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Abstract

Neural tube defects (NTDs) are considered to be a complex genetic disorder, although the identity
of the genetic factors remains largely unknown. Mouse model studies suggest a multifactorial
oligogenic pattern of inheritance for NTDs, yet evidence from published human studies is
surprisingly absent. In the present study, targeted next-generation sequencing was performed to
screen for DNA variants in the entire coding regions and intron-exon boundaries of targeted genes
using DNA samples from 510 NTD cases. These candidate genes were PCP genes, including
VANGL1, VANGLZ, CELSR1, SCRIB, DVL2, DVL3and PTK7. Candidate variants were
validated using Sanger sequencing. A total of 397 single nucleotide variants(SNVs) were
identified with a mean depth of approximately 570x. Of these identified SNVs, 74 were predicted
to affect protein function and had a minor allele frequency of < 0.01 or unknown. Among these 74
missense SNVs, 10 were identified from six NTD cases that carried two mutated genes. Of the six
NTD cases, three spina bifida cases and one anencephaly case carried digenic variants in the
CELSRI1and SCRIB gene; one anencephaly case carried variants in the CELSRIand DVL3gene;
and one spina bifida case carried variants in the PTK7and SCR/B genes. Three cases that parental
samples were available were confirmed to be compound heterozygous. None of the digenic
variants were found in the 1000 genome database. The findings imply that genetic variation might
interact in a digenic fashion to generate the visible NTD phenotypes and emphasize the
importance of these genetic interactions in the development of NTDs in humans.
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1. Introduction

Neural tube defects (NTDs), such as anencephaly and spina bifida, are congenital
malformations of the central nervous system caused by a partial or complete failure of the
neural tube to close during embryogenesis [1]. Although the etiology of human NTDs has
been intensively studied for over 40 years [1-5], the causative genetic mechanism of NTD
development is largely unknown. It is estimated that up to 70% of the risk of NTDs is
attributed to genetic factors [6]; yet the main predisposing genetic factors for human NTDs
remain unknown. Given that NTDs present a mainly sporadic pattern and exhibit a relatively
high prevalence across the world, it is thought that the etiology of these disorders represents
a multifactorial oligogenic or polygenic pattern of inheritance, together with an important
role for non-genetic factors such as the environment [2].

It is now well established that over 300 genes were causally linked to the expression of a
NTD phenotype in mice [7-10], indicating the complex genetic requirements for neurulation
during the period of neural tube closure. Interestingly, a disproportionately large number of
these genes are localized in the planar cell polarity (PCP) pathway. The PCP pathway, also
called the non-canonical Frizzled/Dishevelled pathway, controls the process by which cells
become polarized within the plane of an epithelium in numerous tissues in both Drosophila
and vertebrates [11,12]. Genetic studies in Drosophila have initially identified a group of
“core” PCP genes including: frizzled (fz), dishevelled (avl), vang gogh/strabismus (vang/
stbm), flamingo (fmi), prickle (pk), and diego (dg) [12]. These genes encode proteins that
are highly conserved in vertebrates, where they mediate a complex morphogenetic process
called convergent extension during gastrulation and neurulation. Convergent extension is a
polarized cellular rearrangement that leads to the narrowing of the mediolateral axis and
lengthening of the anteroposterior axis for gastrulation and neural tube formation. Mouse
model studies show that mutants that disrupt core components of the PCP pathway,
including Vangl1, Vangl2, Celsrl, Fzd3, Fzd6, Dvl1, DvI2and DvI3, can cause NTDs [7,13—
16].

As suggested from the mouse NTD literature, PCP genes were subsequently determined to
have potentially a causal role in humans with NTDs [7]. Single-nucleotide variants (SNV5)
in the core PCP genes CELSR1, FZD6, PRICKLE1, DVIL 2, VANGL1and VANGLZ, and
the PCP associated genes SEC24B, DACT1, FUZand SCRI/B[7,17-23] have been proposed
as human NTD risk factors. In contrast to the association of mouse PCP gene mutations with
craniorachischisis in homozygotes, most of the variants identified in human NTDs are
heterozygous variants, and the PCP-mutation-associated NTD phenotypes vary widely
ranging from the “open NTD” of craniorachischisis, myelomeningocele, and anencephaly, to
the “closed NTD” of lipomyelomeningocele, lipomyelocele, and lipoma [2,7]. Unlike mouse
models, variants in single genes may not explain the genetic mechanism underlying the
development of human NTDs.

Recently, a digenic or polygenic pattern of inheritance was suggested to contribute to the
cause of NTDs. Actually, mouse studies showed that several digenic combinations involving
the core PCP gene Vang/2and other genes (Sec24b, Sfrpl/Sfrp2/Sfrps, DvI3, Scrib, Celsrl,
Ptk7, VanglI), most of which were double heterozygotes, could cause either open spina
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bifida or exencephaly or craniorachischisis, in contrast to only the craniorachischisis
phenotype when homozygous mutants were detected in some of these PCP genes [2,24-28].
Additionally, double mutants of Scrib®*and Celsr1€™"*, Dviz"*~ and DvVI3*~, DvIZ*"~
and Dv/3~ induced a phenotype of craniorachischisis in mice [2,26]. Although these
findings raise the possibility of similar genetic combinatorial mechanisms in human NTDs,
little evidence was available in support of this hypothesis in human studies except a small
chohort study including 90 patients with cranial NTDs in England [29]. Therefore, the
present study aimed to find double or multiple heterozygous variant combinations of critical
PCP genes in a large number of human NTD cases, which may provide novel insight into the
comprehensive genetic mechanisms in humans.

2. Materials and methods

2.1. Study subjects

The subjects were recruited from five rural counties (Xiyang, Shouyang, Taigu, Pingding,
and Zezhou) of Shanxi Province in northern China, utilizing a population-based birth defect
surveillance program, which has been previously described elsewhere [30]. Birthing
hospitals report to the system newborns with major external structural birth defects or
fetuses that are terminated due to prenatal diagnosis of such defects. Maternal venous blood
samples, cord blood samples and umbilical cord tissues were collected at delivery or at the
time of termination of NTD-affected pregnancies. Venous blood samples were collected
from NTD case fathers. Dried blood spots were made using cord blood and paternal blood
samples. The tissue samples were stored at —80 °C and the dried blood spots were stored at
-20 °C until analysis. The study protocol was approved by the institutional review board of
Peking University, and written informed consent was obtained from the mothers prior to the
investigation.

2.2. DNA extraction

Fetal DNA from umbilical cord tissues or cord blood samples was extracted with QlAamp
DNA Mini Kit Tissue kit (Qiagen, Germany). The concentration of DNA was measured by
NanoDrop2000 Ultra-micro spectrophotometer (Thermo Fisher Scientific, USA). All the
DNA samples were stored at —80 °C until utilized for analysis.

2.3. Target gene selection

We selected candidate PCP genes for sequencing according to the following criteria:
heterozygous mutants that have been reported as NTD-causing factors when they interact
with other variants in a digenic or polygenic fashion. The NTD-causing digenic mutant
combinations of non-homologous PCP genes in mice are shown in Table 1. These candidate
genes sequenced are: VANGL1, VANGLZ, CELSR1, SCRIB, DVL2, DVL3, and PTK?.

2.4. Multiplex PCR amplification and next-generation sequencing

Multiplex PCR amplification and next-generation sequencing was used to screen for DNA
variants along the entire coding regions and intron-exon boundaries of targeted genes.
Primers were designed using primer3. One hundred oligonucleotide pairs were constructed
to cover all of the coding sequences and intron-exon boundaries of the targeted genes. After
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the first round of primer design, under the most stringent conditions (no SNPs in primer
annealing region, amplicon length between 200 and 270 bp, GC content between 30 and
80%), the 100 oligonucleotide pairs were put into 6 multiplex PCR panels that amplified all
of the target regions. The amplification reactions were carried out on an AB 2720 Thermal
Cycler (Life Technologies Corporation, USA). The cycling program was 95 °C for 2 min; 11
cycles of 94 °C for 20 s, 63 °C-0.5 °C per cycle for 40 s, 72 °C for 1 min; 24 cycles of

94 °C for 20 s, 65 °C for 30 s, 72 °C for 1 min; 72 °C for 2 min.

The PCR product of each sample was labeled with 8 bp barcode; all the libraries of each
sample were pooled. After cluster generation and hybridization of sequencing primer, base
incorporation was carried out on a MiSeq Benchtop Sequencer (Illumina, Inc., San Diego,
CA) in one single lane following the manufacturer’s standard cluster generation and
sequencing protocols. The sequencing reactions ran for 300 cycles per read to generate
paired-end reads including 300 bp at each end and 8 bp of the index tag.

2.5. Bioinformatics analysis

Sequencing reads were aligned to hg19 using the Burrows—Wheeler Aligner (BWA) [31].
SNV calling was performed using both GATK [32] and Varscan programs [33], and the
called SNV data were then combined. The Annovar program was used for SNV annotation
[34]. The potential effect of non-synonymous SNVs was assessed by the PolyPhen-2, SIFT,
and MutationTaster [35-37]. Non-synonymous SNVs with SIFT score of < 0.05, Polyphen-2
score of > 0.85, or MutationTaster score of > 0.85 were considered as significant evidence
that the variants were not likely to be benign. To sort potentially deleterious variants from
benign polymorphisms, perl scripts were used to filter the SNVs against those of dbSNP135.
Any SNV with a minor allele frequency of =0.01 in 1000 genome database (http://www.
1000genomes.org/, Han Chinese in Bejing) or EXAC (http://exac.broadinstitute.org/)
databases or ESP6500 (http://evs.gs.washington.edu/EVS) databases was considered as a
benign polymorphism and therefore removed from subsequent analysis. Clustal-Omega
1.2.1 software was used to estimate the conservation of amino acids that were changed by a
variant. Residues were considered to be highly conserved if there was no variation in amino
acid properties observed across the compared six orthologous proteins, including five
mammalian orthologous proteins plus zebra-fish. Localization of a variant in protein
domains was assessed by Uniprot (http://www.uniprot.org/).

We identify digenic or multiple variants in the targeted genes in individual NTD cases. Any
variant combination that was present in an NTD case but not in the 1000 genome project
database was considered pathogenic.

2.6. Sanger sequencing validation

Sanger sequencing was used to validate all protein-altering variants in the target genes. We
used NCBI/Primer-BLAST online tool to design the PCR primers (Supplemental Material,
Table S1). PCR reaction volume is 50 pl, each of which contains: 2 x Tag PCR Green Mix
25ul, double distilled H,O 15 pl, the forward and reverse primers 2 ul, and template DNA 6
pl (20 ng/pl). PCR reaction program details were: 37 cycles of 94 °C for 12 min (94 °C for
30s; 58 °C for 30s; 72 °C for 30s); 72 °C for 10 min; Sequencing was performed using the
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BigDye Terminator v3.1 Cycle Sequencing Kit and a 3130XL Genetic Analyzer (Applied
Biosystems). The results were processed by Mutation Surveyor 4.0.8 software. Parental
genotypes of the identified variants were also determined by using Sanger sequencing.
Paternity testing was carried out by genotyping a panel of polymorphic short tandem repeats
to exclude false paternity and to determine if a parent is an individual’s biological parent.

A total of 510 DNA samples from NTD fetuses/newborns were used for targeted next-
generation sequencing. The phenotypic diagnosis of the NTD cases were as follows: 125
cases with anencephaly, 232 with spina bifida, 46 with encephalocele, 99 with multiple
phenotypes, and 8 with other NTD subtypes. The phenotype information of the NTD cases
is shown in Table 2.

The mean sequencing depth was 570x. The proportion of target bases with read depths of
2%, 10x, 20x and 30x was 98.2%, 96.5%, 94.6% and 92.5%, respectively. Overall, 98.5% of
the reads had a Phred-like quality score (Q score) > 20, and 88.8% of the reads had a Q
score > 30. We identified 397 potential SNVs in 510 NTD cases. After we excluded the
SNVs with a minor allele frequency of =0.01 in 1000 genome database (Han Chinese in
Bejing) or EXAC databases or ESP6500 databases, we obtained a total of 313 SNVs. We
focused on those changes that were predicted to affect the protein-CDS, including 103 non-
synonymous substitutions. Of these non-synonymous SNVs, 75 were predicted to affect
protein function. One SNV with alternative allele frequency > 0.01(in the database of the
present study) was excluded and 74 SNVs were left (Supplemental Material Table S2).
These 74 SNVs were identified from 97 cases. Six NTD cases were doubly heterozygous,
I.e., they carried 2 variants each in a different target gene, involving a total of 10 SNVs. The
identification flow is described in Fig. 1. For verification, we amplified the corresponding
genomic region directly from the original samples using PCR and Sanger sequencing. All of
these 10 variants were confirmed.

The identified digenic variants in 6 NTD cases are shown in Table 3 and Supplemental
Material Fig. S1. Three spina bifida cases and one anencephaly case carried digenic variants
in CELSRIand SCRIB genes. One anencephaly case had digenic variants in the

CEL SRIand DV 3genes; and one spina bifida case had digenic variants in the PTK7and
SCRIB genes. Because the parental samples were available for three NTD cases, parental
genotypes of the identified variants were also determined and the results are presented in
Fig. 2 and Supplemental Material Table S3. No mother or father carried two variants which
were identified in one NTD case.

Table 4 shows detailed information on the 10 rare missense variants, including: CELSR1 c.
8772G > C (p.Q2924H); CELSRI1¢.3364G > A (p.G1122S); CELSR1¢.3169C>T
(p.R1057C); CELSR1¢.2305C > T (p.R769W); DVL3¢.443G > A (p.R148Q); PTK7c.
1925C > G (p.P642R); SCRIB ¢.3323G > A (p.G1108E); SCRIB c.3131G > A (p.R1044Q);
SCRIB¢.1931G > T (p.G644 V); and SCR/B c.1853A > G (p.K618R). A novel variant
SCRIB c.1853A > G (p.K618R) was not found in the dbSNP database, 1000 genome data,
or EXAC database, while the other 10 variants were found with a minor allele frequency

Mol Genet Metab. Author manuscript; available in PMC 2018 May 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 6

lower than 0.0005 in the EXAC population database, or a minor allele frequency of lower
than 0.01 in the 1000 genome data of Han Chinese population in Beijing. The alternative
allele frequencies of these variants in 510 NTD cases were all lower than 0.01.

Amino acid conservation analysis showed that seven of the 10 variants (CELSR1 p.G1122S,
CELSR1p.R769W, DVL3p.R148Q, PTK7p.P642R, SCRIB p.G1108E, SCRIB p.G644V
and SCRIB p.K618R) were located at highly conserved nucleotides in human, dog, mouse,
rat, and zebrafish. The four other variants (CELSRI p.Q2924H, CELSR1p.R1057C and
SCRIB p.R1044Q) involved less conserved nucleotides (Supplemental material, Fig. S2).
Among these variants, p.R769W and p.R1057C localized to the carbonic anhydrases
subunits, named the CA domain of CELSR1, p.R1044Q was within the third PDZ domain of
SCRIB, p.G1108E located very close to the fourth PDZ domain (1109-1192) of SCRIB, and
p.P642R was within the fifth IGc2 domain of PTK7 (Supplemental Material, Fig. S3).
Reviewing the 10 SNVs in the 1000 genome data of 2504 samples, we did not identify the
same digenic variants in any of their samples.

4. Discussion

Several reports have shown that human NTD cases with missense PCP variants involved
individuals carrying single heterozygous variants. According to the previous findings in
mouse models, it was assumed that heterozygosity for one or more additional deleterious
interacting variants might be present in human NTD cases. In this study, we analyzed doubly
heterozygous variant combinations of critical PCP genes in a large group of 510 NTD cases
to assess whether genetic mutations interacted in a digenic or polygenic fashion to generate
the observed NTD phenotypes.

We identified a total of 10 missense SNVs from 6 samples that carried digenic variants. Of
these samples, three spina bifida cases and two anencephaly cases carried digenic variants in
CELSRIand other PCP genes (SCR/Band DVL3). CELSR1, homologs of the PCP core
gene Fmi, is an evolutionarily conserved seven-pass transmembrane receptor that belong to
the cadherin superfamily. In zebrafish, knockdown of the ce/srZ homologue gene product
with antisense morpholino oligonucleotides induced convergent extension defects
manifested primarily by marked shortening of the anteroposterior axis [38]. In the mouse,
homozygous mutants for Cel/srlexhibit craniorachischisis, where the neural tube remains
open from the midbrain/hindbrain boundary extending throughout the spinal region, and
CEL SR rare variants seem to have a significant role in the etiology of craniorachischisis
[39]. Cases with myelomeningocele, lipomyelomeningocele, lipomyelocele, and lipoma
were also found to have rare variants at CELSR1 [22]. There are three digenic combinations
reported involving Celsr1 (with Vangl2, Ptk7and Scrib), all of which are doubly
heterozygous variants, and caused craniorachischisis and spina bifida in mice [2,40,41]. Two
studies didn’t find any digenic cases when 20 human craniorachischisis cases were
examined for rare variants in CELSRI1, VANGLZ2and PTK7[39,42].

We report digenic variants in CELSRIand SCR/B in spina bifida and anencephaly cases,
and CELSRIand DV 3in anencephaly cases, involving 4 combinatorial variants that were
uniquely present in cases but absent in the 1000G database. All of these variants had a minor
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allele frequency < 0.01 in the EXAC population database and the 1000 genome data of Han
Chinese population in Beijing, save for the novel variant SCR/B ¢.1853A > G (p.K618R),
which was not found in either the dbSNP database or 1000 genome data or EXAC database
or among parental samples of the NTD cases. All of these rare variants were predicted to be
detrimental /n sifico. During amino acid conservation analysis, over half of the variants were
located at highly conserved nucleotides in human, dog, mouse, rat, and zebrafish, while the
others involved less conserved nucleotides. Location analysis of the missense changes
showed that the p.R769W and p.R1057C were mapped to the cadherin repeats (CA domain)
of CELSR1. The two CELSR1 mouse mutants in the crash and spin cycle mice (referred to
in Table 1) are also located in the cadherin repeat domain. These two SNVs may affect the
function of cadherin repeat domain and lead to a failure of intercellular contact. Our findings
are consistent with the disorders induced by the digenic variants of CelsrZ and Scribin mice,
and we provide novel evidence to support the notion that CEL SR variants interacting with
variants among other PCP genes may contribute to anencephaly and spina bifida phenotype.

SCRIB, as a PCP-associated gene in mammals, is a member of the LAP protein family
containing 16 leucine-rich repeats and four PDZ domains [43]. In Drosophila, homozygous
scrib mutations can cause loss of apicobasal cell polarity and neoplastic tissue overgrowth
[44]. In the mouse, homozygous Scrib mutations can result in craniorachischisis [45,46].
The mouse heterozygote Scrib mutant in digenic combination with a heterozygote Vang/2 or
Celsr1 mutation exhibits cranior-achischisis or sometimes spina bifida or severe
craniorachischisis [40,45]. In humans, two variants in the SCR/B gene were found among 36
craniorachischisis cases, many of which had also been screened for VANGL 1, VANGL?,
CELSRI, PTK7, and PRICKLEI, but no digenic mutant combinations with SCR/B were
found [39]. We report digenic variants in SCR/B and PTK7 associated with NTDs in
addition to SCR/B and CELSR1 heterozygous variants in additional NTD cases. The
combinatorial variation of PTK7¢.1925C > G (p.P642R) and SCR/B c.3323G > A
(p.G1108E) only occurred in one spina bifida case, and was not found in the 1000G database
or parental samples of NTD cases. Location analysis of missense changes showed that
p.G1108E was located very close to the fourth PDZ domain (1109-1192) of SCRIB. The
PDZ domains of human SCRIB are required for correct localization and physical interaction
with other proteins, such as the core PCP protein VANGL2, which is required for
transducing PCP signals. Herein we demonstrate that SCR/B variants combined with
variants among other PCP genes might be associated with the observed NTD phenotypes in
humans. However, pathogenic effect of these variants on protein function or on neural tube
development need to be investigated in the future.

No reports are available in the literature on the contribution of digenic variants of CELSR1
and DVL3gene in the pathogenesis of NTDs. Mouse studies with doubly heterozygous
mutants for Ptk7and Scrib showed no NTDs [40]. In fact, although all the involved missense
variants were predicted to affect residues conserved across evolution, no functional studies
have been done to look at the pathogenic effect of any of these variants on protein function
or on neural tube development. Further studies are needed to examine whether these
combinatorial variants affect expression of the PCP genes which may play a causal role in
the development of NTDs.
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In conclusion, the present study provides novel evidence of combinatorial PCP variants
contributing to the etiology of NTDs. Our findings imply that genetic variation might
interact in a digenic fashion to generate the observed NTD phenotypes, and emphasize the
importance of these genetic interactions to the etiology of human NTDs. Furthermore, this
study emphasizes the importance of performing comprehensive genetic screens in humans
when searching for the genetic cause of birth defects, because disruption of multiple genes
could combine in an individual to induce devastating consequences on embryonic
development, although heterozygous variation in a single gene might not be sufficient to
interfere with neural tube closure. Further studies including more reported PCP genes, such
as FZD6, PRICKLEL FUZZY, DACTI1, SEC24B, DVL1and LRPE, in other cohorts should
be performed to validate our finding. Another possibility is that combinations between
uncommon PCP variants and common PCP variants could contribute to NTDs genetic
etiology which worth to study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.ymgme.
2018.03.005.
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Mouse mutants of key PCP Genes in a digenic fashion and NTD phenotypes.

Table 1

Gene and mutant NTD Type Penetrance References

Vangl2-e"*, Dviz-"- CRN 100% Wang et al. (2006) [25]
Vangl2-"*, DvI3* CRN, EX 30% Etheridge et al. (2008) [26]
Vangl2o™ ScripCre*  CRNor SB 55% CRN, 5% SB  Murdoch et al. (2001) [27]
Vangl2-'*, Scribe* CRN 54% Murdoch et al. (2014) [2]
Vangl2-v'*,Celsr1¢*  CRN not stated Copp et al. (2003) [41]
Vangl2-r™* Celsr1€si*  CRN 54% Murdoch et al. (2014) [2]
Vangl2#*, Ptk 7+~ SB 95% Lu et al. (2004) [47]
Vangl2-7*, vangl1*~ CRN 60% Torban et al. (2008) [28]
DvIZ",DvI3*"- CRN ~100% Etheridge et al. (2008) [26]
Dvi2*-,DvIZ " CRN some Etheridge et al. (2008) [26]
Scrib®re*, Celsr1¢s*  CRN 8% Murdoch et al. (2014) [2]

PCP, planar cell polarity; NTD, neural tube defect; CRN, craniorachischisis; SB, spina bifida; EX, exencephaly.
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Table 2

Characteristics of neural tube defects.

Neural tube defect phenotypes No. of Cases
Anencephaly 125

Spina bifida 232
Encephalocele 46
Anencephaly & Spina bifida 79
Anencephaly & Encephalocele 1

Spina bifida & Encephalocele 15
Anencephaly & Spina bifida & Encephalocele 4

Other 8

Total 510

AN, Anencephaly; SB, Spina bifida; EN, Encephalocele; Other, NTDs with missing subtype information.

Mol Genet Metab. Author manuscript; available in PMC 2018 May 23.

Page 15



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Wang et al.

Table 3

Digenic variants of planar cell polarity genes in human neural tube defects.

Page 16

Sample

Phenotype

Variant 1 Variant 2

Variant Gene

B4004
B9004
B9008
B0958
B5083
B9051

SB
SB
SB
AN
AN
SB

CELSRI:NM_014246:exon1:¢c.2305C > T:p.R769W SCRIB:NM_015356:ex0n23:¢.3323G > A:p.G1108E
CELSRI:NM_014246:ex0n33:¢c.8772G > C:p.Q2924H  SCRIB:NM_015356:ex0n15:¢.1853A > G:p.K618R
CELSRI:NM_014246:exon1:¢c.3169C > T:p.R1057C SCRIB:NM_015356:ex0n15:¢.1931G > T:p.G644 V
CELSRI:NM_014246:exon1:¢c.3364G > A:p.G1122S SCRIB:NM_015356:ex0n23:¢.3131G > A:p.R1044Q
CELSRI:NM_014246:exon1:¢c.3364G > A:p.G1122S DVI.3.NM_004423:exon4:c.443G > A:p.R148Q

PTK7NM_152882:exon13:c.1925C > G:p.P642R SCRIBNM_015356:ex0n23:¢.3323G > A:
p.G1108E

CELSR1, SCRIB
CELSR1, SCRIB
CELSRI1, SCRIB
CELSR1, SCRIB
CELSR1, DVL3
PTK7, SCRIB

AN, Anencephaly; SB, Spina bifida.

Mol Genet Metab. Author manuscript; available in PMC 2018 May 23.



Page 17

Wang et al.

‘Apn1s juasald ays Jo uonendod ayp ul 3ja]|e JueLIeA JO Aduanbaly ‘balH 89|V IV

‘aseqerep wnnJosuo) uonehalbby awox3 ayl ul Aouanbaiy aja)fe Joulw ‘€0Dwx3

"sawoual 00T 8y} ul uonendod ueH asaulyd ayy Jo Aousnbauy aa|fe Joulw ‘squd~B00T

'sawouab QT 8y ui uonendod |je o Aduanbaly aj8)je Joulw ‘|re”B00T

‘uBluaq Burag 10U Jo JUeIIUBIS S PaIaPISUOI dIaM G8'0 < JO 2J00S JAISEL UOIBINIA J0 G8°0 < JO 3109S Z-UaydA|od ‘G0°0 > 4O 31095 14IS UM SANS SNOWAUOUAS-UON

"U18104d UBWINY B JO UONOUNY PUB 3JMONIS BY) UO UOHNIIISGNS PIo. oullwe ue Jo 1oedw aqissod Bunoipaid 1og swiyioble ale Jeisel uoneiniy pue ‘uaydAiod ‘141S

860000 - - - 980 760  T0 Tv0'T68rT 8 o) L [aAou dgToMd O <VEGETD  GTUOX? 99€GT0 WN  /40S
76v000 20000 80000 15000 8¢0 T 200 €96'068'7YT 8 v D 16870TTOZS! A vr99°d L<OTEpTd  GTUOXd 9G€STO NN &/40S
[6T000  T000'0 - - 0 T 920 00T'988'%YT 8 L O 02y.8L28LSt OrvoTy'd V <OIETED  £2UOXd 99€ST0 WN  &/40S
§62000 900000 90000 - 66°0 T 200 806'G88'YYT 8 L D £660T9625S! 3807797 V < DEZEED  £TUOX® 95€GT0 WN  G/40S
¥65000  ¥000°0 21000 15000 T 760 100  00C'TIT'Ey 9 9 D 6950CT8YTS! deyodd 9<0GZ6T0  ETUOXD 78825T NN lid
860000  T00000 - - 66°0 860 SO0 69€'788'€8T € v O £YETIOVILS! OsrTyd V<OEPro  pUOXd €ZYP00 WN  £7Ad
860000 20000 - - 110 T €00 €9/'026'9F e v O  T18TT09T0ZS! M69LY"d 1<0G0ggd  TuOXd 9vZYTO WN 745730
967000  T000'0 90000 0 SL0 880 €00  668'626'9F (44 v O  SFI6rESYTS! J.50Ty°d L <DB9TED  TUOX3 9vZYTO WN 145770
967000 200000 20000 G200°0 99'0 66°0 0  v0L'626'F 2 L D 669£9£00ZS! szz11od V <OP9EED  TUOX® vZrTO WN 745730
T6V000  €0000 90000 52000 160 960 €10  9T¥'09L'9v e 9 D 86/9TT00ZS! Hrz6z0'd 2<97LI8 gEUOXd 9vZYTO WN 745730
boidepllv v  €00vx3 [ BO0OT squo BoooT el uoneiniy  wydAd  14I1S uonsod sIyD ople Y  SpIe oY aiss ebueyo peoulwy ab6UBYOSPIIOSONN  UOXTF  UOSSId0e YNY aw9
'$9SBJ $193J9p agn) ednau uewny ul sauab Alejod (199 Jeueld Jo SANS pPaljiIuapl Jo uolelouUY
¥ alqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Mol Genet Metab. Author manuscript; available in PMC 2018 May 23.



	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Study subjects
	2.2. DNA extraction
	2.3. Target gene selection
	2.4. Multiplex PCR amplification and next-generation sequencing
	2.5. Bioinformatics analysis
	2.6. Sanger sequencing validation

	3. Results
	4. Discussion
	References
	Appendix A. Supplementary data
	Fig. 1
	Fig. 2
	Table 1
	Table 2
	Table 3
	Table 4

