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Abstract

Background: Spina bifida (SB) is the second most common nonlethal congenital malformation.
The existence of monogenic SB mouse models and human monogenic syndromes with SB
features indicate that human SB may be caused by monogenic genes. We hypothesized that whole
exome sequencing (WES) allows identification of potential candidate genes by i) generating a list
of 136 candidate genes for SB, and ii) by unbiased exome-wide analysis.

Methods: We generated a list of 136 potential candidate genes from three categories: and
evaluated WES data of 50 unrelated SB cases for likely deleterious variants in 136 potential
candidate genes, and for potential SB candidate genes exome-wide.

Results: We identified 6 likely deleterious variants in 6 of the 136 potential SB candidate genes
in 6 of the 50 SB cases, whereof 4 genes were derived from mouse models, 1 gene was derived
from human non-syndromic SB, and 1 gene was derived from candidate genes known to cause
human syndromic SB. In addition, by unbiased exome-wide analysis, we identified 12 genes as
potential candidates for SB.

Conclusions: Identification of these 18 potential candidate genes in larger SB cohorts will help
decide which ones can be considered as novel monogenic causes of human SB.

Keywords

Birth defect; monogenic disease; molecular genetic diagnosis; spina bifida; whole exome
sequencing

INTRODUCTION

Spina bifida (SB) constitutes the most common neural tube defect (NTD) compatible

with life. With an incidence of around 1 per 1,000 births, it is one of the most common
birth defects after congenital heart defects (incidence about 1%; (Reller, Strickland, Riehle-
Colarusso, Mahle, & Correa, 2008)) and besides congenital anomalies of the kidneys and
urinary tract (CAKUT; incidence ranging from 0.3 to 1.6 per 1,000 births) (Andrés-Jensen
et al., 2016; Caiulo et al., 2012; Salih, Murshid, & Seidahmed, 2014). SB arises from
incomplete closure of the distal end of the neural tube during embryonic development
(Copp et al., 2015). The phenotypic severity is governed by the extent of the cleft and thus
the tissues that are directly affected. This can include, from the body surface towards the
interior, the skin, subcutaneous tissue, skeletal muscles, vertebrae, meninges, and the spinal
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cord (Mohd-Zin, Marwan, Abou Chaar, Ahmad-Annuar, & Abdul-Aziz, 2017). Clinically,
two major entities of SB can be discerned: spina bifida occulta (SBO), the mildest and often
‘hidden’ type with unaffected meninges and spinal cord, and spina bifida aperta (SBA),

the more severe form with a macroscopically overt cleft formation (Copp, et al., 2015).
Among cases with SBA, myelomeningocele (MMC) is the most common and most severe
phenotype. Individuals with MMC often exhibit multiple complications, such as bladder

or intestinal motility disorders, hindbrain herniation (Chiari malformation type Il), and
associated hydrocephalus, which often requires shunting (Copp, et al., 2015). SBA leads to a
limited life expectancy (Yi, Lindemann, Colligs, & Snowball, 2011).

Neural tube formation is a rapid, multi-step process, which is precisely regulated by genes
that act in a wide range of molecular pathways forming a complex biological network
(Wang, Marco, Capra, & Kibar, 2019). The pathogenesis of NTD is based on the disturbance
of the normal neural tube closure and can be due to the disruption of many genes involved

in this process (Copp & Greene, 2010). To date, the etiology of SB has not been well
established. Previous studies have shown both, environmental (non-genetic) and genetic
factors, to be involved in the pathogenesis of SB (Mohd-Zin, et al., 2017). Reduced maternal
folic acid (FA) intake, by far, is the most extensively studied environmental factor to
generate a risk for this particular birth defect. The prevalence of NTD was shown to be
significantly reduced by up to 70-80% in response to maternal FA supplementation (Berry
etal., 1999). However, a large proportion of NTD remains folate-resistant and cannot be
prevented by FA supplementation (Copp, Stanier, & Greene, 2013; Prevention of neural
tube defects: results of the Medical Research Council Vitamin Study. MRC Vitamin Study
Research Group, 1991).

Over 300 mouse models have been found to exhibit NTD, and, among them, over 40 have
been extensively studied to better understand the underlying mechanisms of SB (reviewed
in (Lee & Gleeson, 2020); Table S2). This includes genes that converge in developmental
pathways, like the planar cell polarity (PCP) and non-canonical Wnt pathways (Juriloff &
Harris, 2012). Furthermore, rare deleterious variants in PCP pathway genes derived from
mouse models, including CELSR1, VANGL1, VANGLZ2, GRHL3, SCRIB, and LRP6, have
been identified in human SB/NTD (Chen et al., 2018; Kibar et al., 2011).

We deemed it likely that human spina bifida may be caused by deleterious variants

in monogenic genes, because of i) the congenital nature of spina bifida; ii) familial
occurrence of spina bifida (Detrait et al., 2005); iii) the existence of monogenic mouse
models with spina bifida (Table S2); /v)the existence of spina bifida as part of the
phenotypic manifestation of known monogenic multi-organ syndromes (Table S4); and v)
the knowledge that specific master genes govern neural tube morphogenesis (Beaumont et
al., 2019; Kibar et al., 2007; Torban, Wang, Groulx, & Gros, 2004; Wang, et al., 2019).
Several studies have been performed to explore the genetic nature of SB. However, most
of them are case-control studies that focused on single candidate genes or pathways (Kibar,
etal., 2007) (Kim et al., 2019; Lei et al., 2014; Ye et al., 2020). Previous studies, also

from our group, showed that whole exome sequencing (WES) is a powerful approach

to identify causative monogenic genes in pediatric diseases of the kidneys and urinary
tract(Connaughton et al., 2020; Hildebrandt, Benzing, & Katsanis, 2011; Kopp et al., 2020;
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Sadowski et al., 2015). WES allowed the identification of 22 monogenic CAKUT-causing
genes by our group (reviewed in (Kohl, Habbig, Weber, & Liebau, 2021)), and, intriguingly,
many of them were derived from monogenic mouse models (reviewed in (van der \Ven,
Vivante, & Hildebrandt, 2018)). A major strength of WES is the potential of an unbiased
evaluation; therefore WES can complement a candidate-gene based search, purely based on
genetic and functional criteria of deleteriousness.

We therefore hypothesized that WES enables identification of potential monogenic
candidate genes for SB in a dual approach, by i) generation of a list of 136 potential
candidate genes derived from (A) mouse models, (B) potentially causing isolated human
SB, and (C) syndromic human SB genes, as well as by ii) an exome-wide, unbiased query
for likely deleterious variants in potential novel genes. We here report the results from
our study utilizing this approach on 50 SB cases from 50 unrelated, international families
and identifying 6 potential monogenic SB candidate genes from 136 candidate genes we
generated, as well as 12 additional potential candidate genes from an unbiased evaluation.
In summary, we detected a likely deleterious variant in one of 18 potential monogenic
candidate genes in 18 of 50 (36%) SB cases. Detecting additional families with likely
deleterious variants conducted in larger cohorts will be necessary to strengthen which of the
18 candidate genes will be confirmed as a novel monogenic cause of SB.

MATERIALS AND METHODS

Human Subjects

This study was approved by the Institutional Review Board (IRB) of Boston Children’s
Hospital as well as the IRBs of the institutions from where we have recruited families.
Following informed consent, we obtained clinical data using a standardized questionnaire
and collected blood or saliva samples from individuals with spina bifida and their relatives.

A total of 89 individuals (50 affected members with SB and 39 reportedly unaffected
family members) from 50 unrelated families, who met the inclusion criteria, were enrolled.
All individuals with the clinical diagnosis of SB were referred to us by their health

care provider. SB was defined as the demonstration of spina bifida occulta, meningocele,
myelocele, diastematomyelia, myelomeningocele, lipomyelomeningocele, and/or tethered
spinal cord. The patients were further classified into two clinical subtypes: isolated spina
bifida and syndromic spina bifida. Isolated spina bifida was defined as SB with or

without relatable findings or complications of SB, i.e., neurogenic bladder, bowel/bladder
incontinence, Chiari malformation type 1, and paraplegia. Syndromic spina bifida was
defined as the presence of organ involvement beyond SB that was not secondary to SB.

For tailored WES evaluation based on Mendelian principles, we allotted the families to
subgroups based on pedigree structure (Fig. 1): (Z) singlet (17 of 50 families), only affected
proband’s DNA available for analysis; (2) Duo or Multi-Duo (29 of 50 families), affected
proband and one of the parent’s DNA available for analysis, and (3) Trio (4 of 50 families),
affected proband and both parents’ DNA available for analysis (Fig. 1, Table S1).
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Generation of a List of Candidate Genes for Spina Bifida—We generated a

list of candidate genes for SB based on preexisting evidence and classified them into

three categories (Fig. 1): A) candidate genes known to cause SB in mouse models; B)
candidate genes known to potentially cause human /sofated SB; and C) candidate genes
known to cause human clinical syndromes with facultative SB features. Candidate genes
for these three categories (A-C) were obtained from the databases OMIM, Biobase-HGMD,
and Mouse Genome Informatics (See Website Resources; Fig. 1). We then reviewed the
literature for additional SB candidate genes reported (Harris & Juriloff, 2007, 2010; Mohd-
Zin, et al., 2017). By hypothetical strength, we consider that there is a decreasing level of
evidence from categories A through C.

Establishment of Mode of Inheritance

For candidate genes known to cause SB in mouse models (A), we hypothesized a dominant
and/or recessive inheritance mode if both heterozygous and homozygous mice were reported
to present with a SB phenotype (Fig. S1). In addition, we considered a dominant and/or
recessive mode of inheritance if the human ortholog of a gene with a recessive mouse model
was known to cause neural tube defects (or susceptibility to those) in human or in the
heterozygous state as reported in OMIM. We considered a recessive mode of inheritance if
only the homozygous mice presented with SB phenotypes (Fig. S1).

For candidate genes known to potentially cause human isolated SB (category B; Table
S3) or human syndromes with facultative SB features (category C; Table S4), we adopted
the presumed mode of inheritance recessive or dominant from the reports in the primary
literature (Tables S3-4).

Whole Exome Sequencing and Variant Calling

Research-based WES was performed as previously described (Braun et al., 2016).

In brief, genomic DNA was isolated from blood lymphocytes or saliva samples and
subjected to exome capture using Agilent SureSelect™ human exome capture arrays

(Life Technologies™), followed by next generation sequencing on an Illumina HiSeq™
sequencing platform. Sequence reads were mapped to the human reference genome
assembly (National Center for Biotechnology Information build 37/hg19) using CLC
Genomics Workbench™ software (version 6.5.2, CLC bio, Aarhus, Denmark). Following
alignment to the human reference genome, variants were filtered for most likely deleterious
variants as previously described (Mann et al., 2019; Sadowski, et al., 2015). In brief, variant
filtering based on population frequency was performed using population databases (Genome
Aggregation Database and the 1,000 Genomes Project) to include only rare alleles (i.e.,
minor allele frequency <1%). Synonymous and intronic variants that were not located within
splice site regions were excluded. Remaining variants included non-synonymous variants
and splice site variants.

Mutation Calling in 136 Candidate Genes of Human or Mouse Spina Bifida

We evaluated WES data for likely deleterious variants within the list of 136 SB candidate
genes that we generated (Fig. 1, Table S2-4). The variants were ranked on the basis
of their probable effect on the function of the encoded protein considering evolutionary
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conservation among orthologues using ENSEMBL Genome Browser and assembled using
Clustal Omega, as well as PolyPhen-2 (Adzhubei et al., 2010), SIFT (Kumar, Henikoff, &
Ng, 2009), MutationTaster (Schwarz, Cooper, Schuelke, & Seelow, 2014), and CADD score
(Rentzsch, Witten, Cooper, Shendure, & Kircher, 2019). Variants were designated as likely
deleterious based on criteria given by Table S5, derived from our previous publications

(van der Ven et al., 2018; Wu et al., 2020). Remaining variants were confirmed in original
patient DNA by Sanger sequencing. A limited number of parental samples were available
for segregation analysis. Where available, we sought to determine segregation of the allele in
question.

Identification of Potential Novel Candidate Genes for SB by Familial Analysis

In parallel, for all SB families, a family-based unbiased evaluation was done based on
pedigree structure (Fig. 1). Given a negative family history in all recruited families,

we assumed a recessive mode of inheritance. For singlets, we only queried for

homozygous variants; for Duos and Multi-Duos, we queried for homozygous and compound
heterozygous variants, and for Trio families, we queried for homozygous, compound
heterozygous, and de novo variants. Variants were designated as likely deleterious on the
basis of criteria listed in Table S5.

Control Cohorts

All likely deleterious variants we identified were also tested for presence in an in-house
negative control population. This negative control cohort consisted of 50 cases with steroid-
resistant nephrotic syndrome (SRNS) in whom a definitive underlying monogenic cause had
already been established.

WEB RESOURCES

Clustal Omega, http://www.ebi.ac.uk/Tools/msa/clustal

Combined Annotation Dependent Depletion (CADD), https://cadd.gs.washington.edu/
Ensembl Genome Browser, http://www.ensembl.org/

Exome Variant Server, http://evs.gs.washington.edu/EVS

HGMD Professional 2016.3, https://portal.biobase-international.com/hgmd

Genome Aggregation Database (gnomAD), http://gnomad.broadinstitute.org/

Mouse Genome Informatics, http://www.informatics.jax.org/

Mutation Taster, http://www.mutationtaster.org/

Online Mendelian Inheritance in Man (OMIM), http://www.omim.org/

OMIM, https://www.omim.org/

PhastCons/phyloP, http://compgen.cshl.edu/phast/
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Polyphen2, http://genetics.bwh.harvard.edu/pph2
Sorting Intolerant From Tolerant (SIFT), http://sift.jcvi.org/
UCSC Genome Browser, http://genome.ucsc.edu/cgi-bin/hgGateway
Uniprot Consortium, http://www.uniprot.org/

1000 Genomes Browser, http://browser.1000genomes.org/

Generation of a List of 136 Potential Candidate Genes for Human Spina Bifida

In order to generate candidate gene lists for potential monogenic candidate genes of SB,

we queried 4 different sources which generated a list of 136 genes with existing evidence

to be potential candidate genes for human spina bifida (see Methods; Fig. 1). Based on

the following 3 candidate gene hypotheses: A) 43 candidate genes known to cause SB in
mouse models (Table S2), B) 27 genes known to potentially cause human isolated SB (Table
S3), and C) 66 genes known to cause human syndromes with facultative SB features (Table
S4). By hypothetical strength, we consider that there is a decreasing level of evidence from
categories A through C.

Clinical Characteristics of 50 SB cases

We enrolled an international cohort of 50 individuals with SB from 50 unrelated families
and subjected their DNA samples to WES (Fig. 1). These included 36 families from Boston
Children’s Hospital (BCH) and 14 families from external hospitals (Fig. S1). Clinical
characteristics of the 50 affected individuals are outlined in Table S1. Female-to-male ratio
in individuals with SB was 27:23. The most frequent ethnicity was Caucasian (31/50; 62%).
The majority of individuals were from non-consanguineous families (47/50; 94%). All cases
were sporadic without any reported family history of SB (One individual was adopted,
family history was unknown). 20/50 (40%) of individuals presented with syndromic SB
features. 36/50 (72%) individuals presented with myelomeningocele, the most severe type of
SB, with or without tethered spinal cord. 39/50 (78%) of SB individuals presented with at
least one of the complications related to SB, i.e., neurogenic bladder, neurogenic bowel (see
Methods for case definitions; Table S2).

Analysis of 136 Potential Candidate Genes ldentifies Likely Deleterious Variants in
Candidate genes in 6/50 (12%) of Cases with SB

We first evaluated WES data from the 50 families with SB for likely deleterious variants
within the list of 136 potential SB candidate genes that we generated based on our three
candidate gene hypotheses: A) mouse SB candidate genes, B) human isolated SB potential
candidate genes, and C) human syndromes with facultative SB features (Fig. 1 and Table
S2-4, and see METHODS).

We deemed the 43 genes derived from SB mouse models (group A) as the strongest
candidates (Fig. 1A). We based the assumed mode of inheritance of these genes on
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the mouse models. Dominant inheritance was considered if both the heterozygous and
homozygous mouse model showed an SB phenotype. Recessive inheritance was considered
if only the homozygous mouse model showed an SB phenotype (Fig. 1). As shown in Fig.
2, by evaluating WES for these 136 candidate genes, we identified four likely deleterious
variants in 4 unrelated individuals with SB in 4 of 43 mouse SB genes (Fig. 2, inner

ring, Table 1; orange segment). These variants included one homozygous variant in the
gene AMBRAI and three heterozygous missense variants in the genes AX/NI, TBXT, and
TULP3 (Table 1) respectively. The homozygous AMBRAI variant was absent from the
control database gnomAD and has not been previously reported in SB individuals. The
heterozygous variants in AX/N1, TBXT, and TULP3were either unreported or present
heterozygously in <10 of 125,748 control individuals in the gnomAD database (see Table 1).
All variants were predicted as deleterious by at least three of four algorithms (PolyPhen-2,
Mutation Taster, SIFT, and CADD) (Table 1). The amino acid residues at the positions were
evolutionarily conserved (Table 1).

By WES evaluation of the 27 genes with evidence of potential SB involvement in humans
(Fig. 1B, Table S2), we identified one likely deleterious heterozygous variant in the
candidate gene PRICKLEZ in an individual with non-syndromic SB features (Fig. 2, inner
ring, Table 1; light blue segment). The Arg104 residue in PR/CKLEI occurred 5 times
heterozygously in the gnomAD database and yielded predominantly deleterious prediction
scores by all four algorithms (PolyPhen-2, MutationTaster, SIFT, and CADD; Table 1). The
variant is well conserved across evolution from Homo sapiensto Danio rerio (Table 1).
Segregation analysis showed that neither the healthy mother nor the maternal grandmother
carried this variant, the father’s DNA was not available for segregation analysis.

Finally, by WES evaluation of the 66 genes known to cause human clinical syndromes

with facultative SB features, likely deleterious variants can be detected in individuals

with syndromic SB features (Fig. 1C, Table S4). We detected one likely deleterious
heterozygous variant in the syndromic SB candidate gene FOXCZ2in one individual with
syndromic SB (Figure 2a, inner ring, Table 1; green segment). This variant is unreported

in the gnomAD database and was predicted to be deleterious by three of four algorithms
(PolyPhen-2, SIFT, and CADD) (Table 1). Heterozygous FOXC2 mutations are known

to cause Lymphedema-distichiasis syndrome (LDS; OMIM#153400), and a milder SB
phenotype (spinal extradural cysts) has been reported in human LDS individuals (Ogura

et al., 2015). By reverse phenotyping, i.e., requesting the physician to reexamine the patient
regarding related symptoms of LDS in OMIM, we found that our patient has additional
symptoms of LDS (see Table 1), which strengthens this FOXCZ2 variant as likely deleterious
in this family.

All 6 variants we identified in the 136 potential candidate genes in 50 SB cases were absent
from 50 matched in-house negative individuals with the clinical diagnosis of steroid resistant
nephrotic syndrome (SRNS), in whom a definitive underlying monogenic cause had already
been established (Table S8). In addition, we performed WES evaluation in parallel in these

6 families and did not find any potential candidate genes. Altogether, this approach renders
these six genes as the strongest potential candidate genes for human SB in these six families.
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Unbiased Exome-wide Analysis ldentifies 12 Potential Candidate Genes in 12 of 50 (24%)
Cases with SB

Discussion

Next, we searched for potential novel candidate genes for SB by an unbiased exome-wide
analysis in the 50 SB cases. We therefore evaluated WES data for (Z) recessive genes by
evaluation of homozygous regions in consanguineous families (Hildebrandt et al., 2009) (3
of 50; 6%) or (2) recessive and/or dominant mutations by Singlet, Duo, and Trio analysis
depending on pedigree structure (Fig. 1). Since the parents of these 50 individuals were

all reported as unaffected individuals, we searched for biallellic variants of an autosomal
recessive gene in these families or a de novo variant of an autosomal dominant gene in these
families. After filtering variants based on a priori genetic criteria (see Methods, Table S5),
we identified each a single potential candidate gene in 12 of the 50 cases (24%) with SB
(Fig. 2b, Table 2; red segment).

Specifically, we identified three homozygous/hemizygous missense variants in three genes
(/GBP1, PIK3R4, and TSPEAR) in three SB individuals, one hemizygous essential splice
site variant in MTMR& gene in one SB individual, one homozygous extended splice site
mutation in £EWSRI gene in one SB individual, and six compound heterozygous variants in
six genes (ATG2B, MAML1, MAGI3, NUP205, TTC21A, and ZNF790) (Table 2, Fig. 2)
in six SB individuals respectively. We also identified one de novo heterozygous missense
variant in GPR83gene (Table 2). The variants in these novel genes were absent from our in-
house SRNS negative control cohort of 50 individuals (Table S8). The detailed information
about these novel genes is summarized in Table 2.

In order to include a larger cohort of SB cases, we screened our collaborator’s spina bifida
WES cohort of 511 myelomeningocele individuals (Hebert et al., 2020) for the variants

in the total of 18 potential candidate genes. However, no likely deleterious variants were
identified in these 18 genes.

In additional 5 SB cases listed in Table S6, multiple candidate genes were detected. All
variants identified in these 5 SB cases were predicted as deleterious and well conserved in
mutant amino acid residues, as well as absent from 50 matched in-house control individuals
with the clinical diagnosis of SRNS.

In this study, we performed WES in an international cohort of 50 SB cases for a list of

136 potential candidate genes that were derived from: (A) 43 candidate genes derived from
mouse models, (B) 27 potential candidate genes derived isolated human SB genes, and (C)
66 potential candidate genes derived from monogenic human syndromes with SB features.
We detected a likely deleterious variant in 6 of the 136 potential candidate genes in 6 (6/50,
12%) SB cases. In addition, by unbiased exome-wide analysis, we identified 12 potential
candidate genes for SB in 12 of 50 (24%) SB cases.

To our knowledge, our study is the first comprehensive study that combines candidate
gene evaluation with an unbiased exome-wide sequencing evaluation to test the genetic
architecture of SB. Several studies have been performed to test the genetic nature of
neural tube defect or spina bifida. Beaumont et al. found that targeted panel sequencing
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enabled detection of candidate pathogenic variants in up to 36% for 52 NTDs/SB individuals
(Beaumont, et al., 2019). However, they did not test for the presence or absence of these
variants in a negative control population. They also included all the variants inherited from
unaffected healthy parents, potentially explaining their high percentage of variant detection
in known candidate genes. Hebert et al. evaluated the burden of rare deleterious variants

in WNT signaling genes among 511 myelomeningocele patients and showed that ten WNT
signaling genes were disrupted with a higher mutational burden among Mexican American
myelomeningocele subjects compared to reference subjects (Hebert, et al., 2020). Lemay et
al showed that, by applying WES in 43 trio NTDs families, loss-of-function (LOF) de novo
mutations were identified in 14% (6 of 43) individuals. Importantly, 3 of 6 LOF variants in
two genes (SHROOMS3, PAX?3) are known as monogenic causes of SB in mouse SB (Lemay
etal., 2015).

Human SB Candidate Genes Can Be Derived from Murine SB Genes—Mouse
SB models have been studied to understand the disease mechanism of SB, as they provide
functional evidence for genes causing human SB (reviewed in (Lee & Gleeson, 2020)).
Mouse models clearly replicate SB phenotypes (Table S2), so we considered that SB mouse
models as generating the strongest hypothesis for a candidate gene list (Fig. 1A). Of note,
this is only a subset of a large list of mouse models with a neural tube defect phenotype
(Lee & Gleeson, 2020), as we used a primarily MGI-based approach to identify potential
candidate genes for our analysis (Fig. 1A). We identified likely deleterious variants in 8%
(4 of 50) of cases with SB in one recessive gene (AMBRAI) and three dominant genes
(AXIN1, TBXT, and TULP3). The potential causative role of these variants is strengthened
by the finding that we did not find any competing likely deleterious candidate genes by
unbiased exome-wide analysis in these 4 cases. In addition, no deleterious variants in

these four genes were found in 50 cases’ data of in-house negative control. However,

the variant in TUPL3has been reported to be present heterozygously in 8 individuals in
gnomAD (Table S2). Although gnomAD aims at removing individuals with severe pediatric
diseases(Karczewski et al., 2020), there might still be individuals with hypomorphic SB
phenotypes (i.e., spina bifida occulta, which has potentially not been established as a clinical
diagnosis) included in the dataset. Combining all evidence, we consider these 4 genes as the
strongest potential candidates.

Our previous studies showed that WES is a powerful approach to identify causative
monogenic genes in congenital anomalies of the kidney and urinary tract (van der \Ven,
Connaughton, et al., 2018) Many established CAKUT genes encode transcription factors and
follow a dominant pattern of inheritance (reviewed in (van der Ven, Vivante, et al., 2018)).
Given that, 1) SB is a developmental disorder, 2) the fact that SB and CAKUT share several
pathogenic pathways, such as the PCP/Wnt pathway and sonic hedgehog signaling pathway,
and 3) and that both SB and CAKUT can be caused by genes that encode transcription
factors, like FOX genes (FOXC1, FOXCZ2), we hypothesized that similar to CAKUT, there
may be a high percentage of SB with genetic causes. They might also exhibit features

of incomplete penetrance and variable expressivity. As is the case in monogenic CAKUT
genes, to answer this question will require more evidence from large pedigrees with affected
individuals from multiple generations as well as functional studies.

Am J Med Genet A. Author manuscript; available in PMC 2023 May 01.
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Potential Candidate Genes Can Be Derived from WES

Using unbiased exome-wide evaluation in different family structures, we were able to
identify likely deleterious variants in 12/50 cases (24%) with SB (Fig. 1b, Table 2).
However, we did not identify a second SB family with a variant in these 12 genes in a
larger cohort of 511 MMC individuals. The identification of additional families is difficult
because of the rarity of these genes in rare diseases, phenotypic heterogeneity, and multiple
genes causing the same phenotype. Additional families and further experimental evidence
are needed to confirm the causality of these potential candidate genes. In 5/50 (10%) of 50
SB cases, after variant filtering, we were left with multiple potential causative genes (Table
S6).

Limitation of the Study

Conclusion

In total, 18 of 50 cases with SB (36%) remained without any findings (Fig. 2e). Similar

to the WES study on CAKUT, no variant was detected in 56% cases (van der Ven,
Connaughton, et al., 2018), and in steroid-resistant nephrotic syndrome, no mutation was
detected in 44% cases (Warejko et al., 2018). The reason for this is likely multifold. First,
it has been demonstrated that loss-of-function de novo variants can be detected in 14% of
individuals with NTDs [40], which can be difficult to find in our cohort since we only have
four trios. Second, it has been shown that de novo copy number variants were detected

in 19% of SB cases, which can be difficult to detect using WES (Bassuk et al., 2013;
Wolujewicz et al., 2021). Third, recently, one study showed somatic mutations in PCP
genes in neural tissue from human fetuses with NTDs, which cannot be detected through a
genomic DNA extracted from blood sample (Tian et al., 2020).

For each of these potential candidate genes for monogenic SB, we need more cases with
likely deleterious variants in the same gene to strengthen the causality, and loss-of-function
studies should be conducted before it can be accepted as a novel SB gene.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Generation of a SB candidate genelist of 136 potential candidate genesin three
categories from 4 sour ces.

The following databases, MGI (Mouse Genome Informatics; http://
www.informatics.jax.org/), Literature (See Methods), OMIM (Online Mendelian Inheritance
in Man; https://www.omim.org/), and Biobase-HGMD (Human Gene Mutation Database;
https://portal.biobase-international.com/hgmd), were searched to generate a set of four lists
of SB candidate genes from four categories of candidate hypotheses: A) 43 candidate genes
were derived from mouse models of SB (Table S2); B) 27 candidate genes were derived
from existing evidence to potentially cause human non-syndromic SB (Table S3); and C)
66 candidate genes were derived from known causes of human clinical syndromes with
facultative SB features (Table S4). Note that we consider candidate status derived from
mouse SB as the strongest hypothesis, and since 10 genes in this category overlapped with
category B) and C), 6 genes were subtracted from B (non-syndromic human SB candidate
genes, red color), and 4) genes were subtracted from C (mouse SB candidate genes, green
color). A total of 50 affected individuals with spina bifida from 50 unrelated families were
subjected to WES, and their WES data were analyzed for variants in these 136 potential
candidate genes (lower panel).
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AD, autosomal dominant; AR, autosomal recessive; SB, Spina bifida.
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(a)

iil|[111¥

(d)

N=50 families with SB

Figure 2. WES in 50 cases with SB identifies 6 potential SB genesfrom 136 potential candidate
genes and 12 potential novel SB genes from unbiased WES analysis.

Whole exome sequencing (WES) data of 50 affected individuals with SB from 50 unrelated
families was analyzed for likely deleterious variants in the candidate genes assumed to
cause, if mutated.

The outer ring shows the percentage, and the inner segments shows the number of families
for the 50 SB cases.

The pie chart summarizes the findings for all 50 SB cases, which is divided into the
following subgroups:

(a)The outer ring dark blue segment denotes the 6/50 (12%) cases, in whom a likely
deleterious variant in one of the potential SB candidate genes we generated was detected
(Table 1). The inner sub-segments show a breakdown of these genes by their origin from

Am J Med Genet A. Author manuscript; available in PMC 2023 May 01.

(b)



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 18

the predefined candidate gene lists (Tables S2-S5), it shows that a likely deleterious variant
was detected in an SB candidate gene (see Fig.1) in 6 cases (12%), i.e., 4 variants in mouse
SB candidate genes (orange); and 1 variant in a candidate gene known to potentially cause
human non-syndromic SB (light blue); and 1 variant in a potential candidate gene known to
cause a human syndrome with facultative SB (green).

(b)The red segment denotes the 12/50 (24%) cases, in whom a likely deleterious variant in a
potential novel gene was detected by WES (Table 2).

(c)The dotted yellow segment denotes the 5/50 (10%) cases, in whom likely deleterious
variants in more than one gene were identified without a preferred candidate, leaving them
inconclusive (Table S7).

(d)The hatched yellow segment denotes the 9/50 (18%) cases, in whom likely deleterious
variants in a single candidate gene were detected, but negative reverse phenotyping,
conflicting segregation analysis, or a comparable burden in our in-house control cohort
(Table S8) rendered them unlikely deleterious.

(e)The clear yellow segment denotes the 18/50 (36%) cases, in whom no likely deleterious
variant was detected
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