In addition to increasing the severity
of NTDs observed in Pax3Sp/Sp embryos, Shmt1 disruption also
resulted in instances of Pax3Sp/+ and Pax3+/+ littermates with
spina bifida or exencephaly under folate-replete conditions (see
Supplementary Table 3 under “Supplemental data” in the online
issue; Figure 5, B–E). Pax3Sp/+ and Pax3+/+ embryos with NTDs
were either Shmt1+/2 or Shmt12/2 in all cases. Approximately
3–5% of Pax3+/+ and Pax3Sp/+ embryos from compound mutant
crosses that were fed a commercial nonpurified rodent diet
displayed NTDs. In most cases, the lesion observed was ex-
encephaly, but isolated spina bifida was also observed in a few
cases (Figure 5, B, C); the severity of these lesions was com-
parable to that observed in Pax3Sp/Sp embryos. Whereas lesions
induced by Shmt1 disruption alone were confined to the cranial
region, embryonic Shmt1 disruption resulted in spina bifida in
response to either embryonic or maternal heterozygosity for the
Splotch mutation. Furthermore, embryonic or maternal Pax3 het-
erozygosity was sufficient to induce spina bifida or exencephaly

FIGURE 3. Metabolic phenotype of the Splotch mutant. A–C: Metabolic
phenotype in Splotch mouse embryonic fibroblasts (MEFs). Pax3+/+, Pax3Sp/+,
and Pax3Sp/Sp MEF cells were cultured to confluency in a-minimal essential
medium supplemented with 14C-deoxyuridine monophosphate (14C-dUMP)
and 3H-thymidine or 14C-formate and 3H-hypoxanthine. Efficiency of de novo
thymidylate biosynthesis (A) was determined by the relative enrichment of
14C-dUMP (10 lmol/L)/3H-thymidine (500 nmol) in nuclear DNA, and the
efficiency of de novo purine biosynthesis (B) was determined by the relative
enrichment of 14C-formate (20 lmol/L)/3H-hypoxanthine (2 nmol) in nuclear
DNA. All values represent the average of triplicate measures of 3 different
cell lines per genotype. (C) The relative ratio of S-adenosylmethionine
(AdoMet) to S-adenosylhomocysteine (AdoHcy) was measured in Pax3+/+,
Pax3Sp/+, and Pax3Sp/Sp MEF lines. n = 2–3 lines per genotype. Results for
all experiments are shown as means 6 SDs. All genotype differences were
determined by using a Student’s t test. *Significantly different from Pax3+/+,
P � 0.05. **Significantly different from Pax3+/+, P , 0.01.
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in Shmt1+/2 and Shmt12/2 embryos in the absence of dietary
folate and choline deficiency. Thus, Shmt1 disruption at both
embryonic and maternal levels increased the frequency of ex-
encephaly in Splotch embryos, whereas the only instances of
spina bifida observed in Shmt1+/2 or Shmt12/2 embryos oc-
curred in litters derived from Pax3Sp/+ dams.

Because NTDs in SHMT1-deficient embryos were sensitive to
maternal folate and choline status, we examined the effect of
maternal folate and choline deficiency on NTD extent and fre-
quency in litters isolated from compound Pax3,Shmt1 mutants
fed the FCD diet. Impaired maternal folate and choline status
both exacerbated and increased the frequency of lesions ob-
served in response to combined Pax3 and Shmt1 disruption.
Occasional cases of craniorachischisis were observed in Pax3Sp/+,
Shmt12/2 and Pax3Sp/Sp, Shmt12/2 embryos (Figure 5, F, G). To
our knowledge, craniorachischisis has not been reported pre-
viously in response to the Splotch mutation alone. Furthermore,
the frequency of NTDs observed in Pax3Sp/+ littermates rose
from 3–5% to 11–14% in response to dietary folate and choline
deficiency in compound Pax3,Shmt1 mutant crosses (see Sup-

plementary Table 4 under “Supplemental data” in the online
issue). The majority of NTDs in Pax3+/+ and Pax3Sp/+ litter-
mates were confined to the cranial region.

DISCUSSION

SHMT1 is the first folate-dependent enzyme shown to sen-
sitize mice to NTDs by disrupting folate metabolism, and the
results directly implicate impaired thymidylate synthesis and
Shmt1 in the etiology of folate-responsive NTDs. The Shmt1
mouse model recapitulates the gene-diet interactions that confer
NTD risk in humans, with embryonic Shmt1 disruption essential
for NTD pathogenesis, but NTD penetrance increased by ma-
ternal folate and choline deficiency. In the cytoplasm, SHMT1
regulates the partitioning of one-carbon units between thymi-
dylate biosynthesis and homocysteine remethylation (24),
whereas in the nucleus SHMT1 is a source of folate-activated
one-carbon units for thymidylate synthesis (16). Consequently,
de novo thymidylate biosynthesis is impaired in the nuclei of
Shmt1 null mice (15), and decreased Shmt1 expression increases

FIGURE 4. Serine hydroxymethyltransferase (SHMT1) and paired box gene 3 (PAX3) interact in the neural tube. A, B: Protein extracts from gestational
day 10.5 (E10.5) embryos isolated from Splotch crosses fed the commercial diet were analyzed by Western blot with a polyclonal anti-SHMT1 antibody (A)
and a monoclonal anti-thymidylate synthase (anti-TYMS) antibody (B). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was probed with a polyclonal
antibody to verify equal loading in both experiments. Relative concentrations of SHMT1 (A) and TYMS (B) were quantified by densitometry with the use of
GAPDH as a control. Genotype differences were analyzed by Student’s t test with Bonferroni correction (n = 3). Both SHMT1 and TYMS protein
concentrations were responsive to the Splotch mutation. *Significantly different from Pax3+/+, P , 0.05. **Significantly different from Pax3+/+, P �
0.01. C, D: Protein extracts from E8.5 embryos isolated from crosses of Shmt1+/2 dams fed the AIN93G diet lacking folate and choline (FCD diet;
Dyets, Bethlehem, PA) were analyzed by Western blot with the use of a polyclonal antibody to PAX3 (C) and TYMS (D). GAPDH and actin were
probed to verify equal loading. Relative concentrations of PAX3, SHMT1, and TYMS were quantified by densitometry with the use of GAPDH (C) or
actin (D) as a control. Genotype differences for panel C were analyzed by Student’s t test with Bonferroni correction (n = 3). Both PAX3 and TYMS protein
concentrations were responsive to Shmt1 disruption. *Significantly different from Pax3+/+, P, 0.05. E–G: Confocal fluorescent immunohistologic localization
of SHMT1 (red) and PAX3 (green) protein in transverse sections at the cephalic level (E), midtrunk (F), and lower trunk (G) in a wild-type E9.0 embryo.
Locations of sections are shown in panel H. Scale bars represent 90 lmol/L. nc, neural crest; nt, neural tube; so, somite.
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uracil misincorporation into nuclear DNA in livers of Shmt1+/2

mice (18). Although impairment in de novo thymidylate bio-
synthesis has previously been implicated in folate-responsive
NTDs in the Pax3Sp mutant (10), as well as in NTD-affected
human fetuses (29), this is the first direct evidence that disrup-
tion of folate- and SHMT1-dependent thymidylate biosynthesis
underlies NTD pathogenesis. Impairments in de novo thymi-
dylate biosynthesis may disrupt neural tube closure by reducing
proliferative capacity or by increasing genomic instability via
misincorporation of uracil into DNA (30). Decreased crown-
rump lengths observed in Shmt12/2 embryos may reflect re-
duced proliferative capacity. Genome instability produced via
non–folate-dependent pathways can also cause NTDs in mice
(31, 32).

Shmt1 and Pax3 disruption interact epistatically to increase
the frequency and severity of NTDs in Pax3Sp/Sp embryos and
cause NTDs in Pax3Sp/+ and Pax3+/+ embryos in the absence of
folate deficiency. To our knowledge, these studies are the first to
show that the folate-responsive Splotch mutation impairs de
novo purine biosynthesis and that Pax3 disruption decreases
TYMS concentrations in Splotch embryos. Similarly, Shmt1
disruption has recently been shown to impair de novo thymi-
dylate biosynthesis in isolated nuclei (15); Shmt1 disruption also
decreased TYMS enzyme concentrations in neurulation-stage
embryos in the present study. Thus, the demonstrated effects of
Shmt1 and Pax3 disruption on de novo nucleotide biosynthesis
and the synergistic effect of Shmt1 and Pax3 disruption on NTD
occurrence and severity provide further evidence that impaired

FIGURE 5. Shmt1 disruption exacerbates neural tube defects in Splotch mutants. A: Incidence of spinal and combined cranial + spinal lesions in Pax3Sp/Sp

embryos isolated from compound mutant crosses (Pax3,Shmt1) and C57BL/6J-Pax3Sp crosses fed a commercial nonpurified rodent diet. B, C: Spina bifida in
Pax3+/+,Shmt1+/2 (B) and Pax3Sp/+,Shmt1+/2 (C) embryos derived from compound mutant crosses fed a commercial nonpurified rodent diet. D, E:
Exencephaly in Pax3+/+,Shmt1+/2 (D) and Pax3Sp/+,Shmt1+/2 (E) embryos derived from compound mutant crosses fed a commercial nonpurified rodent
diet. F, G: Craniorachiscisis in PaxSp/+,Shmt12/2 (F) and Pax3Sp/Sp,Shmt12/2 (G) embryos derived from compound mutant crosses fed the AIN93G diet
lacking folate and choline (Dyets, Bethlehem, PA). Scale bars represent 1 mm.

796 BEAUDIN ET AL



nucleotide biosynthesis underlies NTD pathogenesis. Of in-
terest, PAX3 and SHMT1 protein concentrations appear to be
mutually regulated and compensatory. PAX3 and SHMT1 are
present during neurulation in the same cells within the dorsal
neural tube and migrating neural crest at the level of the hind-
brain/cephalic flexure, which is affected in exencephalic em-
bryos. Shmt1 disruption increased PAX3 protein concentrations,
and SHMT1 protein concentrations were similarly elevated in
response to Pax3 disruption. Increased SHMT1 protein con-
centrations in Splotch embryos may compensate partially for
reduced TYMS protein concentrations by increasing the con-
centration of methylenetetrahydrofolate, the required cofactor
for TYMS. Similarly, increased concentrations of PAX3, a
nuclear transcription factor, observed in response to Shmt1
disruption in embryos, may function to elevate TYMS concen-
trations to increase rates of thymidylate biosynthesis. However,
the mechanism by which Pax3 influences de novo thymidylate
biosynthesis remains to be determined. Although TYMS protein
concentrations were depressed in Splotch embryos, Tyms mes-
sage levels were unchanged, indicating that Tyms is not a direct
downstream transcriptional target of Pax3. The regulation of
TYMS protein concentrations occurs at many levels including
translational autoregulation (33). Furthermore, TYMS protein
concentrations do not necessarily reflect or predict de novo
thymidylate biosynthesis capacity; nuclei isolated from Shmt12/2

mice exhibit severely impaired de novo thymidylate biosyn-
thesis despite increased TYMS protein concentrations (15).
Although the molecular mechanisms underlying the interactions
between PAX3, SHMT1, and TYMS remain to be established,
these interactions appear to afford some protection against
NTDs by ensuring thymidylate biosynthesis capacity. When this
protective mechanism is disrupted in compound Pax3,Shmt1
mutants, the NTD phenotype is exacerbated.

In this study, Pax3 disruption in MEFs was shown to impair
de novo purine biosynthesis, and the magnitude of the impair-
ment was greater than that observed for thymidylate bio-
synthesis. This observation may account for the disparity in
NTD phenotype between the Pax3 and Shmt1 NTD models;
Shmt1 disruption alone is associated only with exencephaly,
whereas Pax3 deficiency causes 100% penetrant spina bifida and
low-frequency exencephaly. Furthermore, Shmt1 deficiency at
both maternal and embryonic levels increased the frequency of
exencephaly in Splotch embryos, whereas the only instances of
spina bifida observed in Shmt1+/2 or Shmt12/2 embryos oc-
curred in litters derived from Pax3Sp/+ dams. Further aggrava-
tion of impaired nucleotide biosynthesis in compound Pax3,
Shmt1 mutants by maternal dietary folate restriction resulted in
some instances of complete failure of neural tube closure. These
data suggest that, in mice, impaired purine biosynthesis at either
the maternal or fetal level increases risk of spina bifida, whereas
impairments in maternal and fetal thymidylate biosynthesis can
cause exencephaly. Maternal supplementation with thymidine
has been shown to prevent some proportion of NTDs in Splotch
embryos, a majority of which include the combined spinal and
cranial lesion (9, 10). Thus, thymidine may be a maternally
derived factor that prevents NTDs.

We have shown that Shmt1 heterozygosity is sufficient to
induce NTDs in mice, and therefore factors that affect Shmt1
expression are candidate risk factors for NTDs in humans.
Cellular SHMT1 activity and concentrations vary over a wide

range. Shmt1 expression is regulated by zinc (34), retinoic acid
(35), heavy-chain ferritin (27, 36), and c-Myc (37). Whereas
most screens for human NTD candidate genes have focused on
the identification of gene variants that encode folate-dependent
enzymes with altered function, this study shows that relatively
modest changes in SHMT1 concenetrations confer increased
NTD risk. Because SHMT1 and TYMS are regulated robustly at
the level of translation, this may account for the paucity of
human NTD candidate genes in the folate metabolic network
identified to date. Indeed, although a limited number of human
studies have yet to identify Shmt1 variants as risk factors for
NTDs, further investigation of factors that modulate SHMT1
expression and thymidylate biosynthesis capacity is warranted.
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