Embryonic Folate Metabolism and
Mouse Neural Tube Defects
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Folic acid prevents 70 percent of human neural tube defects (NTDs) but its mode of action
is unclear. The deoxyuridine suppression test detects disturbance of folate metabolism
in homozygous splotch (Pax3) mouse embryos that are developing NTDs in vitro. Ex-
cessive incorporation of [*H]thymidine in splotch embryos indicates a metabolic defi-
ciency in the supply of folate for the biosynthesis of pyrimidine. Exogenous folic acid and
thymidine both correct the biosynthetic defect and prevent some NTDs in splotch
homozygotes, whereas methionine has an exacerbating effect. These data support a
direct normalization of neurulation by folic acid in humans and suggest a metabolic basis

for folate action.

Up to 70% of human NTDs, including
anencephaly and spina bifida, can be pre-
vented when folic acid—containing vitamin
preparations, or folic acid alone, are admin-
istered in the periconceptual period (1).
Despite the importance of this primary
health-care measure, the mechanism by
which folic acid exerts its preventive effect
is unknown. Folic acid seems likely to pro-
mote normal development, although it
could cause early spontaneous abortion of
fetuses with NTD (2).

Mothers of human fetuses with NTDs
have either normal or, at most, mildly de-
ficient folate status (3), which argues
against an etiology of NTD based on ma-
ternal folate deficiency. Supporting this ar-
gument is the finding that folic acid defi-
ciency does not cause NTDs in mice or in
cultured rat embryos (4). Disregulated me-
thionine synthase could promote NTDs, be-
cause folate and vitamin B,, concentrations
are independent risk factors for NTDs, and
homocysteine concentrations are mildly in-
creased in maternal blood and amniotic
fluid of NTD pregnancies (5). However,
genetic association between the methio-
nine synthase gene and NTDs in affected
families remains obscure (6), and inhibition
of methionine synthase in rats does not
produce NTD (7). The enzyme 5,10-meth-
ylene tetrahydrofolate reductase (MTHFR)
has also been implicated in the etiology of
NTD (8), although this idea remains con-
troversial (9).

Here, we identify a mouse model of fo-
late-preventable NTD that indicates how
embryonic folate metabolism may be dis-
turbed. We adapted the deoxyuridine (dU)
suppression test, used previously to detect
altered folate metabolism in megaloblas-
tic anemias (10). Deoxythymidine mono-
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phosphate (d{TMP) can be synthesized ei-
ther from deoxyuridine monophosphate
(dUMP), through the action of thymidylate
synthase, or from thymidine, via the salvage
pathway catalyzed by thymidine kinase (Fig.
1A). In the dU suppression test, incorpora-
tion of [PH]thymidine into dTMP, and
thence into DNA, is suppressed by exoge-
nous dUMP. Suppression occurs when fo-
late metabolism is unimpaired, whereas thy-
midine incorporation is suppressed less by
dUMP when folate cycling is compromised.

Embryonic day 8.5 (E8.5) mouse em-
bryos growing in culture for 24 hours
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exhibit a dose-dependent suppression of
[*Hlthymidine incorporation by dUMP
(Fig. 1B); the suppression is significantly
diminished, however, in the presence of
antimetabolites that inhibit folate and
methionine cycling (11), including ami-
nopterin, 5-fluorouracil, or cycloleucine
(Fig. 1C). Embryos cultured in folate-de-
ficient serum (12) show normal suppres-
sion in response to dUMP (Fig. 1C), indi-
cating that they have sufficient folate re-
serves to support neurulation.

Mouse embryos homozygous for the curly
tail and loop-tail mutations, which develop
spina bifida and craniorachischisis, respec-
tively, show dU suppression (13) that does
not differ significantly from that of wild-
type embryos (Fig. 1D). In contrast, dU
suppression is abnormal in embryos ho-
mozygous for the mutation splotch (Sp?H),
which develop anencephaly and spina bi-
fida (Fig. 1D). Homozygous splotch mutants
incorporate significantly more [*H]thymi-
dine in the absence of dJUMP than do wild-
type embryos; splotch heterozygotes show
intermediate values of incorporation (Fig.
2A, B). Exposure to folic acid lowers
[PH]thymidine incorporation in splotch em-
bryos to wild-type values (P < 0.0001; Fig.
2A), whereas addition of methionine exac-
erbates the difference (P < 0.001; Fig. 2B).
The growth profile of Sp? homozygotes
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Fig. 1. The dU suppression test in cultured mouse embryos. (A) Design of the test and site of action of
the antimetabolites aminopterin (Amin), 5-fluorouracil (5FU), and cycloleucine (Cycl). TS, thymidylate
synthase; TK, thymidine kinase. (B) Dose-dependent suppression of [PHjthymidine incorporation
(mean + SD) by dUMP in CD1 embryos cultured from E8.5 to E9.5. All subsequent dU suppression tests
used 500 pM dUMP. (C) dU suppression is significantly diminished in CD1 embryos, cultured from E8.5
to E9.5, by all three antimetabolites (black bars, P < 0.001), but not by folate-deficient serum (hatched
bar, P > 0.05). (D) Comparison of dU suppression between wild-type (gray bars) and homozygous
mutant embryos (black bars). Splotch homozygotes, cultured from either E8.5 to E9.5 or E9.5 to E10.5,
show significantly less dU suppression (P < 0.001), whereas curly tail (cultured E9.5 to E10.5) and
loop-tail homozygotes (cuttured E8.5 to E9.5) show a normal response (P > 0.05). The dU suppression
in splotch heterozygotes (not shown) resembles wild type. Representative examples from several
experimental replications are shown (17-13).
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and heterozygotes is indistinguishable from
that of wild type (Fig. 2C).

To test whether NTD:s in splotch embry-
os can be prevented, we added folic acid,
thymidine, dUMP, methionine, or PBS to
embryo cultures (14). Among Sp* homozy-
gotes cultured from E8.5 to E10.5, folic acid
and thymidine were protective (Fig. 3),
whereas methionine increased the inci-
dence of NTDs to 47% (21 of 44) among
splotch heterozygotes, which ordinarily do
not develop NTDs. Folic acid and thymi-
dine also prevented some NTDs when de-
livered in utero to splotch embryos (15) (Fig.
3A). Thus, exogenous folic acid can pre-
vent the development of NTDs by normal-
izing the neurulation process in genetically
predisposed mouse embryos. This finding
strengthens the argument for primary pre-
vention of human NTDs by folic acid and
-suggests that folic acid is unlikely to cause
the abortion of affected fetuses (2).

The excess incorporation of [°*H]thymi-
dine by splotch embryos, and the correction
of this defect by exogenous folic acid, indi-
cate that the supply of 5,10-methylene tet-
rahydrofolate (MTHF) for de novo pyrimi-
dine biosynthesis in splotch is inadequate.
Because both folic acid and thymidine can
prevent NTDs in splotch embryos, this ab-
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Fig. 2. Enhanced incorporation of [2Hjthymidine
despite normal DNA content in homozygous
splotch embryos. (A and B) Two independent ex-
periments (left set of four bars in each panel).
Homozygous embryos (black bars) cultured from
EB8.5 to E9.5 incorporate more [*H]thymidine than
heterozygotes (hatched bars), which show great-
er incorporation than wild-type littermates (gray
bars) or CD1 embryos (white bars). Differences
between genotypes are significant (P < 0.0001).
Adding folic acid (200 pg/mi) (A) abolishes the
difference in [H]thymidine incorporation (P <
0.0001), whereas adding methionine (1.5 mg/ml)
(B) exacerbates the difference (P < 0.001). (C)
DNA content (29) and somite number are linearty
related in E9.5 splotch embryos in vivo. Wild-type
embryos (black circles), heterozygotes (black
squares), and homozygotes (white squares) have
similar growth profiles.
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normality of pyrimidine biosynthesis may
be functionally important in preventing
closure of the neural tube. The exacerbat-
ing effect of methionine on NTDs is un-
clear but could result from excess accumu-
lation of homocysteine, which produces
NTD:s in chick embryos but not in the rat
(16). Alternatively, methionine treatment
could increase the concentrations of Sade-
nosylhomocysteine, which can derepress
MTHER (17) and potentially exacerbate
the shortage of MTHF.

Cranial NTDs resulting from a null mu-
tation of the Cart] homeobox gene are also
preventable by folic acid, whereas spinal
NTD:s in the Axial defects mutant appear
susceptible to methionine treatment but
not to folic acid or vitamin B,, (18). It will
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Fig. 3. Prevention of NTD in homozygous splotch
embryos by folic acid and thymidine. (A) In vitro,
homozygotes were grown in serum only (n = 10),
or treated with PBS (n = 24), dUMP (n = 26),
methionine (n = 22), folic acid (n = 24), or thymi-
dine (n = 33). Folic acid and thymidine were sim-
ilarly protective against NTD, compared with un-
treated cultures (both P < 0.0001). In utero, ho-
mozygotes were treated with PBS (n = 33), folic
acid (n = 23), or thymidine (n = 25). Both folic acid
and thymidine were protective against NTD
(P < 0.0001). (B and €) Scanning electron mi-
croscopy of homozygous splotch embryos after
48 hours of culture. The neural folds are widely
open in the cranial (arrowheads) and low spinal
(arrow) regions of the PBS-treated embryo (B),
whereas in the embryo treated with folic acid, (200
rg/ml) (C), the cranial neural tube has closed and
the posterior neuropore is closing normally (ar-
row). Bar = 0.16 mm in (B) and 0.2 mm in (C).

be interesting to determine whether these
mutants exhibit an underlying defect of fo-
late metabolism. The curly tail and loop-tail
mutants, both of which develop NTDs,
yield normal responses to dU suppression,
suggesting that folate metabolism is not
deranged in either mutant. Indeed, NTDs
in the curly tail mouse are resistant to
treatment with folic acid (19), although
myo-inositol, which acts through a bio-
chemical pathway unrelated to folic acid, is
able to prevent a large proportion of the
NTD:s in curly tail mice (20). Thus, mouse
NTDs, and probably human NTDs as well
(21), are heterogeneous in their molecular
pathogenesis.

The Pax3 gene is mutated in splotch mice
(22), and the Pax3 transcription factor may
regulate genes such as N-CAM, N-cadherin,
c-met, MyoD, Myf-5 and versican (23). Pax3
is expressed in the closing neural folds and
adjacent tissues (24); whether expression of
folate metabolic enzymes is controlled at
these sites by Pax3 has yet to be determined.
Humans with Waardenburg syndrome types
I and III have mutations in PAX3, with a
particular prevalence of NTDs in homozy-
gotes (25). Although PAX3 mutations do
not appear to cause the majority of familial
NTDs in humans (25), misregulation of
embryonic PAX3 expression could be in-
volved in some cases of human NTD. Our
study suggests that thymidine therapy could
serve as an adjunct to folic acid supplemen-
tation to prevent human NTDs, whereas
methionine treatment is contraindicated.
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p115 RhoGEF, a GTPase Activating Protein
for Ga,, and Gor, 5
Tohru Kozasa,* Xuejun Jiang, Matthew J. Hart,
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Members of the regulators of G protein signaling (RGS) family stimulate the intrinsic
guanosine triphosphatase (GTPase) activity of the « subunits of certain heterotrimeric
guanine nucleotide-binding proteins (G proteins). The guanine nucleotide exchange factor
(GEF) for Rho, p115 RhoGEF, has an amino-terminal region with similarity to RGS proteins.
Recombinant p115 RhoGEF and a fusion protein containing the amino terminus of p115
had specific activity as GTPase activating proteins toward the a subunits of the G proteins
G, and G, but not toward members of the G, G, or G, subfamilies of Ga proteins. This
GEF may act as an intermediary in the regulation of Rho proteins by G,, and G,..

G proteins transduce signals from a large
number of cell surface heptahelical receptors
to various intracellular effectors, including
adenylyl cyclases, phospholipases, and ion
channels. Each heterotrimeric G protein is
composed of a guanine nucleotide—binding
a subunit and a high-affinity dimer of § and
v subunits. Ga subunits are commonly
grouped into four subfamilies (G, G, Gq,
and G,,) on the basis of their amino acid
sequences and function (I). The G, sub-
family has only two members, oy, and o,
(2). Gay, and Gayy 4 participate in cell trans-
formation and embryonic development, but
the signaling pathways that are regulated by
these proteins have not been identified (3).
However, the small GTPase Rho mediates
the formation of actin stress fibers and the
assembly of focal adhesion complexes in-
duced by the expression of constitutively
active forms of Gaj, or Gay; (4).

Members of the RGS family of proteins
negatively regulate G protein signaling (5).
The family includes at least 19 members in
mammals and is defined by a core domain
called the RGS box. Several RGS proteins
act as GTPase activating proteins (GADPs) for
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o subunits in the G, or G, sub-
families (6, 7). The crystal structure of a
complex between RGS4 and AlF, -acti-
vated Ga;; revealed that the functional
core of RGS4 (the RGS box), which is
sufficient for GAP activity (8), contains
nine a helices that fold into two small
subdomains (9). The residues of the box
that form its hydrophobic core are con-
served, and they are important for the
stability of structure and GAP activity (9,
10). RGS4 stimulates the GTPase activity
of Ga;; predominantly by interacting with
its three mobile switch regions, thereby
stabilizing the transition state for GTP hy-
drolysis (9, 11).

The activities of members of the Rho
family of monomeric GTPases are regulated
by guanine nucleotide exchange factors
(GEFs) that contain a dbl homology (DH)
domain (12). Examination of the sequence
of pl15 (13), a GEF specific for Rho, re-
veals an NH,-terminal region with similar-
ity to the conserved domain of RGS pro-
teins (Fig. 1). Most of the hydrophobic
residues that form the core of this domain
(17 of 23) are conserved in pl115 RhoGEF.
The positions of breaks in the alignment
correspond to the loops between a helices
in the RGS domain structure. This suggests
that pl15 RhoGEF may have a similar
structural domain and GAP activity. How-
ever, the residues of RGS4 that make con-
tact with the switch regions of Ga,;-GDP-
AlF,” (GDP, guanosine diphosphate) are
not well conserved in pl15 RhoGEF, sug-
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