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The Continuing Challenge of 
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Treating Neural Tube Defects
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Background: Neural tube defects (NTDs) are debilitating birth defects involving the central ner-
vous system (CNS). Despite recent advances, NTDs represent the second most common group of 
human birth defects. These defects arise when the complex process of early CNS development goes 
awry. Normally, the brain and the spinal cord begin to form as a fl at sheet of cells that rolls up and 
closes to form a hollow neural tube. Failure in this rolling and sealing process results in an NTD, 

such as spina bifi da. From animal 
models, we know of over 200 genes 
that regulate this process, with 
many more still likely to be discov-
ered. Environmental factors also 
can have a profound infl uence on 
neural tube closure, as evidenced 
by the impact of folic acid on NTD 
prevalence. However, the mecha-
nisms by which environmental 
factors affect the process of neural 
tube closure and their critical inter-
action with genetic factors remain 
largely a mystery.

Advances: Three major advances from three different directions—genetics, epidemiology, and 
surgery—have advanced understanding, prevention, and treatment of NTDs. The rapidly expand-
ing knowledge of the genetic causes of NTDs in animal models is poised to inform high-throughput 
whole-genome studies of human patients. Epidemiological studies have led to the identifi cation of 
folic acid as a primary prevention strategy for NTDs. Recent advances in in utero surgical repair of 
spinal NTDs have improved the clinical outcome by comparison with postnatal surgery.

Outlook: Despite the advances, NTDs remain a very common birth defect and, even with surgical 
intervention, result in enormous clinical, emotional, fi nancial, and societal costs. The implementa-
tion of large-scale genomic studies of human NTD patients is expected to move the fi eld beyond its 
current focus on individual genetic pathways. Experimental animal systems can complement and 
extend the information that fl ows from genomic studies, and animal models can also be exploited to 
understand the mechanisms by which environmental factors alter the risk for NTDs. The technology 
exists to create patient-derived stem cells, which may hold a key for understanding this very early 
developmental process in humans and could provide a platform for screening therapeutic agents. 
Overall, the key challenge will be to understand the developing neural tube, a complex three-
dimensional structure that changes rapidly over time and is dependent on the surrounding tissues 
for developmental signals and biomechanical forces to drive the dynamic and important process of 
neural tube closure.
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Successive images showing the progression of neural tube 
closure in a stylized vertebrate embryo. Initially, the CNS is a 
fl at sheet; paired neural folds elevate along the rostrocaudal axis  
(rostral = up) and move medially, eventually fusing to enclose the 
neural tube. Disruption of this process during human embryogenesis 
results in neural defects, such as spina bifi da.
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The Continuing Challenge of
Understanding, Preventing, and
Treating Neural Tube Defects
John B. Wallingford,1* Lee A. Niswander,2 Gary M. Shaw,3 Richard H. Finnell4

Human birth defects are a major public health burden: The Center for Disease Control
estimates that 1 of every 33 United States newborns presents with a birth defect, and worldwide
the estimate approaches 6% of all births. Among the most common and debilitating of human
birth defects are those affecting the formation of the neural tube, the precursor to the central
nervous system. Neural tube defects (NTDs) arise from a complex combination of genetic and
environmental interactions. Although substantial advances have been made in the prevention and
treatment of these malformations, NTDs remain a substantial public health problem, and we are
only now beginning to understand their etiology. Here, we review the process of neural tube
development and how defects in this process lead to NTDs, both in humans and in the animal
models that serve to inform our understanding of these processes. The insights we are gaining will
help generate new intervention strategies to tackle the clinical challenges and to alleviate the
personal and societal burdens that accompany these defects.

The vertebrate neural tube serves as the
precursor to the central nervous system
(CNS): the brain and spinal cord. Struc-

tural birth defects of the CNS, called neural tube
defects (NTDs), are a multifactorial disorder that
arise from a complex interaction of genetic and
environmental factors. Although we are only now
beginning to understand the etiologies of NTDs,
two major advances have been made in their pre-
vention and treatment. First, it is widely known
that taking folic acid (FA; vitamin B9) during
child-bearing years can greatly reduce a woman’s
risk of having a baby with a NTD (1). Second,
studies have demonstrated that in utero repair of
spina bifida improves patient outcomes relative
to surgery performed in the post-parturition pe-
riod (2). In spite of these advances, we have only
just begun to tackle the problem of NTDs. For
example, 16 years after mandated folate fortifi-
cation in the United States, NTD rates remain
unacceptably high: 1 in 2000 births in the United
States and considerably higher still in developing
areas such as China (27.8 per 2000 births) (3) and
Latin America (4.4 per 2000 births in Argentina;
6.2 per 2000 births in Brazil) (4). Furthermore,
we understand relatively little about the mech-
anism by which folate acts on NTDs. Similarly,
many NTD patients that have undergone surgery

suffer wide-ranging neurological, urological, and
orthopedic problems. Thus, NTDs continue to
present a major public health burden.

Here, we review the process of neural tube
development and how defects in this process lead
to NTDs. We discuss both human NTDs and the
ways in which animal studies are providing new
insights. We focus on recent important findings
and highlight unanswered questions about the
molecular basis of FA action and genetic sus-
ceptibility to NTDs. Lastly, we discuss strategies
that could build on our current understanding to
lessen the personal and societal burdens that ac-
company these serious malformations.

NTDs Are a Problem of Embryology
NTDs arise as a defect in embryonic develop-
ment. During embryogenesis, the central nervous
system normally develops as a flat sheet of cells
that subsequently rolls up and fuses shut to form
the hollow neural tube (Figs. 1 and 2A). NTDs
arise when this process of neural tube closure
(NTC) is disrupted (Fig. 2B). As discussed
below, cellular changes that drive NTC and the
molecular mechanisms that control them are large-
ly conserved from humans and mice to birds and
amphibians. Indeed, decades of work in animal
models have established a comprehensive frame-
work for the developmental processes that un-
derlie NTC (5–8).

NTDs: Not One Disease, But Many
Although often lumped into a single category, NTDs
encompass a wide array of morphologically dis-
tinct malformations. In general, failure of NTC is
associated with defects in the overlying bony struc-
tures (i.e., cranial vault and neural arches) such that
neural tissue is exposed. Consequently, most de-
fects of primaryNTC are referred to as openNTDs.

There are also a number of closed or skin-covered
conditions; however, relatively little is known
about their etiology. The open NTDs fall into
three general categories, but further refinement
of these classifications—such as vertebral loca-
tion and extent of the defect—will help parse
some of the differing underlying etiologies.

NTDs restricted to the cranial regions are
referred to as anencephaly (Fig. 1C). This in-
variably lethal condition is characterized by ab-
sence of the cranial vault and severe defects in
the cerebral hemispheres. The cerebellum is usu-
ally absent, and the brain stem may be hypo-
plastic. NTDs restricted to the caudal portion of
the neural tube are referred to generally as spina
bifida (meningomyelocele) (Fig. 1C). More prev-
alent than anencephaly, this condition is asso-
ciated with defects in the neural arches, through
which meninges and spinal cord tissue protrude.
The majority of fetuses with meningomyeloceles
are live born and, with proper treatment, survive
to adulthood. Failure of NTC over the entire body
axis, called craniorachischisis (Fig. 1C), is also
lethal but relatively rare. Not only do the natural
histories of these disorders vary, but even within
a single classification, such as meningomyelocele,
the degree of handicap is variable. Refinement
in the classification of these malformations (e.g.,
by precise vertebral position of spina bifida) and
the assignment of contributing gene pathways
should translate into more effective preventative
measures and management of affected infants.

Epidemiology of Human NTDs
Prevalence of NTDs has varied over time and
geography. Prevalence in the United States is
about one in 2000 births and was about 2 in
1000 births in the late 1960s. In neighboring
Mexico, the prevalence is significantly higher
(3.2 per 2000) (9). NTDs are etiologically com-
plex, and both genetic and environmental risk
factors have been proposed. In terms of genetic
underpinnings, monozygotic twinning and single-
gene disorders have long been associated with
NTDs (10), with concordance rates of mono-
zygotic twins (7.7%) exceeding that of dizygotic
twins (4.0%), attesting to some genetic contribu-
tion to their etiology (11). Numerous studies have
explored a variety of candidate gene pathways
[reviewed in (12)], such as the folate/1-methyl
carbon metabolic pathway (13, 14), glucose me-
tabolism and/or transport (12), DNA repair (15),
oxidative stress pathway (12), retinoic acid recep-
tors (16), and the WNT/planar cell polarity (PCP)
signaling network (17). In a following section, we
discuss animal studies that are shedding new light
on genetic factors that govern NTC. However, it
is crucial to note that the population burden of
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humanNTDs thus far explained by known genetic
polymorphisms remains quite small, a fact that al-
most certainly reflects the relativelymodest amount
of research effort in this area rather than a relative
lack of importance of genetic factors in NTDs. In-
deed, no large-scale NTD-focused genomic dis-
covery project (genome-wide association study,
exome sequencing, etc.) has yet been published.

The key role that environment plays in NTD
etiology is highlighted by the impact of maternal
nutrition, specifically folate intake. Both observa-
tional studies and randomized trials have provided
evidence that FA reduces the risk of NTD-affected
pregnancies (1, 18). However, 30 to 50% of NTDs
are not folate preventable, and other environmen-
tal factorsmust be considered (1). Among themost
notable environmental risk factors for NTDs are
maternal pregestational insulin-dependent diabe-
tes (19) andmaternal prepregnant obesity (20), as
well as maternal use of specific anticonvulsant
drugs, including valproic acid (VPA) (21).

The teratogenic potential of maternal pre-
gestational diabetes is well established and in-
cludes a 2- to 10-fold increase in the risk of CNS
malformations (including NTDs) among the off-
spring of affected women relative to the general
population (22). Moreover, lack of periconcep-
tional glycemic control and intake of foods of
higher glycemic index values have been asso-
ciated with the risk of NTDs in the offspring of
diabetic women (23, 24). Because human em-
bryos lack pancreatic function until after the sev-
enth week of gestation and NTC occurs between
weeks 3 and 4, the teratogenic effect of maternal
diabetes may be due to embryonic exposure to
elevated glucose concentrations. Pre-pregnancy
obesity is another consistently observed risk fac-
tor for NTDs. The risk increases with increasing

maternal body mass index (BMI). Women in the
highest BMI categories have a 1.5- to 3.5-fold
higher risk of having an NTD-affected child than
women with lower BMI (20, 25, 26). The in-
creased risk of NTDs in the offspring of obese
women may be attributable to hyperinsulinemia
(27). This could provide a common explanation
for the associations between NTD risk and ma-
ternal obesity and maternal pregestational diabe-
tes, because hyperinsulinemia may coexist with
both conditions.

With respect to pharmaceutical NTD teratogens,
the anticonvulsant drug VPA (Depakene, Abbott
Laboratories) has been associated with a 1 to
2% risk of having a pregnancy affected with spina
bifida, whereas the risk of anencephaly does not
appear to be increased (28). VPA may influence
neural tube development via its action as a po-
tent inhibitor of histone deacetylases (HDACs)
(29, 30), and studies in model animals are con-
sistent with this idea [see below and (31–33)].
Class I and II HDACs are involved with histone
modification and therefore play a role in the reg-
ulation of gene expression. It is also possible that
posttranslational gene modification is compro-
mised by VPA exposure, which inhibits HDACs
and limits the availability of folate molecules (34),
thereby increasing the risk of NTDs.

Diagnosis, Treatment, and Outcome
Screening to identify pregnant women at risk
for carrying NTD-affected fetuses is achieved by
evaluation of maternal serum alpha-fetoprotein
levels, amniocentesis, and ultrasound imaging
(35). Individuals with spina bifida can generally
survive if they undergo surgical repair in utero or
soon after birth (36, 37). A recent randomized
trial showed that in utero repair of spina bifida

improved patient outcomes in terms of im-
proved motor function and ambulation and
mental development compared with those re-
ceiving surgery postpartum (2). Moreover,
40% of infants receiving in utero surgery re-
quired a ventriculoperitoneal shunt at 12months
of age, compared with 82% of infants un-
dergoing postnatal surgery (2).

However, even after surgery (in utero or
postnatally), individuals with spina bifida
remain at elevated risk for nervous system
malformations, including hydrocephalus and
skull malformations that press the brain down-
ward into the spinal canal. Lower extremity
weakness and paralysis, sensory loss, and
bowel and bladder dysfunction are also com-
mon. Individuals with spina bifida are also
at risk for a range of orthopedic abnormalities
including clubfoot, contractures, hip disloca-
tion, scoliosis, and kyphosis. Moreover, al-
though most individuals with spina bifida
have normal intelligence, specific cognitive
and language difficulties are common (38).

Even successful surgical repairs represent
only a partial solution. Because NTC occurs
early in development (~3 weeks postconcep-
tion), a NTD will leave the delicate neural

tissue, normally encased within bone, exposed
and subjected to trauma in utero until the much
later time point for surgical intervention. As such,
substantial effort should be focused on under-
standing the mechanisms of NTC and the biolog-
ical basis of NTDs, with an eye toward developing
preventive strategies.

Primary Prevention of NTDs by Folic Acid
NTDs stand out as one of few birth defects for
which primary prevention strategies are avail-
able. Research spanning decades, including ran-
domized and community-based trials, demonstrate
that maternal, periconceptional supplementa-
tion with FA alone or multivitamins containing
FA can reduce the risk of NTDs in offspring
(1, 39, 40). Fortification of FA in the U.S. food
supply has been associated with upward of a
20% decline of anencephaly and a 34% decline
in spina bifida (41–43). Reported prevalence
declines have been higher in Canada and Chile
(44, 45). How FA acts to prevent NTDs is a ma-
jor outstanding question, and the answer will
be complex because folate is central to numer-
ous cellular reactions. These include produc-
tion of purines and thymidylate, the building
blocks for DNA and RNA biosynthesis, and
production of the universal methyl donor S-
adenosyl-methionine (SAM), used in methyl-
ation of DNA, histones, proteins, and lipids.
Therefore, deficits in FA metabolism could af-
fect cell proliferation, cell survival, transcription-
al regulation, or a host of other cellular reactions;
defects in any of these processes could disrupt
NTC. To bring insight into the mechanisms by
which FA acts during NTC, studies have turned
to animal models, in particular mouse NTD
models, which are thought to be representative
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Fig. 1. (A) Successive images showing the progression of neural tube closure in a stylized vertebrate
embryo (rostral = up). Initially, the CNS is a flat sheet; paired neural folds elevate along the rostrocaudal
axis and move medially, eventually fusing to enclose the neural tube. (B) Cross sections illustrate closed
(red) and open (green) regions of the neural tube. (C) Region-specific NTDs.
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of human neurulation anatomically and molec-
ularly and in which folate levels can be altered
before or during pregnancy.

Mutations have been made in numerous mouse
genes required for FA metabolism or use; how-
ever, only three mutated genes [Folr1, Slc19a1
(previously Rfc), and Mthfd11] have overt NTD
phenotypes (46–48). Even under conditions of
folate deficiency, there is relatively little evidence
of altered NTD incidence for mouse FA pathway
mutations (49). Moreover, there is as yet no com-
pelling association between Folr1 or Slc19a1 and
human NTDs, although a few Mthfr polymor-
phisms have been identified as possible risk
factors for human NTDs (14). Currently, in the
folate-replete population in the United States, the
majority of human pregnancies are within the nor-
mal range of FA levels, and recent studies found
little association between NTD risk and maternal
FA intake, perhaps suggesting that FA-sensitive
NTDs have largely been prevented (50). There-
fore, data to date suggest that deficits in the FA

pathway likely represent only a modest fraction
of NTD risk.

Looking beyond the folate pathway to eluci-
date gene-environment interactions. The large
number of mouse NTD models with no appar-
ent link to the FA pathway provides enormous
potential to explore how genetics impact respon-
siveness to FA and to define mechanisms by
which FA influences NTC. This potential has
been only minimally realized, because only 23 of
the >200 mouse NTD mutants have been tested
for FA responsiveness (49, 51, 52). FA treatment
has a preventive effect in 11 mouse NTD models;
some show a correlation with compromised FA
use, but others do not, indicating that disrupted
FA metabolism is unlikely to be the full expla-
nation for FA-mediated effects. Currently there
is little that ties together NTD models that are
FA-responsive or FA-resistant at a mechanistic
level. Testing a far greater number of mouse
mutants will expand this data set, may reveal
common pathways or targets, and should lead

to better predictions as to whether FA or perhaps
another treatment would be most effective in
preventing NTDs.

Contrary to expectations, FA treatment in a
few mouse NTD models resulted in detrimental
effects, including an increased risk for NTDs and
embryo loss before the time of NTC (51, 52). These
findings of early embryo loss are consistent with
the possibility raised in 1997 based on miscarriage
risk that embryo loss may explain some of the
decrease in human NTD occurrence upon FA
supplementation (53). If these findings are rel-
evant to human NTDs, it could suggest that, for
certain mutations, FA may not be protective or
even neutral in its action. Additional studies in
animal models will be required to determine the
basis for the observed detrimental effect and
whether there are particular gene or pathway
mutations that are more susceptible, either po-
sitively or negatively, to FA effects.

Possible epigenetic changes induced by FA.
FA is known to cause epigenetic changes. Al-
terations in SAM levels could affect DNA meth-
ylation and histone modification, both of which
can influence gene transcription. Indeed, there
is evidence that methyl donor–enriched diets
can induce alterations in gene expression, and
long-term generational exposure can result in
increasing variation in DNA methylation even
in wild-type mice (54). Moreover, questions have
been raised as to whether the increase in FA
intake acting through the methylation cycle may
predispose to allergic airway disease, although
the current evidence is conflicting (55–57). With
respect to NTD risk, some mutant mice showed
a beneficial response to increased FA over a sin-
gle gestation period but a detrimental response
over multiple generations (52). This contradictory
response depending on the length of FA expo-
sure highlights the difficulties in considering
how best to model human exposure to FA as
currently implemented. Moreover, it raises the
question of whether there may be unexpected
effects of long-term FA fortification and sup-
plementation in humans or potential effects be-
cause of increased levels of metabolized and
unmetabolized FA.

The variation in NTD risk depending on the
length of FA exposure (52) points toward the
possibility of epigenetic changes. Consistent
with this idea, mutations in genes that affect
DNA methylation, histone modification (in par-
ticular acetylation), or chromatin remodeling
result in NTDs in mice (6, 31, 58). As previously
described, the antiepileptic drug VPA is a HDAC
inhibitor, and it is a well-known risk factor for
NTDs in humans (21). Interestingly, NTDs in
mice bearing mutations in the HDACs GCN5 or
CITED2 can be prevented with FA supplementa-
tion (32, 33). Epigenetic influence has also been
suggested to help explain the predominance of
cranial NTDs in females versus males. X chro-
mosome inactivation is maintained by DNA
methylation, and hence there is more demand on
the methylation cycle in female cells after every
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Fig. 2. (A) Still frames from a time-lapse movie showing the progress of NTC in an amphibian
embryo (rostral = up). (B) Disruption of PCP signaling results in disrupted NTC (red bracket). (C)
Still frame from a movie of mouse neural tube closure; arrows indicate initial meeting of neural
folds (66). (c′ ) NTC has progressed in a later time point. (D) Genetically inducible fluorescent
reporters allow visualization of specific tissues, in this case the ectoderm (green) that borders the
neural tissue (red).
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division relative to male cells
(59). Epigenomic studies should
bring new insights into how FA
may affect transcriptional pro-
grams during NTC.

The Cell Biology of NTDs
One complication that has hin-
dered our understanding of NTDs
generally, and of FA action spe-
cifically, is the generally under-
appreciated complexity of NTC.
Although it can be described
simply and succinctly as a sheet
rolling up to form a tube, NTC
is actually the sum of several au-
tonomous and region-specific
changes in cell behavior (5–8).
For example, NTC begins not
with rolling but instead with a
thickening of the neural ecto-
derm, only after which do the
neural folds elevate and begin
moving toward the midline. This medial move-
ment of the folds is facilitated by bending of the
epithelial sheet and by narrowing and lengthen-
ing of the neural tissue. In addition, some studies
suggest that the epidermis generates a pushing
force that aids the movement of neural folds
toward the midline (8). Lastly, a poorly defined
process of epithelial fusion links the two neural
folds into a sheet of epidermal cells covering the
hollow neural tube [e.g., (60)].

Adding to this complexity is the discontinuity
of the NTC process along the rostrocaudal axis.
Rather than progressing continuously from one
end or the other, NTC initiates at multiple sites
along the axis and progresses rostrally and/or
caudally from those sites. The cellular machines
that drive the rolling up of the neural tube differ
regionally along the length of the neural tube.
This point is important in light of the heteroge-
neity observed in human NTDs (e.g., spina bifida
versus anencephalyl; Fig. 1C), because studies in
animals now make clear that these spatially re-
stricted subtypes of NTD stem from regional dif-
ferences in the underlying cell behaviors.

One example is the process of convergent
extension, whereby cells interdigitate medio-
laterally in order to elongate the tissue perpen-
dicularly along the rostrocaudal axis (Fig. 3,
pink/green cells). This process acts specifically
in the hindbrain and spinal cord, with disruption
of genes governing convergent extension re-
sulting in craniorachischisis (7, 17). In contrast,
another cellular process called apical constric-
tion converts columnar cells into wedge-shaped
cells, leading to localized bending of the neu-
ral epithelium and facilitating NTC (Fig. 3, blue
cells). Apical constriction is most important in
the future brain and the caudal-most spinal cord,
because disruption of genes controlling api-
cal constriction is associated most strongly with
anencephaly and caudally restricted spina bi-
fida (7).

Lastly, much of what is known about the dy-
namic events of vertebrate NTC comes from live
imaging studies of amphibian and chick embryos
(Fig. 2A and Movie 1) (61–64), but important
advances have recently been made such that dy-
namic imaging of NTC is now possible in the
living mouse embryo (Fig. 2, C and D, and Movie
2) (60, 65, 66). The emerging ability to combine
prolonged live imaging with the wealth of mouse
genetic mutants will drive a deeper understand-
ing of how gene function regulates the cell and
tissue behaviors necessary for this critical and
sensitive stage of embryonic development.

The Genetics of NTDs in Animal Models
Animal studies have identified hundreds of genes
as candidates for human genetic studies. In the
mouse, over 200 genes are causative for NTDs
(58, 67), and many others have been provided
by studies in amphibians (7). These genes fall
into diverse functional classes and include regula-
tors of actin dynamics, cell adhesion, electron
transport, DNA damage repair, and other pro-
cesses (58, 67). Because most studies reporting
NTDs in mutant animals were focused primar-
ily on other biological questions, the majority of
these models are only cursorily characterized.
Nonetheless, some themes are emerging.

1) Genetic modules govern closure in dis-
crete regions of the CNS. NTDs inmutant mice
fall into heterogeneous subtypes similar to those
seen in humans, and genes with common cell-
biological functions tend to associate with the
same subtype. For example, disruption of genes
encoding Shroom3, Abl, or Mena results in high-
ly penetrant exencephaly and caudally restricted
spina bifida (68–70), and each of these genes has
been implicated in the control of apical constric-
tion (71–73). As described below, exencephaly
also consistently results from disruption of any of
a large number of genes associated with the as-
sembly or function of cilia, whereas mutations in

genes associated with the PCP
signaling network associate with
craniorachischisis (17, 74, 75).
These linkages of geneticmodules
to particular NTD subtypes is im-
portant, because they suggest that
more accurate andmore specific
diagnosis of human NTD sub-
types will facilitate studies of how
specific genetic polymorphisms
confer NTD risk in humans.

2) Cilia and NTDs. One ge-
netic module that is well defined
and has emerged as a critical
regulator of NTC is that gov-
erning ciliogenesis (75). Cilia
are small microtubule-based cel-
lular protrusions that are essen-
tial for cell-cell signaling (76),
a discovery first made in the
course ofmouse genetic screens
focused on neural tube morpho-
genesis (77, 78). Roughly two

dozen genes associated with ciliogenesis have
now been implicated in NTC in mice (75). The
cell biological mechanism linking cilia to NTDs
remains unclear, but there is evidence to suggest
defects in apical constriction. First, like muta-
tion of genes associated with apical constriction,
mutation of cilia-related genes elicits exencephaly
specifically (75). Second, cilia are crucial organ-
elles for Hedgehog signal transduction (76), and
Hedgehog signals have been linked directly to
neural patterning and to neural epithelium bending,
a process facilitated by apical constriction (79).

This work in animals has paralleled work in
humans revealing a link between cilia and an array
of human diseases, and this “ciliopathy” disease
spectrum includes both severe and milder forms
of NTDs (80–82). For example, the fuz gene is
crucial for ciliogenesis and NTC in animal mod-
els (83, 84), and mutations in fuz have also been
associated with human NTDs (85). Moreover, a
number of genes associated with Meckel-Gruber
syndrome, in which occipital encephaloceles are
frequently observed, are also known to compromise
cilia formation (81, 82).

3) PCP and NTDs. Another genetic mod-
ule for which a link to NTDs is emerging is the
PCP network, which was discovered in Drosoph-
ila and has now been shown to govern a wide
array of polarized cell behaviors (74). Beginning
with studies of the mouse mutant loop-tail, re-
searchers have found that mutations in many PCP
genes (Fz, Dvl, Vangl, and Celsr) lead to NTDs
(17, 74, 86). In mice, most manipulations of
PCP function result in craniorachischisis, and
studies in frogs revealed that craniorachischisis
was in fact a secondary phenotype stemming
from an essential role for PCP genes in neural
convergent extension (61, 87). In the absence
of PCP function, cells fail to interdigitate medio-
laterally, and the resulting overly wide neural
tissue cannot fuse (61, 87). Subsequent studies
demonstrated the same mechanism in mice with

Fig. 3. Multiple cell behaviors contribute to neural tube morphogenesis. In this sche-
matic, pink and green cells illustrate convergent extension. By exchanging neighbors
specifically in the mediolateral (horizontal) axis, the sheet of cells is elongated in the
anteroposterior (vertical) axis. Blue cells illustrate apical constriction. These cells do not
move but rather change their shape, leading to a bend in the tissue sheet. [Schematic
adapted from (7)]
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craniorachischisis (88, 89). Importantly, human
fetuses with craniorachischisis frequently display
shortened and widened axes, consistent with a
failure of convergent extension (90, 91). Taking
cues from these animal studies, concerted efforts
have now identified mutations in several PCP
genes in patients with NTDs (17, 86).

Although the association of PCP gene var-
iants with human NTDs is exciting, these data
also highlight the difficulty in predicting genotype-
phenotype relationships in human or in animal
models: The NTDs in patients with PCP gene
mutations range from the expected craniorachis-
chisis to open spina bifida and even to closedNTDs
(17). This outcome likely reflects the hypomorphic
nature of the particular PCP gene mutations in
these patients, because strong homozygous mu-
tation of PCP genes in mice generally leads to
craniorachischisis, whereas trans-heterozygosity
for many of thesemouse mutations results in other
types of NTDs (17).

The growing abundance of genotype-phenotype
data for genes with a shared biological function
demonstrates the importance of cilia-related and
PCP genes in determining susceptibility to NTDs,
and studies are now needed to determine the pro-
portion of human NTDs accounted for by var-
iation in these genetic modules and how these
variants place embryos at risk of failed NTC. As
the first of what is likely to be many such ge-
netic modules to be discerned, these data pro-
vide a conceptual framework for future NTD
gene identification.

Future Directions
Identification of NTD-associated mutations in
humans. A major advance in the past 10 years
has been the discovery in animal models of over
200 genes whose function is required for NTC,
and many new genes continue to be discovered
[e.g., (58)]. These insights should now be trans-
lated into medical sequencing efforts in human
NTD patients and the existing large cohorts of
NTD patient DNA. Going forward, it will be
important to move beyond the analysis of single
candidate genes to genome-wide sequencing ef-
forts of large sets of patient samples in order to
have the power to reveal significant associations
and to begin to understand the multifactorial na-
ture of NTDs in humans. Polymorphisms and
possible genetic interactions identified in human
NTD cases can then be validated in animal mod-
els, where both specific mutations as well as mul-
tiple genetic changes can be tested.

Epigenomic studies. Epigenetic mechanisms
can underlie human disease, as is becoming
evident for neurological diseases and cancer
(92–94). On the basis of findings that epigenetic
regulators play key roles in mouse NTC and
that such factors may be affected by FA (31–33),
it is likely that genome-wide analyses will reveal
epigenomic changes associated with NTDs. In
animal models, advanced technologies can eval-
uate the transcriptional profile of specific cell
types and correlate this with changes in DNA

methylation, histonemarks, and higher-order chro-
matin states. These technologies can also be used
in human tissues, with the caveat that transcrip-
tional and epigenetic signatures may be vastly
different between the available tissue (generally
collected at the time of delivery or in infancy)
and the early embryonic tissues that mediate
NTC. Nonetheless, substantial efforts have be-
gun to define the DNAmethylation and histone
states in numerous control and diseased tissues
from human patients, including some preliminary
studies of DNA methylation from human NTD
tissue (95). Future studies incorporating informa-
tion on FA status should help to define potential
FA-mediated changes, with a particular focus on
the genes known to be necessary for NTC.

Developing new therapies for FA-resistant
NTD based on knowledge of molecular pathways.
Not all NTDs are preventable with FA treatment
in human or in animal models (49, 50, 58), un-
derscoring the need to consider alternative ther-
apies. Mouse NTD models provide a substantial
resource to develop alternative strategies based
on biochemical and mechanistic information. For
example, there is evidence for some preventive
effect of inositol in curly tail (Grhl3) mutants; ino-
sitol deficiency increases NTD incidence in mice
and rats, and mutations in genes associated with
inositol metabolism and use can lead to NTDs in
mice (6, 96). This evidence has led to a small
PONTI Study (Prevention of NTDs by Inositol,
www.ucl.ac.uk/ich/research-ich/neural-development/
ponti_study), in conjunction with FA for women
with a previous NTD-affected pregnancy. Expan-
sion of studies to additional micronutrients—for
instance, vitamin B12 or zinc, low levels of which
appear to be associated with NTD risk in humans
(97, 98)—carry the possibility of defining which
genetic risk factors may be best targeted by ther-
apies beyond FA.

Stem cell alternatives to animal models. Al-
though animal models clearly serve as important
tools, work with induced pluripotent stem cells
now allows direct study of basic biological pro-
cesses in cells derived from human patients. With
the recent demonstration that complex three-
dimensional morphogenetic events can be re-
capitulated in vitro using stem cells (99, 100),
it is now conceivable that NTC could also be
modeled in this way. The promise of such an
approach would be threefold. First, it would al-
low for direct, dynamic studies of neural mor-
phogenesis in human cells. Second, by using
cells derived from human NTD patients, this ap-
proach would allow direct comparison of normal
and affected tissues as they engage in NTC; this
should increase the efficacy of transcriptomic and
epigenomic studies proposed above. Lastly, a stem
cell approach could provide more abundant mate-
rial and a relatively fast time frame to analysis;
such increased efficiency could provide a tractable
platformwith which to screen small molecules for
therapeutic or preventive potential.

In conclusion, although the risk of NTD re-
mains high and the occurrence of NTDs translates

to a great cost in terms of physical, emotional,
and financial burden on the affected child and
family, much remains undefined for NTD etiol-
ogy. New approaches should overcome the tech-
nical barriers to ascertaining the causes, whether
genetic or environmental. Important and rich hu-
man data sources have now become available
such as the National Birth Defects Prevention
Study (101), which has collected environmental
and lifestyle data and DNA samples on thou-
sands of women and their infants. Such data will
be excellent resources to which new technologies
for risk factor discovery can be applied. Further-
more, the rapid advances being made in animal
models are contributing substantially to under-
standing the genetic basis of human NTD and
the intersection with environmental factors. In-
creased attention to this problem is essential for
the development of alternative therapies to help
to prevent NTDs.
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