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Abstract

Neural tube defects (NTDs) represent a failure of the neural plate to complete the developmental
transition to a neural tube. NTDs are the most common birth anomaly of central nervous system.
Following mandatory folic acid fortification of dietary grains, a dramatic reduction in the
incidence of NTDs was observed in areas where the policy was implemented, yet the genetic
drivers of NTDs in humans, and the mechanisms by which folic acid prevents disease remain
disputed. Here we discuss current understanding of human NTD genetics, recent advances
regarding potential mechanisms by which folic acid might modify risk through effects on the
epigenome and transcriptome, and new approaches to study refined phenotypes for a greater
appreciation of the developmental and genetic causes of NTDs.
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Neural tube defect is a genetically complex disease

Neural tube defects (NTDs; see Glossary) are the most common birth anomaly of the
central nervous system (CNS), encompassing a range of defects of varying severity. NTDs
can occur anywhere along the neural axis and present with a range of clinical severity, and
their subtypes are named based upon the anatomic site and severity of the defect. The most
severe forms of NTD are anencephaly or craniorachischisis, in which either the forebrain
or the entire CNS, respectively, fails to transition from a neural plate to a neural tube. The
least severe forms show near complete closure of the neural tube, in conditions such as
spinal lipoma or spina bifida occulta, occurring in 4-6% of the general population, identified
incidentally during spine imaging in many cases [1]. NTDs account for approximately
88,000 deaths/year worldwide (disease burden and mortality estimates of World Health
Organization: https://www.who.int/healthinfo/global_burden_disease/estimates/en/
index1.html) [2]. In the US, NTDs are one of the conditions tracked by the Centers for
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Disease Control and Prevention (CDC) longitudinally across the country, to define disease
incidence, and identify populations at risk. Most patients with symptomatic disease remain
wheelchair bound throughout life, with urinary or fecal incontinence and learning difficulties
[3]. Moreover, it is likely many more fetuses with NTD are spontaneously or electively
terminated. Despite its frequency, the genetic basis of NTDs in humans remains mostly
unknown, and therefore molecular characterization and effective quantification of risk
remains unachievable.

Up to 70% of the NTD risk is predicted to be attributable to genetic factors, although these
estimates were made over 40 years ago, prior to dietary folic acid (FA) supplementation, so
these bear repeating [4]. There are multiple lines of evidence supporting NTD as a genetic
disease, but the lack of mendelian inheritance in most cases suggests it is a genetically
complex disease (Fig. 1). Most evidence is from twin studies, where higher concordance was
observed in same-sex twins (which includes monozygotic and dizygotic twins) than in
opposite-sex twins (1.93 vs 1.00 per 1,000) [5, 6], which was further validated in a more
recent study [7]. However, the concordance rate varies with NTD subtypes, implying that
there might be multiple genetic mechanisms or environmental factors influencing the
genetic architecture. In familial cases, NTDs phenotypes tend to ‘breed true’ within
families; in other words, if the proband has spina bifida then the recurrence tends to have
spina bifida rather than a different NTD [8]. This observation suggests that not all NTDs are
equivalent and that different genetic factors may determine the location and severity of the
NTD.

Can an understanding of genetic architecture of NTDs be achieved using similar approaches
to those used for conditions like congenital heart disease and autism spectrum disorder
(ASD)? These conditions share features with NTDs in that: 1) they show complex
inheritance; 2) most cases are sporadic; 3) in the severe case of the disease, most affecteds
are unlikely to bear children, and thus mutations are likely under strong purifying selection
[9, 10]. What was most insightful for these conditions was the realization that a large
collection of phenotypically diverse patients could capture both rare and common variants
contributing to risk and that simplex cases could take the place of large pedigrees that were
used for traditional linkage associations. Current trends are to apply similar approaches to
what was successful for congenital heart disease and ASD, by recruiting large and
phenotypically-diverse cohorts of NTD simplex cases, stratified based upon FA exposure.
The goal of this review is to discuss the current understanding of human NTD genetic
architecture, NTD risk factors, and potential NTD candidate genes. We also address
potential ways in which FA works to reduce risk of NTDs through transcriptional and
epigenetic mechanisms, which has potential implications on the genetic architecture of
disease.

Mouse models of NTDs

To understand mechanism of NTDs, mouse has proven to be a tractable model, but of
relatively limited impact on our understanding of human NTDs, mostly attributable to the
polygenic nature of human NTDs. In mouse models, most results rely on recessive or
dominant models, which are not common in humans. Over 300 NTD mouse models are
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reported (see Table S1 in the supplemental information online) [11], some of which show
reduced penetrance or severity with FA supplementation (e.g. Pax3, Cartl), whereas others
are FA resistant (e.g. Ct, Axd) [12]. One of the best known models is the FA-responsive
crooked tail (Cd), a fully penetrant recessive NTD model linked to a damaging variant in
LRP6 encoding Low-density lipoprotein receptor-related protein 6, a component of the Wnt-
Fzd-LRP5-LRP6 complex that triggers beta-catenin signaling [13]. Several NTD patients
with damaging variants in LRP6 were described [14], suggesting an evolutionarily
conserved role, but few such examples exist. Multiple reasons could possibly account for the
fundamental differences between humans and mice NTDs. Some possibilities are that (1)
NTDs have different developmental mechanism in rodents; (2) body size differences impart
differential risk; and (3) the human orthologs of mouse NTD genes predispose to risk in
humans in ways that are not yet fully understood.

Genetic studies of human NTDs

Early linkage analysis within multiplex NTD families suggested candidate loci on
chromosomes 2, 7, 10, and X [15-17]. However, logarithm of odds (LOD) scores were
below genome-wide significance, and fine mapping was not successful. Moreover, there are
no published large-scale genome-wide association studies (GWASs) of NTDs to date.
Instead, most published NTD genetics studies have focused on candidate genes derived from
the folate metabolic pathway (e.g. MTHFR), or mouse NTD models (see Table S2 in the
supplemental information online). With the advent of next-generation sequencing (NGS),
and the availability of approaches like whole exome (WES) and whole genome sequencing
(WGS), the numbers of genes tested as candidates has increased. A number of consortia
have started to emerge to aggregate cohorts and sequencing data, such as the Spina Bifida
Sequencing Consortium (https://sbseqconsortium.org) which we took part in initiating, given
the need for multi-site and multi-ethnic aggregation for comprehensively studying disease
architecture.

De novo mutations

De novo mutations (DNMSs) can increase risk of both rare and common disease, and are the
most likely to be under purifying selection [9, 10]. Given the success of DNM discovery in
ASD and congenital heart disease [9, 10], investigating DNMs in NTDs would seem like an
obvious strategy, further evidenced by positive results from small scale studies [18]. In a
cohort of 43 NTD trios (parents and affected child) of mixed clinical presentation, about
10% carried loss-of- function (LoF) DNMs [18], some in genes associated with mouse
NTD models. For instance, SHROOM3, mutated in the mouse NTD model Shrm[19],
showed LoF DNMs in two offspring, one with myelomeningocele and one with
anencephaly. SHROOM3is a strong NTD candidate, but since even healthy offspring show
LoF DNMs at a basal rate, genes identified with this approach require validation, and a
statistical framework. Such a framework would not be difficult to develop. Assuming 100
different genes that can lead to NTDs with a LoF DNM, and with a 50% excess burden of
such haploinsufficient LoF DNM in cases vs. controls, and a false discovery rate of <10%,
we calculate about 1000 trios would need to be sequenced in order to identify 10 recurrently
mutated genes (Fig. 2).
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Beyond the success with coding DNM, some NTD risk alleles are likely to reside in the
noncoding genome. The noncoding genome contains (among other elements) regulatory
elements that determine gene expression specificity, and thus extending discovery of rare
genetic variants of high effect to the noncoding genome is essential to gain high-resolution
insight into the spatiotemporal and cell type specific dynamics of the biology of NTD. WGS
analysis holds the potential to detect the most noncoding genome variation, but a major
challenge is a lack of a priori evidence for association testing, relying instead on an ever-
increasing number of annotations describing noncoding genome functionality [20]. Such
high noncoding genome dimensionality will require consideration of multiple comparisons
problem, requiring again a statistical framework to test associations. Recently, category-
wide association study (CWAS) has been developed to test multiple hypotheses for
noncoding variants from WGS data [21]. From the WGS of 1,902 ASD families, CWAS has
successfully identified noncoding DNMs that contribute to ASD risk, with the strongest
contributors in conserved promoter regions [22]. These combined approaches have the
potential to paint a complete picture of risk associated with noncoding variation, but will
require enormous cohort sizes.

Rare inherited coding variants

The plethora of individual genetic factors contributing to NTDs in mice, and the genes
involved in folate metabolism, have provided ample fodder for candidate gene testing in
NTD singletons. Efforts to detect rare coding variants using genome-wide approaches have
been pursued with WES mainly on singleton patients [23, 24]. These early efforts generally
relied on publicly available cohorts like the Genome Aggregation Database (gnomAD) to
establish baseline minor allele frequencies [25], and as such may suffer errors from
population stratification. One effort applied WGS analysis from ethnically diverse NTD
cases, revealing enrichment of rare LoF variants in cases [23], and suggesting that NTDs
may be caused by the sum of effects of multiple genes, similar to the oligogenic model. A
study of a cohort of 51 NTD families showed cases had a greater burden of damaging
variants in MYOIE, encoding an unconventional nonmuscle class | myosin [24]. These
approaches, while promising, will require confirmation and genotype-phenotype correlations
in larger cohorts.

Functional validation of human NTD genetic studies

Functional validation is a critical step that should follow the discovery of candidate genes or
variants. A hurdle is overcoming the potential complexity of human NTDs, including
zygosity, modifiers, and environmental factors. The lack of simple genetically faithful and
highly penetrant model of human NTD is a potential hurdle, yet still important information
can be gained by studying the impact of FA on existing or new animal models. Higher
throughput than achievable in mouse can be realized in frog or zebrafish, but a caveat is that
neural tube closure mechanisms differ across species [26]. Although in vivo vertebrate
animal models are the most robust validation approach currently, other tools such as stem
cell models, neural tube organoids, or 3-dimensional bioprinting have advantages, for
instance in incorporating human-specific variants, and may prove fruitful in modeling
human NTD [27].
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Genes and pathways implicated in NTD

Folate metabolism pathway

Since folate was implicated in NTD risk, folate metabolic pathway genes have been studied
as candidates in NTD. MTHFR encodes methylenetetrahydrofolate reductase, required for
the conversion of folate into its active form, L-methylfolate. The MTHFR c.677C>T SNP
(rs1801133) p.V222A reduces enzyme activity in cells by 35% when heterozygous and 70%
when homozygous [28], and is the most reproduced single marker of NTD risk, conferring
an odds ratio between 1.34-1.44 when present in the mother or the child, but not the father
[29]. However, there are still some discrepancies in its effect on NTD risk, as the effect does
not replicate in some populations [29, 30]. Similarly, the MTHFR promoter SNP
(rs3737965) regulates MTHFR expression and contributes to spina bifida risk [31, 32],
hinting at the kinds of non-coding variants likely to function in NTDs. There are other
MTHFR SNPs studied but since they may be in linkage disequilibrium with other SNPs, it is
difficult to separate their individual effects. SNPs in other folate-related genes such as
MTHFDI1, MTRR, MTR, TYMS, SLC19A1 or LRP2have been associated with only a
moderate effect on NTD risk [24, 33—-36], and similarly the mitochondrial folate metabolism
glycine cleavage system genes AMT, GCSH, and GLDC are attracting attention as NTD risk
factors [37, 38].

Planar cell polarity (PCP) and canonical Wnt pathways

PCP has been appreciated as a critical pathway for neural tube closure, ever since rare
coding variants in VANGL 1 were found enriched in human NTDs [39], and a missense
variant in Vang/2was identified as the cause for the partially-penetrant Loop-tail (Lp) NTD
mouse [40, 41]. The PCP pathway determines cellular orientation necessary for shape
transitions from a neural plate to a tube. Moreover, PCP is a key driver of ‘convergent
extension’, the process in which cellular movements converge (narrow) along one axis and
extend (elongate) along the perpendicular axis. A PCP defect should thus result in an
abnormally wide neural plate, hampering proper neural tube closure [41]. Since convergent
extension of the embryo precedes neural tube closure, the idea is that early defects could
lead to mis-patterning of the embryo that could increase NTD risk indirectly [41], and that
defects in early developmental processes preceding neural tube closure could potentially
impact NTD risk. PCP pathway gene mutations have been identified in 1-20% of NTD
cases, depending upon the study, including genes SCR/B, DACT1, CELSRI, FUZ, FZD6,
PRICKLE1, VANGLI1and VANGLZ2[42], but the relative importance of these genes
remains unclear. The canonical Wnt pathway has been also implicated in NTD risk. For
example, LRP6, a Wnt co-receptor mutated in a mouse NTD model, was assessed for
polymorphisms in 190 individuals with NTD, identifying four individuals with predicted
deleterious variants, some of which impacted Wnt signaling (a key pathway regulating PCP)
[14].

Sonic Hedgehog (Shh) pathway

While Shh loss-of-function mouse mutants often show gross patterning defects, it is
hyperactivation of Shh signaling that leads to NTDs [43], and thus disruption of negative
regulators of Shh pathway often leads to NTDs [44]. For instance, mutations in the Shh
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negative regulator GPR161 were enriched in 384 human spina bifida patients [45]. The Shh
pathway repressor GL/3was also linked to NTD risk in a WES study in a French cohort of
23 individuals [35]. Other Shh pathway genes, such as D/SP1and PTCHI, have also been
implicated in NTD pathogenesis [46, 47]. PRKACB is important for the formation of the

GL /3 repressor and has been implicated in human NTD risk [48]. NTD phenotypes resulting
from Shh pathway mutations may share important components with ciliary pathway genes
and PCP pathway mutants, since these pathways are known to interact [49].

Cytoskeleton and cilia genes

Genes controlling the cytoskeleton are strong candidates for NTD risk. However, it remains
to be clarified in which cell populations these genes function, since there are many cell
populations interacting during neural tube closure. These cell populations include neural
cells, paraxial mesoderm, overlying fibroblasts, bone progenitors, etc. To date, only a
handful of cytoskeletal genes are associated with human NTDs. The aforementioned
SHROOMS3is a PDZ-domain containing actin regulator (sometimes included in the PCP
pathway) and was implicated as an NTD risk gene in two separate studies with de novo and
gene burden analyses [18, 24]. /TGB1, a signal transduction protein functioning between the
cytoskeleton and extracellular matrix, and DLCZ, a GTPase-activating protein important for
cytoskeletal remodeling and cell migration/proliferation [18, 24], were also implicated. A
number of ciliary genes lead to NTD when mutated, such as 7u/p3[50], because the graded
response to Shh depends upon cilia architecture [51]. Sequencing of 281 candidate NTD
genes in 373 NTD patients and 222 healthy controls revealed eight rare mutations in the
cilia-related gene DNAAFI, which encodes a protein for preassembly of the dynein-arm
complex within the cilium [52].

Inositol metabolism genes

NTDs were identified in mice lacking /fpk1, a regulator of inositol hexakisphosphate [53],
and subsequently polymorphisms in /TPK1 were identified in human NTD patients [54].
Inositol is required for neural tube closure, and inositol supplementation can dramatically
reduce curly tail NTD penetrance from ~70% to ~3—-7% [55]. This led to the model that
deficiency in inositol may impart risk of NTD, particularly in mothers found to be FA
resistant. Currently there is a clinical trial of inositol as an add-on to FA supplementation in
NTD prevention [56].

Chromosomal abnormality and structural variation

Given the complex genetic architecture of NTDs, it is not surprising that chromosomal
abnormalities and structural variations (SVs) contribute to NTD risk. Large chromosomal
abnormalities such as trisomy 13 or 18, among others, have been reported as risk factors for
various NTDs [57, 58], accompanied by multiple congenital anomalies.

Structural variations

SVs such as chromosomal microdeletions or microduplications have not been studied
much because most of the genetic assays used were unable to detect SVs, and therefore,
effects of SV on NTD risk is not well established. For instance, NTD cases with a 29q35—
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36.2 deletion containing PAX3 have been reported in patients showing NTD with or without
Waardenburg syndrome, which is an autosomal dominant 2AX3 haploinsufficiency
characterized by pigment abnormalities and sensorineural deafness [59-61]. Deletions in a
few genes associated with proteoglycans or cilia also have been implicated in the NTD risk
[62, 63].

DiGeorge/Velocardiofacial 22g11.2 deletion syndrome (22q11.2DS) is relatively common (1
per 3,000-6,000 live births), since the locus harbors four low copy number repeat sequence
blocks (LCRs) which predispose to unequal crossing-over, leading to de novo deletions (or
duplications) [64]. Although a few NTD cases with 22q11.2DS have been reported, it is still
unclear which, if any, gene(s) among the ~90 genes in the interval confer NTD risk [64—66].
Likewise, SOX3duplication (Xg27.1) has been reported in three female myelomeningocele
patients [67], and duplication of 15q24.2-q26.2 containing ~100 genes was also reported in a
single case of anencephaly and NTD [68]. Presumably, these SVs may contain either gene(s)
of which decreased dosage increases risk NTDs, or noncoding regulatory elements including
the ones impacting long-range chromatin effects, although it is not possible to distinguish
them without refinement of the minimal interval or animal modeling.

Monogenic syndromes potentially increasing risk of NTDs

Several human syndromes where mutant gene function is well established display an
increased risk of NTDs, which can provide insight into the pathogenesis of NTDs. The risk
of NTD appears to be increased in individuals with Waardenburg syndrome, caused by
haploinsufficiency of PAX3. PAX3is a member of the paired box transcription factor family
expressed by multipotent neural crest and somitic mesoderm precursors, implicating these
cell types in NTD. In the literature there are reports of six of 617 Waardenburg syndrome
patients with NTDs [61], i.e. risk of roughly 1:100, which is many times higher than the
baseline population risk. This is supported by the sp/ofch mouse Pax3 recessive mutation,
that results in NTDs in 8-56% of offspring, depending upon the background and folate
status [69]. 7TBXT aka brachyury, encoding the T-box transcription factor T, was identified
in a human monogenic NTD with sacral agenesis, abnormal ossification of the vertebral
bodies and persistent notochordal canal, as well as in isolated chordoma [46, 70]. Focal
dermal hypoplasia, or Goltz syndrome, is an X-linked dominant disease caused by mutation
of PORCN [71], encoding a homologue of porcupine, an O-acyltransferase involved in Wnt
protein processing. Although only a few cases are reported, this condition has been
associated with NTDs such as spina bifida occulta or myelomeningocele and Chiari 2
malformation [72]. A case study reported recessive variants of APAFIand CASPY, which
are key apoptotic genes, as potential causative genes for FA resistant NTD such as spina
bifida, holoanencephaly, or spinal rachischisis in patients with multiple anomalies [73].

Gene-environment and gene-gene interactions

The effect of folate on NTD risk offers a striking example of a gene-environment interaction.
Evidence for gene-environment interaction by FA include: 1) FA alters the sex ratio in
human NTDs (a male/female ratio: from 0.48-0.77 to about 1), 2) FA may reduce NTD
severity in human [74, 75], and 3) FA reduces the incidence and severity of mouse NTD
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models, such as sp/otch (Pax3mutant) or Lrp2MUll [76, 77]. However, despite the impact of
folate in reducing NTD incidence, genes and pathways regulated by folate remain mostly
unknown [78]. Other environmental factors influencing NTD risk are maternal
hyperglycemia, obesity, elevated body temperature, disadvantaged socio-economic status,
and drugs such as valproic acid, opioids or potentially the antiretroviral dolutegravir [79-
85].

There are now over 20 genes implicated in digenic pathogenesis of mouse NTD [86-88].
Gene-gene interaction examples in mouse include digenic interaction between PCP genes
(e.g. Vang/1and Vang/2) [87]. Digenic inheritance was proposed in human NTD, especially
for SNPs near folate metabolism genes [89, 90], and between PCP genes. As an example,
1% of more than 500 patients were double heterozygous for PCP mutations, meaning they
carried damaging variants in two different genes [91], but establishing the specific
combinations of these gene mutations in determining risk requires studies in additional
patients.

While risk for NTDs is generally assumed to depend upon the genetic constitution of the
offspring, it is conceivable that some risk might trace back to the parents’ genetic makeup or
risk factors, which could interact with the fetal genetic constitution. One obvious place to
look would be the mother’s genotype for folate metabolism genes. Multiple meta-analyses
have shown the association of MTHFR rs1801133 with NTD maternal risk, although they
are limited to candidate SNP genotyping [92]. Perhaps the greatest maternal factors will turn
out to be genetic risk of diabetes, which in turn imparts risk of fetal NTDs. Supporting this
model, interaction between maternal hyperglycemia and insulin resistance genes with fetal
glucose homeostasis genes increases risk of NTDs from a cohort of 737 NTD trios [89].
Paternal risk is generally not considered, but an important contribution to the number of
DNMs in an offspring is paternal age at the time of conception. Indeed, paternal age
correlates with the risk of NTDs, with an odds ratio of 1.35 for 40-year old vs. 20-year old
father, about the same risk attributed to the MTHFR rs1801133 [93].

Epigenetic regulation in NTD

Given that FA is a methyl donor, researchers have long hypothesized that FA can impact
genes expression, through FA-dependent DNA and histone methylation, which are major
components of ‘epigenome’ (Fig. 3) [36, 94, 95]. Since most or all DNA methylation marks
are removed post-fertilization, and then undergo re-marking [96], there is probably a
substantial demand for methyl groups, which folate provides. In one example, genetic risk of
birth defects (including NTDs) in mice was attributed to the grandparents genotype,
specifically the enzyme methionine synthase reductase (Mtrr), necessary for utilization of
methyl groups from the folate cycle [97]. Moreover, findings from FbpI (folate binding
protein 1, partially responsible for folate uptake) knockout mice suggest a requirement in
gene transcription for G-proteins, transcription factors, growth factors, methyltransferases,
and cell cycle mRNAs [98], but assessment in the neural tube remains to be explored. Mouse
studies also support the potential for other epigenetic regulation pathways (in addition to
folate-related ones) in NTDs. For instance, exencephaly is observed in several murine
chromatin regulator mutations, including DNA methylases, histone methylases, acetylases
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and deacetylases [94]. Moreover, maternal exposure to valproate, which is an histone
deacetylase inhibitor, is a risk factor for NTDs in humans [83].

folic acid reduce NTD incidence?

What can we learn from the decades of FA supplementation? Incidence of NTDs has
dropped by ~15-70% in every region where FA supplementation policy has been
implemented, with a strong female sex bias. NTDs previously showed a female
preponderance, but this bias has disappeared with FA supplementation [6, 74, 99]. In
addition to the sex-specific bias, differences are also evident between NTD subtypes.
Specifically, FA supplementation had a greater impact on reducing anencephaly than other
types of NTD [6, 74, 99]. Although further studies are needed, this drop seems to have
coincided with a decrease in severity of NTDs. There are two possible explanations for this
observation (although a combination of the two is feasible as well): 1) FA has prevented
NTDs only in those that would have had the most severe phenotypes. 2) FA has reduced the
severity of NTD across the board, essentially rescuing those at the mild end of the spectrum,
and shifting those from the severe end to the mild end (Fig. 4). The latter explanation seems
more plausible, and is supported by observations in mice [13, 76, 77].

This phenomenon is somewhat reminiscent of ‘female protective effect’ in ASD. The female
protective effect was proposed to explain the observation of a ~5:1 sex bias of ASD toward
males, together with a 2-fold enrichment of de novo protein-truncating variants in female
ASD individuals [100]. In other words, females require a greater genetic insult to manifest
ASD compared to males. Many hypotheses have been put forward to explain the female
protective effect, but there is still lack of clarity regarding the mechanisms involved.

The “female protective effect” in ASD, where a greater mutation burden seems to be required
for disease in females, is reminiscent of the effect of FA supplementation in the protection
from NTDs. Consider the potential outcomes of a hypothetical experiment comparing
DNMs in NTD cases conceived in folate-deficient areas vs. folate-replete areas (or in cases
born before vs. after FA implementation). If the effect of FA was to reduce the burden of
DNMs as a means of protecting from NTDs, then we would expect to observe a drop in
DNM burden after FA fortification. As a specific example, since the entire US population
was subjected to FA supplementation since 1998, we would expect to observe fewer DNMs
in NTD cases conceived after fortification compared with those conceived before
fortification, and since the entire population was subject to FA fortification, we would expect
this drop in DNM to extend to the generation population. While it is possible that FA
supplementation coincided with reduced DNM rate in humans, no such observation has been
reported in the literature. In fact, the DNM rate in offspring seems to be increasing in recent
years, probably correlating with advanced parental age [101]. If the effect of FA was
independent of DNMs, then we would expect the DNM rate to be constant before and after
fortification. However, if the effect of FA was to increase the threshold of mutations required
for NTD, much like females with ASD, then we would expect to observe an increased
burden of DNMs after FA supplementation in cases of the same NTD severity. In other
words, the same clinical severity now requires a greater burden of DNMs, and thus FA
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preferentially rescued cases that had milder DNM burden (Fig. 4). To our knowledge, such a
test has not yet been performed.

It remains unclear whether FA reduces all NTD subtypes globally or certain subtypes more
specifically; it also remains unclear whether FA reduces NTD incidence across the board or
decreases disease severity in terms of the spinal level of the defect and the extent of open
neural tissue [74, 75, 102, 103]. Large scale studies so far indicate that the answer to these
questions may depends on sex, ethnicity, geographic region, and background nutritional
status [36, 74, 75, 103]. For example, for females in NTD prevalent areas such as high-
elevation Argentina and Northern China, FA supplementation tends to have more impact on
anencephaly prevention, while many other populations show comparable rates on both
anencephaly and spina bifida [74, 75]. Here again, genetic factors may play a role of
modifying the severity of NTD. Studies with detailed phenotyping, including defect level
and extent would be necessary to answer these questions.

Unaccounted-for variables in persistent cases post-FA supplementation include genetic
and/or environmental factors regulating maternal folate levels. For instance, there may be
some pregnant women with very low levels of circulating folate despite their being exposed
to supplementation. So far, a few small-scaled SNP genotyping genetic studies in humans
have uncovered variants in folate metabolic genes in mothers contributing to risk [33],
although further studies are needed. It is interesting that among rare essential B vitamins like
B1, B2, B9 and B12, only folate (B9) shows no evidence of genetic regulation, meaning that
genotypes do not seem to determine folate levels [104]. What then determines folate levels?
Obviously dietary intake is one driver, and population level studies demonstrate that this
significantly increases serum folate levels [105]. But a largely unexplored area is the role of
the gut microbiome in this context. Specifically, it has been noted that the gut microbiome
can produce folate, which is subsequently absorbed by the host [106]. It remains to be tested
whether alterations in this process are associated with NTD risk.

Concluding Remarks and Future Perspectives

Understanding the genetic architecture of human NTDs and the role of folate is crucial, not
only to achieve a mechanistic understanding of this most common CNS structural defect, but
also for effective clinical screening or further prevention and treatment. However, the
heterogeneous nature of NTDs in terms of phenotypes and genetic architecture, together
with the recognized contribution of environmental factors, have hindered progress. The other
consequence of this complexity is a lack of large-scale genetic studies stratified by NTD
subtypes, which is partially responsible for low yield of the expected insight by prior genetic
studies applying approaches like GWAS and candidate gene testing. Yet, noticeable
advances have been made, including the discovery of an association between NTDs and
folate metabolism, PCP, and environmental risk factors. As sequencing costs decrease, new
NGS studies are likely to reveal proposed and novel candidate genes, enabling the detection
of rare alleles including SNVs, indels, short tandem repeats and SVs using exome- or
genome-wide sequencing applied to trios or quads (trio + unaffected sibling), as have been
performed for ASD and congenital heart disease.
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Large scale sequencing of cohorts from diverse ethnic groups is needed to disentangle the
population-level genetic architecture of NTDs (see Outstanding Questions). To solve this
problem, researchers from all over the world are organizing consortia to aggregate NTD
samples, including preexisting cases that were conceived prior to FA supplementation, or
from parts of the world yet to include FA fortification. With the gradual replacement of
“phenotype-driven” syndrome delineation by “genotype-driven” by virtue of high-
throughput sequencing and extensive collaborative efforts, not only the size of a cohort but
also its quality (in terms of refined phenotyping and detailed description of environmental
factors) will be crucial for future research [107].
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Refer to Web version on PubMed Central for supplementary material.
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Anencephaly
a condition of absent skull and major portion of brain due to developmental abnormality

Craniorachischisis
a condition whereby the neural tube is not closed along both of the brain and spinal cord

Epigenome
sum of any modifications on DNA or histones without alterations in the DNA sequence itself

Folate

a generic term referring to any kinds of natural food folate (in tetrahydrofolate form). Folate
in fortified foods and most of dietary supplements is in the form of folic acid, which is
artificially synthesized as a pure chemical compound

Folic acid (FA) fortification

many countries mandate manufacturers to add FA to various dietary grains based on the
previous clinical trials showing FA’s effect on neural tube defect prevention. Concentration
of fortified FA varies from country to country, but is typically in the range 140-220 ug/100 g
of flour

Genetic architecture
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understanding of the genetic factors responsible for heritable phenotypic variability, which
also includes their interactions with each other (genetic interaction) and with the
environment (gene-environment interaction)

Genome-wide association study (GWAS)
an approach to associate genetic variations with particular diseases

Haploinsufficient
a single copy of a certain gene that does not produce sufficient protein product for normal
phenotypes

Linkage association (linkage analysis)
an approach to find co-segregated genetic segments within family

Loss-of-function (LoF) mutation
mutations (usually coding ones) that result in the gene product having no function, including
stopgain, frameshift, or splicing mutations

Mendelian inheritance
inheritance patterns of single gene (monogenic) diseases

Microdeletion/microduplication
relatively small chromosomal deletion/duplication that usually cannot be detected by
conventional cytogenetic method under light microscope

Multiple comparisons problem
statistical problem whereby an increase in simultaneous tests increases the likelihood of an
erroneous result

Myelomeningocele
a condition of protrusion of meninges and spinal cord through vertebra and skin defects.
Also known as “spina bifida’

Neural tube defect
a group of developmental disorders that is caused by failed neural tube closure during
development

Oligogenic model
an inheritance model involving several genes

Population stratification
a systematic difference in allele frequencies of genetic variants among subpopulations due to
different ancestry

Purifying selection
an evolutionary tendency to eliminate protein-altering or -damaging gene variants

Regulatory elements
genetic regions that control the transcription of nearby genes
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Spina bifida
see myelomeningocele
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Outstanding Questions

- Has folic acid (FA) supplementation changed the landscape of de novo mutations in
terms of their rate and severity?

- Is the genetic contribution to neural tube defect (NTD) risk different before and after FA
supplementation? In other words, are the mutations found in NTD patients severer or
milder after FA was introduced into the diet?

- Are there mutated genes or affected pathways in that are specific to affected individuals
that were conceived after FA supplementation that are “folate-nonresponsive’?

- Could residual cases of NTD in the US or other parts of the world already
supplementing be prevented if the dose of FA was higher?

- Are there other dietary supplements that could added to further reduce NTD rates, such
as inositol supplementation?

- Why has the rate of NTDs dropped more significantly following FA supplementation in
geographies with higher baseline NTD rates?

- How much do noncoding variants contribute to NTD risk and what is their pathogenic
mechanisms?

- Are there subtypes- (e.g. anencephaly or myelomeningocele) specific or level- (e.g.
thoracic, lumbar, or sacral) specific genetic factors?

- Are there population-specific genetic risk factors?

- Can the risk of NTDs be predictable by polygenic risk score?
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Highlights

- Neural tube defects (NTDs) are the most common birth anomaly of the central nervous
system (CNS). They result from a failure of the neural plate to complete the
developmental transition to a neural tube.

- Mandatory folic acid (FA) supplementation of dietary grains led to a significant
decrease in the incidence of NTDs, but the mechanisms involved remain disputed.

- NTD is a relatively common phenotype in mouse knockouts, showing both simple and
complex inheritance, as well as responses to folate, yet few of the genes identified in
mouse models have been established as causes in human NTDs.

- Candidate gene approaches in human studies support a role for Wnt/planar cell polarity,
cilia, Sonic Hedgehog (Shh), bone morphogenetic protein (BMP) signaling factors in
NTD risk.

- Whole genome sequencing, as opposed to SNP genotyping or candidate gene
resequencing, allows for detection of most coding, noncoding, and structural variants,
including rare, common, de novo, and somatic variants.

- Recently, there have been collaborative efforts to assemble larger cohorts of
phenotypically diverse patients from diverse ethnic groups, both prior to and after FA
fortification, for comprehensive risk assessment.
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Figure 1. Neural tube defects (NTDs) are likely to be impacted by many types of genetic variants.
These variants include coding and noncoding ones, structural ones, and chromosomal

aneuploidy. Sources of variants include de novo, inherited, modifiers, somatic and
combinations of these. Genetic variants are influenced by epigenetic factors and the
environment to establish the NTD risk. Newborn image adopted from the CDC Public
Library of Images.
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Figure 2. Estimation of cohort size for causative variants discovery.
Power calculation curve indicating estimated number of trios necessary to discover a given

numbers of genes as recurrently mutated, assuming that there are 100 ‘discoverable’ genes
for haploinsufficient neural tube defects (NTDs) in humans. The variable ‘v’ is defined as
the ratio of the number of de novo loss-of-function (LoF) mutations in affected individuals
divided by the number of de novo LoF mutations in unaffected individuals across the
population. For these calculations, we estimate v as 1.5 or 2.5, meaning that subjects with
NTD will have 1.5 or 2.5 as many de novo LoF mutations as controls. Assuming v=2.5, then
a cohort of 1000 trios would discover 40 recurrently mutated genes with a false discovery
rate of 10% (blue line). If on the other hand v = 1.5 then 1000 trios would only discover 10
recurrently mutated genes. These calculations are based upon the basal de novo mutation
rate, and assumes a total of 20,000 human genes that can be mutated. Abbreviation: FDR,
false discovery rate.
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Figure 3. Schematic of folate as a methyl group donor.
Either dietary folates or synthetic folic acid are incorporated into folate one-carbon

metabolism pathway and serve as methyl group donors for various substrates including
protein, DNA, RNA and lipids. Epigenetic regulation by DNA and histone methylation plays
crucial roles in transcriptional regulation and embryonic development. DNMT, DNA
methyltransferase; DHFR, dihydrofolate reductase; HMT, histone methyltransferase; K,
lysine; mC, methylcytosine; MTHFR, methylenetetrahydrofolate reductase; MTR,
methionine synthase; PRMT: protein arginine methyltransferase; R, arginine; SAH, S-
adenosylhomocysteine; SAM, S-adenosylmethionine; SHMT, serine
hydroxymethyltransferase; THF, tetrahydrofolate.
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Figure 4. A. Model of impact of folic acid (FA) supplementation on neural tube defect (NTD)
incidence and severity.

In the absence of FA, a hypothetical gray curve represents the relationship between
incidence and severity. FA supplementation may decrease NTD incidence (arrow 1, curve
moves to left) or severity (arrow 2, curves moves down), or may impact both (arrow 3, curve
moves both left and down). B. Cumulative NTD risk along y-axis and individual example
risk profiles numbered at bottom. Yellow: genetic risk; green: environment risk attributed to
FA deficiency or other factors. Individuals 1 and 2 have risk below the threshold. Individual
3 has cumulative risk above threshold for mild disease, but if exposed to folate, would fall
below threshold for mild disease. Individuals 4 and 5 have cumulative risk above threshold
for severe disease, but if exposed to folate, 4 would fall into mild disease and 5 would fall
below mild disease threshold. Individual 6 has genetic risk above threshold for severe
disease that is not modified by folate.

Incidence
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