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1 | INTRODUCTION
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Abstract

Background: Neural tube defects (NTDs) are severe birth defects resulting from the
failure of neural tube closure during embryogenesis. Both genetic and environmental
factors contribute to the occurrence of NTDs and the heritability of NTDs is approxi-
mately 70%. As a key component of focal adhesions, Vinculin (VCL) plays pivotal
roles in cell skeleton remodeling and signal transduction. Vel deficient mice displayed
NTD, but how VCL variants contribute to human NTDs has not been addressed yet.
Methods: We screened VCL variants in a Chinese cohort of 387 NTDs and 244 con-
trols by targeted next-generation sequencing.

Results: We identified four case-specific VCL variations (p.M209L, p.D256fs,
p-L555V and p.R586Q). VCL p.D256fs and p.L555V are novel variations that have
never been reported. Our analysis revealed that p.D256fs is a loss-of-function vari-
ant, while p.L555V showed a gain of function in planner cell polarity (PCP) pathway
regulation and cell migration, probably due to its enhanced protein stability.
Conclusion: Our study reports human NTD specific novel variations in VCL and
provides the functional evaluation of VCL variants related to the etiology of human
NTDs.
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third and fourth weeks of gestation in humans. According

Neural tube defects (NTDs), a common class of severe
birth defects, accounting for 0.5 to 2 per 1000 established
pregnancies in different regions (Copp et al., 2013). The
neural tube is developed through a series of processes, in-
cluding shape, bend, and fuse of the neural plate and even-
tually form of the complete neural tube in high vertebrates
(Greene & Copp, 2014). NTDs result from the failure of
the neural tube closure (NTC) which happens during the

to the malformation position, NTDs can be classified
into five subtypes, including exencephaly, anencephaly,
craniorachischisis, myelomeningocele (spina bifida), and
encephalocele (Copp et al., 2013). Both genetic and en-
vironmental factors are implicated in the pathogenesis of
NTDs, and not more than 70% of NTDs occurrence can
be explained by genetic variants (Leck, 1974). More than
200 genes have been reported to be causative for the NTD
phenotype in mice (Harris & Juriloff, 2010), providing
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hundreds of candidate genes for human NTDs. However,
only a few candidate genes, such as VANGLI, VANGL?2,
CELSRI, have been confirmed to be mutated and contribute
in/to human NTDs (Murdoch et al., 2014). Previous stud-
ies have revealed that a variety of signaling pathways, such
as planner cell polarity (PCP; Lei et al., 2010; Murdoch
et al., 2014), sonic hedgehog (SHH; Murdoch & Copp,
2010; Ybot-Gonzalez et al., 2002), and bone morphoge-
netic protein (BMP; Ybot-Gonzalez et al., 2002, 2007),
are implicated in human NTDs (Au et al., 2010). Notably,
PCP is the most intensively studied pathway in deciphering
the etiology of human NTD and variations in NTD-related
PCP genes, such as VANGLI (Kibar et al., 2007), VANGL2
(Lei et al., 2010), FZD6 (De Marco et al., 2012), LRP6 (Lei
et al., 2015), SCRIB (Lei et al., 2013), DVL2 (De Marco
et al., 2013), was gradually identified.

Vinculin (VCL) is a key component of focal adhesions
(FAs) involved in cell skeleton remodeling and signal trans-
duction during development and homeostasis (Atherton et al.,
2015). The primary structure of VCL consists of the globular
head domain, a tail domain, and an in-between proline-rich
region (JM & AS, 2013). There is a wide range of binding
partners for VCL, and the binding is modulated by the in-
tramolecular auto-inhibitory interaction between its head and
tail (Case et al., 2015; RP & SW, 1995). VCL transformation
from auto-inhibition to the activation state is spatio-tempo-
rally regulated in FAs (Case et al., 2015). Active VCL can
positively reinforce FAs (Case et al., 2015), which is essential
for FAs-mediated tissue morphogenesis. VCL plays important
roles in the maintenance of cell polarity and migration, which
is fundamental in embryonic development including neural
tube closure. Expression of active vinculin attenuates cell po-
larity and migration (Carisey et al., 2013), while the loss of
VCL leads to increased cell migration (Chinthalapudi et al.,
2014; Lausecker et al., 2018; Xu et al., 1998). Vcl knockout
mice died around E8 to E10 with a series of NTD pheno-
types including lacking of the midline fusion of the rostral
neural tube, a cranial bilobular appearance, and attenuation
of cranial and spinal nerve development in addition to severe
defects of heart development (Xu et al., 1998), Although VCL
mutations were associated with human hypertrophic or di-
lated cardiomyopathy (Vasile et al., 2006; Vasile, Will, et al.,
2006), whether VCL variants contribute to human NTDs re-
mains elusive. To address whether VCL is implicated in the
pathogenesis of human NTDs, we conducted the next-gener-
ation targeted sequencing of VCL exons in 387 NTD samples
and 244 healthy controls. Four case-specific variants (VCL
p-M209L, VCL p.D256fs, VCL p.L555V and VCL p.R586Q)
were identified and the functional impacts of these variants
on VCL protein were assessed by biological assays. Loss-of-
function variant VCL p.D256fs and gain-of-function variant
VCL p.L555V were considered as risk factors for human
NTD.

TABLE 1 Demographic characteristics in NTD cases and controls.

Variable Case Control
Sequence group 387 224
Region
Tianjin 47 0
Jiangsu 25 0
Liaoning 29 0
Heilongjiang 16 0
Shanxi 270 192
Shanghai 0 32
Age: weeks/years (mean + SD)
Tianjin N.D.
Jiangsu N.D.
Liaoning 252 +40.8 m
Heilongjiang N.D.
Shanxi 234 +62w 200+32w
Shanghai 180y
Gender
Male 41.1% 40.6%
Female 30.7% 58.9%
Unknown 28.2% 0.5%

NTD classification

Craniorachischisis 19
Encephalocele 76
Anencephaly 77
Exencephaly 1
Spina bifida 167
Other® 47

“More than one kind of NTD phenotype.

2 | MATERIALS AND METHODS

2.1 | Ethical Compliance

This study was approved by the Ethics Committee of the
School of Life Sciences, Fudan University, and conducted
following the Declaration of Helsinki principles. All of these
samples were collected with informed parental consent.

2.2 | Study subjects

Subjects participated were recruited from 2008 to 2014 and
all ethnic Han Chinese, including 387 patients or aborted
fetuses with NTDs and 244 blood from healthy controls or
tissue samples from aborted fetuses without NTDs. NTD
samples (41.1% male, 30.7% female, 28.3% unknown)
were collected from Tianjin (47), Jiangsu (25), Liaoning
(29), Heilongjiang (16), Shanxi (270) in China (Table 1).
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All NTD samples were classified into Craniorachischisis,
Encephalocele, Anencephaly, Exencephaly, Spina bifida or
others (with more than one type of NTD symptoms). The
224 controls (40.6% male, 58.9%female, 0.45% unknown)
were recruited from Shanxi (192 tissue samples from aborted
healthy fetuses) or Shanghai (32 blood samples from healthy
freshmen) in China (Table 1).

2.3 | DNA sequencing, genotyping, and
data analysis

Approximately 2 ml of peripheral blood or 50 pg of tissue
samples was collected for genomic DNA extraction. The cod-
ing regions in VCL were amplified by PCR and sequenced by
targeted next-generation sequencing as previously described
(Qiao et al., 2016), and then compared with the human VCL
cDNA (NM_003373.3) in the GenBank database. To confirm
the VCL variants from next-generation sequencing, ~500 bp
fragments of the VCL gene flanked each variation sites were
generated by PCR and re-sequenced by Sanger sequencing
(Sangon, China). Primers used are listed in Table S1. SIFT
(http://sift.jcvi.org/) and Mutation Taster2 (http://www.mutat
iontaster.org/) were used to predict the impact consequences
of missense variants. VCL variants were searched in two pub-
lic databases: the 1000 genome project (http://www.1000g
enomes.org) and the The Genome Aggregation Database
(gnomAD:; http://gnomad.broadinstitute.org/).

2.4 | Plasmid construction

The human VCL (NM_003373) cDNA clone was purchased
from OriGene Technologies (Beijing, China) and inserted
into the mammalian expressing plasmid pCMV6-AN-DDK.
All variants of VCL were generated using a QuikChange Site-
Directed Mutagenesis Kit (TOYOBO, Japan). Primers used
for plasmids construction are listed in Table S1. All plasmids
were confirmed by sequencing.

2.5 | Western blot

N-terminal Flag-tagged VCL expressing plasmids were co-
transfected into HEK293T cells together with pPCMV6-AC-
GFP as transfection control. Thirty-six hours posttransfection,
cells were further treated without/with MG132 for 12 hr and
then collected/lysed with lysis buffer [150 mM of NaCl,
50 mM of Tris (pH7.4), 1% NP-40, 0.25% sodium deoxycho-
late, 1xCocktail protease inhibitors (Roche, 04693116001)].
The cell lysates were separated by 10% SDS-PAGE and then
transferred to PVDF membranes (Millipore). After blocking
with 5% nonfat milk, the membranes were incubated with
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the anti-Flag antibody (CST, 8146S) or anti-GFP antibody
(OriGene, TA150041) at 4 °C overnight. Protein bands
were visualized by chemiluminescence using ECL Western
Blotting Substrate (Tanon, 180-501) after incubating with
secondary antibody. Three independent experiments were
performed and the band intensity was quantitatively meas-
ured by Image] software.

2.6 | RNA isolation and qRT-PCR

HEK?293T cells transfected with empty vector, wild-type or
variant VCL plasmids were collected at 24 hr after transfec-
tion. RNA simple Total RNA Kit (TTANGEN; DP419) was
used for RNA extraction, and then cDNA reverse transcrip-
tion was performed using the FastQuant RT kit (TTANGEN;
KR106). Q-RT-PCR was carried out on CFX96 (Bio-Rad)
using Super Real PreMix SYBR Green (TTANGEN; FP205).
VCL mRNA levels were normalized by GAPDH. Primers
used for qRT-PCR are listed in Table S1. Three independent
experiments were performed and each group was analyzed
in triplicate.

2.7 | Immunofluorescence staining

The HEK293T cells were seeded on coverslip slides (WHB,
WHB-12-cs) coated by Polylysine (Sigma, P-9155) inside
the 12-well plate and transfected with wild-type or variant
VCL expressing plasmids. Twenty-four hours posttrans-
fection, cells were rinsed in PBS, followed by 4% PFA for
30 min. After that, the cells were permeabilized with 0.3%
TritonX-100 and blocked with 5% Donkey serum (Solarbio,
SL050). Next, the cells were sequentially incubated with
anti-Flag antibody (CST, 8146S) at 4 °C overnight and FITC
conjugated anti-mouse secondary antibody (Abcam, ab6785)
for 1 hr at room temperature. The cells were stained with
DAPI for 10 min, and then images were obtained with a flu-
orescence confocal microscope (Zeiss, D710). Three inde-
pendent experiments were performed.

2.8 | Luciferase reporter assay

The HEK293T cells were seeded on 24-well plates. Empty
vector or various VCL expressing plasmids, together with
Pfa2-c-Jun and JNK-responsive pFR-luciferase plas-
mids, were transfected with Lipofectamine 2000 (Life
Technologies, 11668019). Before being collected, cells were
treated with 100 ng/ml of Wnt5A (R&D, 645-WN-010) or
vehicle alone for 8 hr and then lysed with 1xPassive lysis
buffer (Promega, E1910). The luciferase enzyme activities
were analyzed with Dual Luciferase Assay kit (Promega,
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TABLE 2 Nonsynonymous NTD case-specific variants within the VCL coding region found in the cohort.

MAF in

MAF

Number in Control

(224)

Number in Case

(387)

gnomAD

1000G freq

dbSNP

Mutation Taster2

SIFT

aa. changeb

Nucleotide change®

2% 107 3.6 x 107

rs144683137

disease causing

0.28

p.M209L

c.625A>T

Tolerated

NA®

NA NA

NA
NA

disease causing

p-D256fs
p.L555V

¢.768delT
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NA

NA

disease causing

0.008

¢.1663C>G

Damaging
0.57

8.0 x 107°

NA

rs774076269

probably harmless

p.R586Q

c.1757G>A

Tolerated

“For nucleotide numbering, +1 corresponds to the A of ATG of mRNA sequence NM_003373.3.

PReference protein sequence NP_003364.1.

“Not available.

Open Access,

E1960) according to the manufacturer's instructions. Firefly
luciferase activities were normalized with Renilla luciferase
control. Three independent transfection experiments were
performed, and each luciferase assay was carried out in
triplicate.

2.9 | Wound healing assay

H1299 cell was seeded in the 6-well plate and transfected
with empty vector or various VCL expressing plasmids.
Sixteen-hours posttransfection, the cells were scraped by yel-
low pipet tips. Cell debris was washed away with PBS, and
then 2 ml of fresh media was replenished (DMEM with 10%
FBS) in each well. The wounds were imaged by an optical
microscope at 0 and 16 hr later. Three independent experi-
ments were performed for quantitative measures by ImagelJ
software.

2.10 | Statistical analysis

Student's 7-test was used to compare the difference between
groups. Statistical analysis was performed with the SPSS
software and the data are presented as mean + SD (¥p < 0.05
and **p < 0.01).

3 | RESULTS

3.1 | Case-specific VCL variants were
identified in a cohort of Chinese NTDs

To explore the role of VCL in human NTD, we sequenced all
exons of VCL in a Chinese NTD cohort with 387 cases and
224 controls (Table 1). Compared with controls, three VCL
single-nucleotide variants (SNVs) including c.625A>T
p-M209L, ¢.1663C>G p.L555V, and c.1757G>A p.R586Q
(thereafter called p.M209L, p.L555V, p.R586Q, re-
spectively) and one VCL frame-shift variant c.768delT
p.D256Efs*9 (thereafter called p.D256fs) were identified
as case-specific variants (Table 2). Filtered with databases
of Genome 1000 and gnomAD, variants p.D256fs and
p-L555V have never been reported, which means that both
p.D256fs and p.L555V are novel and rare variants (Table
2). The occurring frequency of p.M209L and p.R586Q
were 3.6 x 107 and 8.0 x 107, respectively, in the gno-
mAD database. Variant p.L555V was predicted to be dam-
aging or disease-causing by SIFT and Mutation Taster2,
while variants p.M209L and p.R586Q were inconsistently
evaluated to be tolerated or detrimental. Frame-shift vari-
ant p.D256fs was predicted as disease-causing by Mutation
Taster2 (Table 2).
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All of the case-specific variations locate at the head do-
main of VCL and are heterozygous (Figure 1a,b). These four
variations were identified from five different samples and
p-R586Q variation was recurrently detected in two unrelated
NTD samples (Figure 1b). The p.D256fs variation was iden-
tified from a 3.5-month-old male patient diagnosed with me-
ningomyelocele, while the three other VCL SNV were found
in four aborted fetuses carrying quite different NTD symp-
toms, including anencephaly, opened spinal dysraphism,
Occipital encephalocele (Table 3). Amino acids D256 and
L555 of the VCL protein are highly conserved among differ-
ent vertebrate species (Figure 1c). Particularly, the five NTD
cases with each of the aforementioned case-specific variants
did not combinedly carry other NTD-associated mutations in
PCP genes such as VANGLI, VANGL2, LRP6, SCRIB, DVLI-
3and CELSRI-3, which helps us to exclude the possibility of
a pre-existed effect on PCP signaling.

3.2 | VCL variants affect protein level
but not the subcellular localization

Before exploring the functional effects of the VCL varia-
tions, the protein level and subcellular localization of each
variant were examined. Although the same dose of plasmids
was transfected into cells, all variants except for p.M209L
showed altered protein levels compared with wild-type VCL.
Overexpressed p.D256fs showed no detectable protein and
even no truncated protein, even though p.D256fs would un-
dergo a premature termination at translation level and was
predicted to produce a short peptide with 265 amino acids
(Figure 2a). Although the corresponding mRNA level was
not changed, both p.L555V and p.R586Q variants showed
higher protein level (Figure 2a,b). This result indicates that the
p.L555V and p.R586Q variants might affect protein stability.
In order to test this possibility, we treated the cells with MG-
132, a proteasome inhibitor, to prevent protein degradation.
Interestingly, after MG132 treatment, two variants (p.L555V
and p.R586Q) and wide type VCL displayed comparable pro-
tein levels, suggesting that the wide-type VCL protein is less

TABLE 3 Genotype and phenotypes

Molecul i ic Medicil
olecular Genetics & Genomic E_H_Wl LEY:

stable than p.L555V and p.R586Q variants proteins. So we
speculate that the enhanced protein level of variants p.L555V
and p.R586Q might be attributed to the improved protein sta-
bility (Figure 2c). In addition, the subcellular localization of
WT and variants were also determined by immunofluores-
cence staining. p.D256fs showed undetectable signal, while
the three other variants showed similar distribution patterns
with wide type, mainly locating in the cytoplasm (Figure 2d).

3.3 | VCL p.L555V variant affect PCP
signaling and cell migration through
gain of function

Cytoskeleton remodeling is fundamental and essential for
protrusion formation and cell polarity during convergent
extension in NTC (Nikolopoulou et al., 2017). The diverse
signaling pathways regulating cytoskeleton remodeling are
coordinated by focal adhesion. By binding to Talin, VCL
maintains integrins in an active conformation and stabilizes
the entire FA structure which contains a large number of sign-
aling components (Atherton et al., 2015). We and others found
that mutations of PCP pathway components caused NTDs in
humans (Kibar et al., 2007; Lei et al., 2010). It is intriguing
to test whether VCL plays a regulatory role in the PCP path-
way. Dual-luciferase reporter assay indicated that wide-type
VCL inhibited basic PCP signaling, but enhanced Wnt5A-
activated PCP signaling (Figure 3a). Compared with wide
type, p.L555V enhanced the Wnt5A-activated PCP signaling
but no effect on basic PCP signaling, while p.M209L and
p-R586Q had no effects on both basic and Wnt5A-activated
PCP signaling. These results suggest that VCL functions as a
negative regulator of basic PCP signaling and potentiates the
Wnt5A-activated PCP signaling. In consistency with the pro-
tein level (Figure 2a), p.L555V served as a gain-of-function
variant on Wnt5A-activated PCP signaling.

During the NTC process, cell movement is propelled by
a highly polarized cell shape with protrusions and adhesions
(Morita et al., 2012). Although VCL has been proved to coor-
dinate cell migration (Chinthalapudi et al., 2014; Lausecker

¢ ine th i Age (weeks/
s carryin -specific rar
© (fas'e C% ving the case-spectiic rare Variation Sample months®) Sex Clinical symptoms
variations in VCL.
p-M209L D140 23 W F Anencephaly, opened
spinal dysraphism
p-D256fs SY425 35M M meningomyelocele
p.L555V D30 16 W F Anencephaly
p-R586Q D62 21 W M Occipital encephalocele,
Hydrocephalus
D36 26 W IFi Opened spinal dysraphism,

Hydrocephalus

“Weeks mean the gestation period, while months stand for the postnatal stage.
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FIGURE 1

VCL variants identified in human NTD cases. (a) A schematic diagram showing the location of VCL variations identified in our

NTD cohorts. (b) The electropherograms of the Sanger sequencing of four heterozygous variants in human NTD samples. (c¢) A partial alignment of

the conserved amino acid sequences of VCL proteins from different vertebrates.
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FIGURE 2 The expression and subcellular localization of VCL variants. (a and b) The representative image of Western blot and their

quantification analysis of the exogenous wide-type and variant VCL proteins as indicated in HEK293T cells without (a) or with MG132 treatment

(b). GFP co-transfected was used as a transfection control. (c) Statistical analysis of qRT-PCR of exogenous wide-type or variant VCL mRNAs in

HEK293T cells. GAPDH was used as an internal control. (d) The representative fluorescent microscopic images of HEK293T cells transfected with

Flag-tagged WT or variant VCL as indicates and immunoblotted with anti-Flag (green) and DAPI (blue), Scale bar: 20 pm. Data were presented as

mean + SD (N = 3). **p < 0.01, ns: not significant.

et al., 2018; Xu et al., 1998), the specific role of VCL in neu-
ral tube closure is not clear. Next, we checked the roles of
wide-type VCL and NTD-specific VCL variants in cell migra-
tion by wound healing assay, a primary model widely used in
cell movement-related morphogenesis (Xu et al., 1998). Our

results showed that wide-type VCL evidently inhibited cell
migration, which was consistent with previous reports that
loss of VCL led to increased cell migration (Chinthalapudi
etal.,2014; Lausecker et al., 2018; Xu et al., 1998). Compared
with wide type, p.L555V variant significantly restrained cell
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FIGURE 3 Effects of VCL variants on the PCP pathway and cell migration. (a) The statistical analyses of luciferase reporter assay for

HEK293T cells co-transfected with expressing plasmids as indicated and planner cell polarity (PCP) reporter plasmids. Firefly luciferase activities

were normalized by Renilla luciferase control. (b) The representative microscopic images of H1299 cells transfected with expressing plasmids as

indicated and then subjected for wound healing assay at the indicated time. Scale bar: 300 pm. (c) Quantification analysis of three independent

wound healing experiments. Data were presented as mean + SD (N = 3). **p < 0.01, ns: not significant.

migration with a gain-of-function effect (Figure 3b,c), while
p-M209L and p.R586Q variants showed no distinct change in
cell migration.

4 | DISCUSSION

To the best of our knowledge, this is the first study to dem-
onstrate that VCL variants may contribute to the human
neural tube defect. Here, four VCL variants (p.M209L,
p-D256fs, p.L555V, p.R586Q) were identified as case-spe-
cific in a Chinese NTD cohort. VCL p.L555V variants, with
elevated protein level, potentiated the Wnt5A-activated
PCP signaling and more effectively inhibited cell migra-
tion, compared with the wide type, which suggests p.L555V
is a gain-of-function variant. (Figures 2a and 3a-c). VCL
p-M209L was assumed likely being a neutral variant with
no change in the protein expression and functional study
(Figures 2a,d and 3a,b). VCL p.R586Q variant performed
similarly as wild type VCL in functional analysis although
its protein level was significantly higher than wild VCL
(Figures 2a and 3a,b). VCL p.D256fs variant did not ex-
press any detectable protein (Figure 2a and d), demonstrat-
ing it is a loss-of-function variant.

The diverse signaling pathways regulating cytoskeleton
remodeling are coordinated by FAs and adhesion junctions.
As a key component, VCL is indispensable for cytoskeleton
remodeling and interacts with many partners such as F-actin,

Catenins, Talin, and PIP, (Dedden et al., 2019; Huang et al.,
2017). Although it has been reported that VCL affected po-
larity (Carisey et al., 2013; Carvalho et al., 2019), whether
VCL affects PCP signaling remains elusive. In the present
study, we have demonstrated that VCL suppresses basic PCP
signaling and stimulates the Wnt5A-activated PCP pathway
(Figure 3a). Considering that PCP core modules, including
FZDs, Vangls, Celsrs, DVLs, Prickle, and Diego, localize in
adhesion junctions (Nikolopoulou et al., 2017), here we spec-
ulate that scaffold VCL may participate in the regulation of
these functional PCP proteins in adhesion junctions. In addi-
tion, PCP signaling is a dosage-sensitive pathway and could
be destructed by either decreased or increased signaling in
Xenopus, zebrafish, and vertebrates (Roszko et al., 2009;
Wallingford, 2005). Both loss-of-function and gain-of-func-
tion mutations in PCP core genes have been discovered in
humans (Qiao et al., 2016; Robinson et al., 2012), so it is ac-
ceptable both loss-of-function and gain-of-function variants
in VCL were potentially pathogenic since they altered PCP
signaling balance.

Although vel null mice displayed NTD and died at early
gestation, while heterozygous mice appeared normal (Xu
et al., 1998). In fact, our patient or fetuses diagnosed with
NTDs harbored heterozygous variants. Considering multi-
factor threshold model of NTDs and digenic heterozygous
mutations of PCP signaling in mouse are responsible for
NTDs (Greene et al., 2009), the two variants (p.D256fs and
p-L555V) might co-operate with other mutations or modifiers
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in signaling pathways or biological processes, to facilitate
NTD pathogenesis.

In conclusion, here we identified four rare case-specific
VCL variants from a Chinese NTD cohort and initially dis-
closed that both loss-of-function and gain-of-function vari-
ants of VCL may contribute to human neural tube defects.
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