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Abstract

Neural tube defect disorders are developmental diseases that originate from an incomplete closure of the neural tube during
embryogenesis. Despite high prevalence—1 out of 3000 live births—their etiology is not yet established and both envi-
ronmental and genetic factors have been proposed, with a heritability rate of about 60%. Studies in mouse models as well
as in human have further suggested a multifactorial pattern of inheritance for neural tube defect disorders. Here, we report
results obtained from clinical diagnosis and NGS analysis of a cohort composed of 52 patients. Using a candidate gene panel
approach, we identified variants in known genes of planar cell polarity (PCP) pathway, although with higher prevalence than
previously reported. Our study also reveals variants in novel genes such as FREM?2 and DISPI. Altogether, these results
confirm the implication of the PCP genes and involve the FRAS/FREM2 complex and Sonic Hedgehog signaling as novel

components in the appearance of NTDs.

Introduction

Neural tube defect disorders (NTDs) are common develop-
mental diseases that affect approximately 1 out of 3000 live
births (French National Centre for Health statistics 2015).
These severe congenital defects originate from a failure of
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neurulation during embryogenesis that results in an incom-
plete closure of the neural tube. NTDs show an important
phenotypic variability depending both on the site where
closure defect occurs and on the severity of this defect. The
most frequent NTDs are anencephaly and spina bifida, which
result from the failed fusion of the neural tube at the brain
or at the spinal region, respectively. Spina bifida exists in
two major forms: spina bifida occulta, the closed form, or
spina bifida aperta, the open and more severe form. Other
open NTDs include myeloschisis, hemimyelomeningocele,
hemimyelocele and the most severe and rare form called
craniorachischisis, in which both brain and spinal cord
remain open (Mohd-Zin et al. 2017).

While severe open lesions that affect the brain are lethal,
spina bifida typically results in pain, weakness and inconti-
nence with a profound impact on daily life.

Despite their high prevalence, the etiology of NTDs
has not yet been established. Both environmental and
genetic factors have been proposed, and the heritability
is estimated at 60% (Bassuk and Kibar 2009). Increased
recurrence risk for siblings of index cases but decreasing
in more distant relatives, concordance observed in twins,
and existence of multiplex families with several affected
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children altogether argue in favour of a polygenic pattern
of inheritance (Detrait et al. 2005).

As periconceptional folic acid intake has been
described to reduce the occurrence of NTDs (van Gool
et al. 2018), genes related to the folate one-carbon metab-
olism have been studied. However, only few statistically
significant associations between NTDs and the folate
pathway genes have been identified in case—control stud-
ies, notably for variants in MTHFR, MTHFDI or MTH-
FDIL genes (Amorim et al. 2007; Zhang et al. 2013).

In addition, the planar cell polarity (PCP) and Wnt
pathways have been involved in NTDs by various studies
in animal models (Carter et al. 2005; Harris and Juriloff
2007; Zohn 2012). PCP genes are essential for polarized
cell movements and for convergent extension movements
of the notochord and neural plate (Wallingford and Har-
land 2002), consistent with their involvement in the for-
mation and closure of the neural tube. Recently, a role
of the non-canonical Wnt signaling pathway in guiding
the direction of PCP has been described (Humphries
and Mlodzik 2018). Model mice homozygous for the
PCP genes, Vangl2, Celsrl, Dvls, Scribl, Fz3/6 or Ptk7,
display craniorachischisis (Greene et al. 1998; Hamblet
et al. 2002; Lu et al. 2004; Murdoch et al. 2014). Further,
several studies of large NTD cohorts have reported that
candidate pathogenic variants affecting PCP genes are
found in up to 3% of patients, in most cases inherited
from a clinically unaffected parent (Kibar et al. 2007; Lei
et al. 2013; Robinson et al. 2012). Finally, digenic inherit-
ance pattern involving variants in PCP genes was recently
reported in NTD patients (Chen et al. 2018; Wang et al.
2018). Altogether, these results involve PCP and folate
metabolism pathways in NTDs and indicate a complex
genetic pattern of their inheritance.

The aim of this study was, first, to refine the preva-
lence of known NTD genes and, second, to identify novel
candidate genes. We report results obtained from NGS
analysis of 14 families with one or two affected individu-
als, 25 isolated patients and 9 fetuses, altogether repre-
senting 52 patients. NGS analyses focused on a panel of
candidate genes, NTDs-related genes or mouse candidate
genes, present in the 5504 genes associated with known
phenotypes, called medical exome (Okazaki et al. 2016).
We could describe prevalence higher than expected for
mutations in genes involved in the planar cell polarity
pathway such as CELSRI and PTK7, thus reinforcing the
implication of this pathway in the onset of NTDs. We also
identified mouse candidate genes like FREM?2, a member
of the FRAS/FREM complex expressed in neural tube
(Mansfield et al. 2011; Timmer et al. 2005), and impli-
cated the Sonic Hedgehog (SHH) pathway in NTDs.
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Materials and methods
Patients

This study included a cohort of 52 unrelated patients of
European ancestry diagnosed with NTD. Additionally, 36
parents were analysed by medical exome.

14 families were recruited at the genetic medical service
of Rennes or Vannes Hospital Centers. Nine families were
trios including one affected child and two parents. Two
families were composed of two affected children/fetuses
and their two parents. Both parental DNAs were not sys-
tematically available: one family consisted of two affected
children and the mother, and another family consisted of
one case and the mother. One family was composed of two
affected children without parental DNA.

25 adult isolated cases were recruited through the
genetics consultations at the National Reference Center
for Spina Bifida located at the Hospital Center of Rennes.
We also included 9 fetuses interrupted after ultrasound had
revealed a neural tube defect.

The study was approved by the local ethics committee
and was declared to the CNIL (French National committee
for information and Freedom No. 1873368 v 0). Written
informed consent was obtained from all participating indi-
viduals or legal representatives.

Sequencing

All samples were prepared using the Agilent Focused
Exome preparation kit (which covers 5504 genes associ-
ated with known phenotypes and 11,884,205 base pairs)
and sequenced on an [llumina HiSeq 1500 sequencer using
2x 150 bp sequencing Kkits.

All variants identified by NGS were confirmed by
Sanger sequencing (Supplementary Data Fig. 1).

Bioinformatics pipeline

Raw sequencing data were mapped to the GRCh37/hg19
reference genome with the bwa-mem aligner (Houtgast
et al. 2018). Variant calling was performed using Free-
bayes (https://github.com/ekg/freebayes) and the GATK
(Unified Genotyper and Haplotype Caller) (De Summa
et al. 2017). Whenever possible, i.e., when familial cases
were available, the variant calling was conducted in a fam-
ily structure.

Variants were then filtered based on their sequencing
quality: a read depth of > 10 X and a quality score of > 30;
frequency in population: only variants with minor allele
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frequency <0.1% in any population database or our in-
house database were retained.

The resulting variants were annotated with ANNOVAR
(February 2016 build) (Wang et al. 2010). A gene-based
annotation was performed using RefGene to identify the
variant functional classes (missense/intronic/UTR/splic-
ing/frameshift...), the genes and the amino acid changes.
For variant frequency annotation, we used allelic popu-
lation frequency information from six control databases:
dbSNP (build 147), 1000 Genomes (August 2015), Kaviar
(September 2015), Exome Sequencing Project (ESP,
March 2015), Exome Aggregation Consortium (ExAC)
and its new version—Genome Aggregation Database (gno-
mAD). To identify recurring false positives, this annota-
tion step was completed with our in-house exome data
(variants frequency during previous runs and annotations
conducted in our laboratory).

Potential deleterious effects were assessed using sev-
eral prediction algorithms (SIFT, PolyPhen2 HDIV, Poly-
Phen2 HVAR, LRT, MutationTaster, MutationAssessor,
FATHMM, MetaSVM, MetalLR, VEST, CADD, GERP++,
DANN and PROVEAN) provided by dbNSFP (non-syn-
onymous functional predictions, v3.0) (Liu et al. 2016).

For variants that could potentially alter splicing, we
used the library dbscSNV (v1.1) provided by ANNOVAR,
which contains predictions of splice sites based on Ada-
Boost and RandomForest score. Complementary annota-
tions were performed using Alamut Visual v2.8.1 (Inter-
active Biosoftware, Rouen, France) and custom-made
annotations based on OMIM database and/or inheritance
mode for each gene. Moreover, for each sample, variants
were investigated based on all likely transmission modes
(autosomal dominant, autosomal recessive, X-linked reces-
sive in males) and segregation on a family-by-family basis.

Finally, we retained loss of function and frameshift
variants, as well as non-synonymous ones with a major-
ity of deleterious predictions given by dbNSFP, dbscSNV
and Alamut. The pathogenicity score given by these algo-
rithms was confirmed by UMD Predictor (Salgado et al.
2016) and allowed us to provide a deleterious score (UMD
score > 65) to the selected variants, except for intronic and
del/ins variants. These scores are reported in Table 1.

To identify relevant variants for NTD on a physiopatho-
logical basis, we have prioritized variants present in a list
of 230 candidate genes (Supplementary data Table 1).
This list contains genes selected from literature reviews
(Harris and Juriloff 2007; Ishida et al. 2018), from human
genes associated with OMIM genetic disorders (https://
www.omim.org), from MGI database (Mouse genome
informatics—http://www.informatics.jax.org) integrat-
ing genetic, genomic and biological and from the human
diseases database Malacards website (https://www.malac
ards.org).

We used the website provided by the French Exome Pro-
ject FREX (http://lysine.univ-brest.fr/FrEXAC) to estimate
the frequency of these variants in the French population (574
unrelated French individuals) and to evaluate their specific
enrichment in the NTD cohort.

Results

For each affected individual, clinical and molecular findings
were collected and are summarized in Table 1. The numbers
quoted in the text correspond to the patient identification
numbers indicated in Table 1.

Variants in genes previously associated with human
NTDs

Nine patients carried deleterious variants in PCP genes.
Among those, we report variants in CELSR], a gene essen-
tial for neural tube closure, in the four isolated patients
described below.

The first patient (#1) had a spina bifida aperta and a fam-
ily history with a cousin presenting with anencephaly. The
detected mutation is a missense variant (NM_014246.1:
c.1898A > G; p.(His633Arg)) located in the region encod-
ing the cadherin domain of CELSRI1, and is observed with
a frequency of 0.0004% in gnomAD.

The second CELSRI variant (NM_014246.1:¢.4366C > T,
p-(Argl456Trp)) has been identified in a 7-year-old child
(#2), presenting with a myelomeningocele. Her mother pre-
sented with a spina bifida occulta that was also observed in
one of her cousins. This variant is predicted to be highly
deleterious and is observed with a frequency of 0.02% in
gnomAD.

One fetus (#3) also presented with a myelomeningocele,
but associated with Arnold Chiari malformation, did not
show family history and carried an intronic variant in
CELSR1 (NM_014246.1 (CELSR1):c.8205+9C>T) that
is described in gnomAD with a frequency of 0.0083%.

In the fourth patient (#4), who presented with spina bifida
aperta, we identified a likely highly deleterious CELSR] var-
iant in exon 1 (NM_014246.1:c2609A > G; p.(Pro870Leu))
present at a very low frequency in gnomAD (0.0047%).
Noteworthily, this variant was associated with another vari-
ant that affected FREM?2 (c.4485C > G; p.(Ile1495Met)) and
described in gnomAD with a frequency of 0.004% (see next
result section).

Additional variants in distinct PCP genes were found
in our cohort. Interestingly, family trio analysis identi-
fied a de novo mutation (NM_001270398.1:¢.2780A > T,
p-(Glu927Val)) in exon 18 of the protein tyrosine kinase 7
(PTK7) gene (Jung et al. 2002) in a fetus with encephalocele
(patient #5). This variant has never been observed in the
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general population (GnomAD) and is predicted to be highly
deleterious.

A variant in FRIZZLED 6 (FZD6) was identified in
an isolated case (#6) presenting with myelomeningocele
and craniostenosis without family history. This variant
(NM_001164615.1:¢.1526G > A; p.(Arg509GIn)) was
described in gnomAD with a frequency of 0.0016% and is
predicted to impact deleteriously protein function. FZD6
belongs to the Frizzled gene family, the members of which
are known to activate the PCP and Wnt pathways (De Marco
et al. 2012).

In familial cases #7, two affected live-born children pre-
sented with myelomeningocele and cleft lip, while cleft lip
and palate have been also reported in the mother and the
grandmother. The two affected children shared a mater-
nally inherited variant in PRICKLEI (NM_001144881.1
(PRICKLE]):c.1222T > C; p.(Trp408Arg)), a crucial gene
of the PCP pathway (Tao et al. 2009).

Altogether, we identified eight variants present in genes
involved in the PCP pathway. All of these variants are very
rare or even absent in the general population and predicted to
be deleterious at the protein level. These results thus confirm
and reinforce the crucial role of the PCP pathway in normal
and pathological development of the neural tube.

We also report variants in genes that do not relate to the
PCP pathway and that have been previously linked to human
NTDs.

One patient (#8) was described with a myelomenin-
gocele associated with hydrocephaly and Arnold
Chiari malformation. Cleft lip and palate cases are
reported in her family. A predicted deleterious variant
(NM_198174(GRHL3):c.1409G > A; p.(Argd70His)) in the
GRHL3 gene (gnomAD 0.0008%) was identified. GRHL3,
grainyhead-like transcription factor 3, is a transcription fac-
tor that has been implicated both in epidermal integrity and
wound healing (Gustavsson et al. 2008) as well as in the
regulation of E-cadherin during epithelial-to-mesenchymal
transition (Alotaibi et al. 2015).

Patient #9 presented with a myelomeningocele associ-
ated with Arnold Chiari malformation. No family history
was reported for this fetus. A variant in PAX3 was selected
(NM_181459.3(PAX3):c. 1036T > C; p.(Ser346Pro)) due
to its deleterious UMD score and its very low frequency in
gnomAD (0.0014%). PAX3 is a paired box transcription fac-
tor that is a key developmental regulator of the neural crest.

Patient #10 belongs to a family of ten children,
five of whom presented with a spina bifida aperta.
In this patient, a heterozygous frameshift variant
NM_003181.3(T):c.1221_1222ins14 (Thr408 Alafs*22) in
the last exon 9 of the gene T (Brachyury) was identified. This
protein crucially acts in the formation and differentiation
of posterior mesoderm and in the axial development of all
vertebrates (Chang et al. 2019).

@ Springer

A sporadic spina bifida aperta case (#11) car-
ried a deleterious variant in the GLDC gene
(NM_000170.2(GLDC):c.2618C > G; p.(Ser873Cys)) that
has never been observed in the general population (gnomAD).
This variant is located in the gene encoding the glycine system
P protein, one of the enzymes of the glycine cleavage system
involved in the mitochondrial folate one-carbon metabolism
(FOCM) (Leung et al. 2017), the first biological pathway that
was linked to NTDs.

Variants in genes selected based on their
implication in the appearance of neural tube defects
in mouse

Two cases presented with variants in FREM?2. An isolated
patient (#12) harboured a rare variant (gnomAD 0.0057%)
in FREM2 (NM_207361.5(FREM2):c. 5494C > A;
p-(GIn1832Lys)) predicted to be deleterious. She had a myelol-
ipoma associated with a tethered spinal cord and a family his-
tory of lumbar sacralization. A second case (#13) carried a
variant in FREM?2. For this fetus with spina bifida, the moth-
er’'s DNA sample was available. The variant (NM_207361.5(
FREM?2):¢.4558C >T; p.(Arg1520Trp)) in the FREM?2 gene,
non-inherited from the mother, was selected. This variant was
present in gnomAD at a frequency of 0.0069%. FREM2- or
FRAS -related extracellular matrix protein is an extracellular
matrix protein that localizes in the lamina densa of epithelial
basement membranes and has been described to be underex-
pressed in anencephalic fetal adrenal glands (Mansfield 2011).
Depending on the genetic background, mouse models with
mutation in Frem2 develop a phenotype including exencephaly
and eye defects (Timmer et al. 2005).

In family #14, DNA samples from two sibling fetuses
affected with spina bifida and Arnold Chiari malformation
were studied, but their parents’ DNA were not available.
The two patients shared a frameshift mutation in APAF]
(NM_18186.1(APAF1):c1610del; p.(Asp537Valfs*14)).
APAF1, apoptotic protease-activating factor 1, has been
shown to be important for neural tube closure in mouse
(Cecconi 1999) where, remarkably, hypomorphic alleles
of Apafl induce spina bifida (Honarpour et al. 2001). The
frameshift variant, absent in GnomAD, is observed in exon
12 of the APAFI gene containing 27 exons and is therefore
expected to result in an important shortening of the protein.
Altogether these observations support the pathogenic impact
of the frameshift variant identified in these siblings and link
for the first time APAFI to NTD.

Variant in DISP1, a developmental gene never
formerly linked to NTDs

In family #15, two affected fetuses shared a variant in the
DISPI gene that acts in the SHH signaling pathway by
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mediating basolateral secretion of SHH (Tian et al. 2005).
The identified variant (NM_032890.4(DISP1):¢.3296C
>T; p.(Prol099Leu)), predicted to be deleterious, was
absent in the mother (paternal DNA was not available)
and is present in gnomAD at a frequency of 0.0020%.

Cases with combination of deleterious variants

Three cases with digenic inheritance pattern were
observed in our cohort.

The first case of variant combination concerns patient
#4, (already described in the first paragraph of the result
section) and is associated with variants in CELSRI and
FREM? genes.

The second case (#16) presented with a spina bifida
aperta with no familial history. Two putative pathogenic
variants were selected: a deleterious variant in PTK7
(NM_001270398.1 (PTK7):c.1108C > T; p.(Arg370Trp))
present in gnomAD at a very low frequency (0.0004%).
This variant is located in exon 7, which encodes the fourth
Ig-like loop domain within the extracellular domain of
the protein. We selected another variant, in SCRIB
(NM_182706.4(SCRIB):c.2410G>A; p.(Gly804Ser)),
predicted to be deleterious and found in gnomAD with
a frequency of 0.0044%. SCRIB is a PCP gene encod-
ing a protein that is a member of the LAP protein fam-
ily (leucine-rich repeats, LRR, and PSD-95/Discs large/
Z0-1, PZD). In mouse models, mutations in Scribl cause
a severe form of NTD as a result of a defective planar
cell polarity (PCP) signaling (Kharfallah et al. 2017). The
LRR region and PZD domains have an important role for
SCRIB localization and stabilization at the plasma mem-
brane (Albertson and Doe 2003; Zeitler et al. 2004). The
¢.2410G> A variant is located in the PZD domains, which
are described to interact physically and functionally with
VANGL2, a member of the PCP protein family implicated
in NTD (Kallay et al. 2006).

The third case with digenic inheritance was observed
in a fetus (#17), who was interrupted after anencephaly/
exencephaly was diagnosed. The first predicted deleteri-
ous variant (NM_001172412.1(VANGL1):c.248C>T;
p-(Ser83Leu)) concerned VANGLI, one of the best-known
PCP genes associated with NTD (Kibar et al. 2007). This
variant is present in gnomAD with a frequency of 0.0065%.
The second variant affects PTCHI (NM_000264.4(PTCH1
):¢.3590C > A; p.(Ser1197Tyr)) and has never been reported
in gnomAD. PTCHI1 is the receptor of SHH, which plays an
important role in the formation of the neural plate.

In total, predicted pathogenic variants in known or poten-
tial NTD genes were detected in up to 36% of the family
cases (5/14). The same percentage was found in the unre-
lated cases (9/25 patients) (Table 1).

Discussion

NTDs are characterized by a high level of phenotypic het-
erogeneity and their genetic origin still remains largely
elusive. Due to high-throughput sequencing, the list of
genes involved in human diseases is exponentially increas-
ing. Though whole exome sequencing (WES) is the gold
standard for the diagnosis of neurodevelopmental disor-
ders, it remains expensive for some genetic centers. Our
recent experience indicated that commercially available
gene panels that comprise all OMIM-referenced genes
represent an affordable alternative strategy to WES
(Cherot et al. 2017). We thus applied this new-generation
sequencing-targeted exome on 5504 genes to a cohort of
52 patients with a large spectrum of neural tube defects,
aiming at improving our knowledge about OMIM genes
associated with NTD. In total, we were able to identify
variants in 20 patients (14 isolated cases and 3 siblings)
in 15 genes.

A first important result is that candidate pathogenic
variants in known or potential NTD genes were detected
in up to 36% for both family and unrelated cases (Table 1),
which highlights a high rate of candidate gene variants in
the studied population. In addition to this overall assess-
ment, the second main result of this study is the major role
of PCP pathway in the etiology of NTD. Indeed, among
the 15 genes presenting rare and predicted deleterious
variants in patients, six of them (CELSRI, PRICKLE I,
FZD6, SCRIB, PTK7 and VANGLI) belong to the PCP
pathway and altogether account for half of the identified
variants (10 out of 20). All these genes have been previ-
ously implicated in neural tube defect disorders (Kibar
et al. 2007; Bosoi et al. 2011). Of note is that CELSRI
variants were identified in 4 out of 52 NTD cases (8%),
a rate slightly higher than the 3% previously reported in
other cohort studies (Allache et al. 2012; Lei et al. 2014,
Robinson et al. 2012). The second gene, PRICKLEI, codes
a core PCP protein thought to be recruited by VANGL to
the cell membrane, which is crucial for establishing cell
polarity (Tao et al. 2009; Wang et al. 2011). Misexpression
of the planar cell polarity member PRICKLE]1 is known
to cause neural tube defects in humans and its RNAi-
mediated inactivation causes NTD phenotype in chicken
embryos (Dady et al. 2014). Furthermore, PRICKLE]
variants were found in cleft lip and palate patients at an
elevated frequency (Yang et al. 2014), which is coher-
ent both with myelomeningocele and cleft lip observed
in our two patients (case #7) carrying a maternally inher-
ited PRICKLE] variant and with cleft lip presented by
the mother. Consistent with the involvement in NTD of
another major PCP gene, FZD6 variants were associated
with an increased risk of developing neural tube defects
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in a cohort of Northern Han Chinese (Shi et al. 2014) as
well as in a cohort of Italian and Canadian NTD patients
(De Marco et al. 2012). Similarly, mutations in SCRIB
have been reported and associated with severe forms of
human NTD such as craniorachischisis (Robinson et al.
2012), with spina bifida (Lei et al. 2013) and in fetuses
with anencephaly (Wang et al. 2018), altogether under-
lining the important role of this gene in NTDs. Finally,
PTK?7 variants were previously reported with a frequency
of 1.1% in a cohort of 473 patients, emphasizing the poten-
tial risk factor of this gene in NTDs (Wang et al. 2015).

Some of the genes identified in this study do not belong
to the PCP pathway, such as GRHL3 that codes for the
grainyhead-like transcription factor 3 protein, a transcrip-
tion factor involved in epidermal integrity and wound heal-
ing (Gustavsson et al. 2008). GRHL3 has been previously
implicated in NTD both in mouse models (Gustavsson et al.
2008) and in humans (Lemay et al. 2017). The GRLH3 vari-
ant we identified is located close to the mutation previously
reported as deleterious (Lemay et al. 2017), i.e., in exon 11
that encodes the dimerization domain of the protein, Fur-
thermore, GRLH3 mutations have already been reported in
Van der Woode syndrome, the most common syndromic
form of cleft lip and palate (Peyrard-Janvid et al. 2014) and
a feature that is also described in patient #8’s relatives.

PAX3 was retained as candidate gene, since homozygous
Pax3 mutant embryos exhibit NTD such as spina bifida and
exencephaly (Burren et al. 2008). Two domains are impor-
tant in this transcription factor, PAX and HOX, but the
variant we identified (NM_181459.3(PAX3):c. 1036T > C;
p-(Ser346Pro)) in patient #9 is located downstream from the
HOX domain. However, Lemay et al. reported mutations in
PAX3 in a patient presenting the same clinical features as
patient #9, i.e., myelomeningocele and Arnold Chiari mal-
formation (Lemay et al. 2015).

A variant in the development gene T (Brachyury)
NM_003181.3(T):c.1221_1222ins14 (Thr408 Alafs*22) was
observed in patient #10, belonging to a family with recur-
rent cases of severe spina bifida. A homozygous substitution
in the T gene was previously reported in four individuals
from three unrelated consanguineous families with sacral
agenesis, abnormal ossification of the vertebral bodies and
a persistent notochordal canal (Postma et al. 2014). More
recently, a missense homozygous variant in 7 was also
described in a large consanguineous NTD family (Shaheen
et al. 2015). Though no segregation analysis could be per-
formed in our large family (parental DNA not available),
these previous reports support the pathogenic property of
the variant we identified in this patient.

One variant was found in GLDC (patient #11). This
gene was considered as an NTD gene because GLDC vari-
ants were previously shown to predispose to neural tube
defects in humans and also in mice, due to the inability
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of these animals to use glycine as a one-carbon donor to
the folate cycle (Narisawa et al. 2012; Leung et al. 2017;
Pai et al. 2015; Shah et al. 2016). It represents the only
gene linked to the folate metabolism we identified in this
cohort; although genes related to folate metabolism have
been intensively studied, their relation to NTD is mainly
due to associations of SNPs in MTHFR gene and notably
the c.677C > T SNP. Similar positive associations have
been reported for other genes such as DHFR, MTHFD1
or MTRR (Boyles et al. 2005; Shaw et al. 2009), which
suggests that folate metabolism contribution to NTD etiol-
ogy is significant but, as only few deleterious mutations in
folate metabolism have been described to date, it might act
via environmental cues rather than through genetic forms.

We also identified variants in genes that were selected
based on mouse models exhibiting neural tube defects.
Importantly, we identified the novel candidate genes
APAF1I and FREM?2, solely due to their implication in
NTD in animal models. Indeed, their haploinsufficiency is
associated with mouse NTDs in the spontaneous mutants
“fog” and “myelencephalic blebs” (Harris et al. 1997;
Harris and Juriloff 2007). FREM2 has been proposed to
act as a general mediator of epithelial adhesion during
development, where it is thought to facilitate the cellular
rearrangements during the neural tube formation. Frem2
is expressed during development and the loss of Frem?2 in
mouse model leads to NTD features such as exencephaly
(Timmer et al. 2005). Three patients carried variants in
FREM?2, consistent with a significant role of this gene in
neural tube fusion (Timmer et al. 2005). Thus, FREM?2
variants are overrepresented in our cohort as compared to
frequencies given by gnomAD in the general population,
with a frequency of 6%. Altogether, these observations
involve FREM?2 in the etiology of NTD in humans.

One important result of this study is the implication of
the SHH pathway in NTDs. Variants in genes belonging
to this pathway such as DISPI and PTCH1 were identified
in our cohort. The pattern of neural plate bending is regu-
lated by ventral influence from the notochord, with Shh
playing a role (Nikolopolou et al. 2017). Although DISP1
has never been directly implicated in NTDs, it has been
shown to control secretion of SHH in relation to holo-
prosencephaly (Mouden et al. 2016; Roessler et al. 2009).
In mice model, mutations in Ptchl could affect neural
tube closure and lead to exencephaly (Juriloff et al. 2001).
Recently, a new gene GPR161 coding a ciliary G-protein-
coupled receptor that regulates Sonic Hedgehog (SHH)
signaling, has been implicated in NTD patients (Kim et al.
2018). Further and consistent with our findings, Wang
et al. (2013) described a higher risk of spina bifida for
patients with PTCH] variants in the Chinese population.
These observations altogether support the involvement of
the SHH pathway in NTDs.
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In our cohort, three patients presented a combination
of variants in two genes (CELSRI/FREM?2; PTK7/SCRIB;
VANGLI/PTCH]I). Recently, human neural tube defects
patients carrying digenic variants of planar cell polarity
genes were reported in six NTD cases: three of them asso-
ciated with variants in CELSR] and SCRIB, one anencephaly
case with variants in CELSRI and DVL3 and one with vari-
ants in PTK7 and SCRIB (Wang et al. 2018). The same asso-
ciation of variants in PTK7 and SCRIB was observed in our
cohort. Further, digenic cases involving PCP genes are also
reported in mouse models (Murdoch et al. 2014). CELSR1
and VANGLI are core components of the PCP pathway,
whereas PTK7 and SCRIB are associated PCP components.
The role of each of these genes in PCP signaling is consist-
ent with a cumulative effect of these variants in patients.

Although digenic cases are not observed in the majority
of the cases, they could very well account for the low pen-
etrance observed in those families where the variants are
inherited from asymptomatic parents.

These digenic cases we report are in agreement with the
multigenic mode of inheritance that has been previously sug-
gested in the literature for neural tube defects. A multifacto-
rial threshold model has been proposed to explain the com-
plex pattern of inheritance observed in humans (Harris et al.
2007; Ishida et al. 2018; Zohn 2012). In this model, multiple
genetic and environment factors interact in an additive and
synergistic fashion, thereby perturbing neurulation and trig-
gering the apparition of neural tube defects (Zohn 2012).
Indeed, given the numerous examples found in the literature,
it becomes obvious that many developmental genetic disor-
ders have a non-Mendelian mode of transmission, imply-
ing that several variants in different genes are required to
explain the appearance of the phenotype (Cornec-Le Gall
etal. 2018; Gao et al. 2017; Kim et al. 2019; Dubourg et al.
2018). These variants can involve genes either in the same
or in different pathways. These genes could also act in a
particular environmental context, as it is well documented
that folic acid deficiency has a crucial influence on NTD
incidence in humans, while folic acid supplementation can
reduce it. The actual frequency of this mode of transmis-
sion is difficult to evaluate based on the moderate size of
our cohort.

Our results highlight the large number of genes involved
in NTDs, strengthen the involvement of the PCP pathway
genes in their etiology and implicate for the first time genes
belonging to the SHH pathway. Undoubtedly, the accumu-
lation of NGS data will help to refine the knowledge about
genetic bases of this complex disease and to improve genetic
counseling for and neural tube defect disorders.
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