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Congenital scoliosis (CS), affecting approximately 0.5 to 1 in 1,000 live births, is com-
monly caused by congenital vertebral malformations (CVMs) arising from aberrant
somitogenesis or somite differentiation. While Wnt/3-catenin signaling has been impli-
cated in somite development, the function of Wnt/planar cell polarity (Wnt/PCP)
signaling in this process remains unclear. Here, we investigated the role of Vang/I and
Vangl2 in vertebral development and found that their deletion causes vertebral anoma-
lies resembling human CVMs. Analysis of exome sequencing data from multiethnic CS
patients revealed a number of rare and deleterious variants in VANGLI and VANGL2,
many of which exhibited loss-of-function and dominant-negative effects. Zebrafish mod-
els confirmed the pathogenicity of these variants. Furthermore, we found that VanglI
knock-in (p.R258H) mice exhibited vertebral malformations in a Vang/ gene dose- and
environment-dependent manner. Our findings highlight critical roles for PCP signaling
in vertebral development and predisposition to CVMs in CS patients, providing insights
into the molecular mechanisms underlying this disorder.
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Vertebrae formation depends on somitogenesis and somite differentiation, and the failure of
these developmental processes gives rise to congenital vertebral malformations (CVMs), which
in turn can clinically manifest as congenital scoliosis (CS), congenital kyphosis, or kyphosco-
liosis (1). During somitogenesis, the periodic formation and segmentation of symmetrical
somites from the presomitic mesoderm (PSM) rely on the clock and wavefront signaling
system regulated by the Wnt/B8-catenin, Notch, and fibroblast growth factor (Fgf) signaling
pathways (2). Perturbations of these signaling pathways can disrupt somite development in
both mice and humans, leading to CVM:s (1). For example, knockout of Fgf# leads to a range
of vertebral defects and W7732 mutant mice exhibit axial truncation due to impaired Fgf and
Wnt/f3-catenin signaling (3, 4), respectively. W54 mutant mice also exhibit truncation of
the posterior body axis (5). In humans, mutations in WNT54, its receptor ROR2, or other
core components of the Wnt signaling pathway (e.g., DVLI and DVL3) cause Robinow
syndrome, a disease characterized by multiple bone abnormalities. Some patients also have
genital abnormalities, abnormal facial features, and spinal defects (6-10). It is well known
that Wnt5a can elicit signaling responses to activate or inhibit canonical Wnt/3-catenin
signaling in a context-dependent manner (11) or a f8-catenin-independent manner to regulate
polarized cell behaviors through the planar cell polarity (PCP) signaling pathway (12, 13).
However, whether PCP signaling is directly involved in somitogenesis or somite differentiation
and associated with CVMs remains unclear.

PCP refers to the coordinated orientation and alignment of cells within the plane of
a tissue and is established by the asymmetrical subcellular localization of six core com-
ponents, Frizzled (Fz), Van Gogh (Vang), Flamingo (Fmi), Dishevelled (Dsh), Prickle
(Pk), and Diego (Dgo) (14). In vertebrates, PCP controls many fundamental cellular
and developmental processes, such as collective cell movement and convergent extension
(CE), which coordinate the elongation and narrowing of the anterior—posterior (A-P)
body axis (15). Disruption of PCP signaling has been associated with severe defects in
humans and mice, the most common of which are neural tube defects (NTDs) ranging
from spina bifida in humans to craniorachischisis in mice (14, 16). Although skeletal
defects have been observed in PCP mutant mice (e.g., Pricklel, Dvl2, Fat4, and Dchsl
mutants) (17-20), there is no clear evidence that the disturbance of PCP components
is involved in human vertebral malformations.
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Significance

Congenital scoliosis (CS) is the
most common congenital spinal
disorder caused by congenital
vertebral malformations (CVMs),
influenced by genetic and
environmental factors and
exhibiting diverse clinical
presentations. Here, we identified
the critical roles of Vangl/1 and
Vangl2, two core components in
the Wnt/planar cell polarity (Wnt/
PCP) signaling pathway, in
vertebral development and in
predisposition to CYMs in CS
patients. We found that in Vangl
mutant mouse models, the CVMs
present in a Vangl gene dose-
and gestational hypoxia-
dependent manner. Our studies
reveal a complex etiology of CS
and its association with Wnt/PCP
signaling.
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Vangl1 and Vangl2, the vertebrate homologs of Drosophila Vang,
are two highly conserved four-pass transmembrane core proteins
that are mainly dedicated to PCP signaling and required for various
embryonic developmental processes (21-23). Vangl2 Loop-tail (Lp)
mutant mice showed skeletal anomalies, including shortened limbs
and misshapen and fused vertebrae and ribs (22, 24, 25). In humans,
VANGLI and VANGL2 mutations have been reported in association
with NTDs (26, 27). Interestingly, CVMs are concomitant with
NTD:s in a significant fraction of patients (28, 29). However, the
mechanism underlying their clinical association is unknown, and
PCP signaling has not been implicated in the pathogenesis of CVMs.

Here, we found that Vangll- and Vangl2-deficient mice exhib-
ited severe CVMs in a dose-dependent manner as a result of
defects in somite development, resembling the spinal anomalies
of CS patients. We subsequently analyzed a multicenter and multi-
ethnic cohort of CS patients and identified many rare and dele-
terious VANGLI and VANGL2 variants. The variants’ pathogenicity
was confirmed by in vitro and in vivo functional analyses in cul-
tured cells, zebrafish, and genetically modified mouse models. We
found that both polygenic and environmental factors significantly
enhanced the penetrance of CVMs in Vang/l mutant mice.
Collectively, our findings revealed a critical role for PCP signaling
in vertebral development and genetic susceptibility to the devel-
opment of CVMs in CS patients.

Results

Somite Development Defects and Vertebral Malformations
Caused by Loss of Vangl1 and Vangi2. Although the function of
Vangll and Vangl2 in NT development has been well studied, their
roles in somite and vertebral development remain unclear. Here,
we first examined the expression patterns of Vang/I and Vangl2
in wild-type embryos at embryonic stage E8.5 by whole-mount
immunofluorescence staining. We found that Vangl1 and Vangl|2
are both ubiquitously expressed in PSM, somite, and NT with
Vangl2 being enriched in NT (Fig. 14), suggesting a potential role
for Vangl genes in somitogenesis and/or somite differentiation.
To investigate somitogenesis in Vangll and Vangl2 mutants, we
performed whole-mount in situ hybridization using a variety of
somitogenesis markers. The staining of caudal somite marker
Unex4.1 showed SIgnlﬁcantly shortened and widened somite-
forming regions in Vangll” Vng/Z double null embryos at
E8.5 (Fig. 1B). Because Vangll”~ mutant mice are morphologically
normal (21, 22) and have no defects in somite formation (Fig. 1B),
they were used as control embryos in subsequent analyses. Wn#3a,
Fgf4, and Fgf8 that are expressed in the PSM and tailbud are
required for paraxial mesoderm development and somitogenesis.
Fgf4 and Fgf8 together are essential for the proper expressions of
segmentation clock genes required for somite formation (3, 30-32).
Fgf4 mutant mice have multiple vertebral defects resembling
CVMs (4). Notably, the expression levels of Wni3a, Fgf4, and
Fgf8 were markedly reduced in the Vang/1/2 double homozygous
null mutant (Fig. 1Cand ST Appendix, Fig. S1). Mesp2 is a Notch
signaling downstream target that regulates the segmentation
of paraxial mesoderm by defining the future somite boundary
position (33). Importantly, Mesp2 is dynamically expressed and
serves as a cyclic factor regulating the oscillation of Notch activity,
thereby initiating a segmentation program in the anterior PSM
(34). Mesp2 showed a clear oscillatory pattern in control embryos,
whereas its dynamic expression is significantly disturbed in the
Vangl1/2 double mutant, where only one pattern was exhibited
(Fig. 1C). Formation of Notch1 intracellular domain (NICD) is
a key marker for Notch signaling pathway activation and Hes/
and Lfng are critical oscillating Notch pathway genes that control
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somitogenesis (4, 35). We found that the oscillating pattems
of NICD were remarkably compromised, with most Vangll”
embryos displaying both a sharp and long band in the PSM, while
in contrast, a sharp and shorter band was dominantly detected
with the loss of both Vang/I and Vangl2 (Fig. 1C). The oscillating
patterns of Hes7 and Lfig remained largely unaffected in Vangl
mutants, but their expressions were more restricted to the caudal
regions (SI Appendix, Fig. S1). The expression regions of Notch
ligands D//I and DII3 were also more limited with the loss of
Vangll and Vangl2 (SI Appendix, Fig. S1). Moreover, we examined
the expressions of T-box transcription factor T (74, also called
brachyury or T) and T-box transcription factor 6 (74x6), which are
expressed in the primitive streak, tail bud, and PSM and essential
for the specification of the posterior paraxial mesoderm (36, 37).
We found that the expressmn of TbxG was also restricted to the
caudal region in Vangll™;Vangl2”~ double-mutant embryos
(SI Appendix, Fig. S1). We speculated that the expression pattern
changes of somitogenesis genes may result from an alteration in
PSM morphology due to loss of PCP. Therefore, we measured PSM
length and width at the 23 to 25 somite stage in E9.5 embryos.
Interestingly, there is no significant difference in PSM length
among the different genotypes, whereas the width of the PSM in
Vangl1/2 double null embryos is significantly wider (S Appendix,
Fig. S2). However, this is largely because the NT is not closed
rather than a wider PSM in the mutants. Together, these results
demonstrate an important role of Vangl genes in the formation of
mouse somites. Although the underlying mechanism is unclear,
Vangl deficiency has a significant impact on key somitogenesis
gene expression and the oscillating patterns of Notch signaling,
leading to aberrant somite development.

Because Notch signaling dysregulation and defects in somitogen-
esis are strongly associated with vertebral malformations, we ana-
lyzed the axial skeletons of Vang/ mutants at E18.5. The skeletons
exhibited phenotypes including hemivertebrae, vertebral fusion,
vertebral misalignment, delayed vertebral ossification, rib fusion,
rib shortening/missing, and rib bifurcation. The severity and pen-
etrance of the anomalies increased with the reduction in dosage of
the Vangl genes (Fig. 1 D and E and SI Appendix, Fig. S3). The
mutant mice exhibited remarkable curvature of the spine in a pat-
tern reminiscent of CS patients. These findings indicate that Vang/
genes are required for the normal development of the axial skeleton
and may be candidates underlying CS susceptibility.

Identification of Deleterious VANGL7 and VANGL2 Variants in CS
Patients. Because Vzngl mutant mice displayed CVMs, we analyzed
VANGLI and VANGL2 rare variant alleles in the multicenter and
muldethnic sequencing data of 782 subjects with CS (Fig. 24). Nine
VANGLI and eight VANGL2 rare nonsynonymous missense variants
were identified in 19 patients (Table 1 and Fig. 2 A and B). One
VANGLI variant (p.E281G) and two VANGL2 variants (p.L226F
and p.A299V) were absent from public databases, including Exome
Aggregation Consortium, Genome Aggregation Database (gnomAD),
and approximately 8,000 in-house sequenced whole-exome and
whole-genome datasets (Table 1). Among the above variants, the
VANGLI p.E281G and VANGL2 p.1.226F were deemed likely to
be gene-disrupting by Polyphen2, Sorting Intolerant from Tolerant
(SIFT), Rare Exome Variant Ensemble Learner (REVEL), and
Combined Annotation Dependent Depletion (CADD) prediction
tools. One VANGL2 variant (p.R270C) and three VANGLI variants
(p-R181Q, p.R256H, and p.R443W) were predicted to be highly
damaging (REVEL > 0.8 and CADD > 20), and their encoded amino
acids were highly conserved (Fig. 2C). Intriguingly, the VANGLI
variants (p.R181Q and p.R256H) were identified on the same allele
in the same patient and were not detected in their healthy mother
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(81 Appendix, Fig. S4). Unfortunately, we could not validate whether
the two variants (p.R181Q and p.R256H) were de novo because
the patient’s biological father had passed away. Additionally, three
unrelated subjects shared the same missense VANGLI variant
(p.N313S) with extremely low frequency in gnomAD (0.008%
in the general population vs. 0.384% in the cohort), indicating an
enrichment in our cohort. The VANGLI variant (p.P384R), predicted
to be damaging and highly conserved, recurrent in two unrelated
subjects. The rest of the VANGLI variants (p.R334W, p.V4911, and
p-R517H) and VANGL?2 variants (p.R35Q, p.S258N, p.D282E,
p-V2971, and p.R482C) were also rare in the gnomAD database
and predicted to be deleterious by at least one of the four prediction
methods (Table 1).

Except for VANGLI p.R181Q and VANGL2 p.R35Q and
p-L226E all the variants were located in the carboxyl-terminal
cytosolic region, which contains many critical functional domains
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and motifs (23) (Fig. 2B). Notably, VANGLI p.E281G and
VANGL2 p.D282E were adjacent to the trans-Golgi network
(TGN) sorting motif (YYXXF) required for VANGL trafficking
from the Golgi to the cell surface (38). Two VANGL2 variants
(p.S258N and p.R270C) were in close proximity to the patho-
genic mouse mutations Lp p.R259L and p.D255E and Curly Bob
p-1268N, respectively (39-41) (Fig. 2B).

All probands carrying rare VANGL variants were affected by
various severities of spinal deformities, ranging from one vertebral
malformation (single-segmented hemivertebrae) to extensive
fusion of vertebrae, with maximum Cobb angles from 21.7 to 135
degrees (SI Appendix, Fig. S5A and Table S1). Six patients had
accompanying rib anomalies. Interestingly, compared to the
cohort without rare VANGL variants, CS patients with rare
VANGLI or VANGL2 variants had an unexpectedly high ratio of
intraspinal abnormalities (28.0% vs. 80.0%, P < 0.001), including
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Fig. 2. Identification of VANGLT and VANGL2 variants in CS patients. (A) Brief workflow of the identification of VANGLT and VANGL2 variants in a multicenter CS
cohort (Left) and the location of the identified variants (Right). The numbered orange and green boxes indicate the coding exons of VANGL1 and VANGL2. (B) Amino
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in reported NTDs patients. (C) Conservation and multiple alignments of VANGL1 and VANGL2 variants. Highlighted variants are conserved among all listed species.

syringomyelia, diastematomyelia, tethered spinal cord, spinal

bifida, dermal sinus, etc. (S Appendix, Fig. S5B and Table S2).

Reduced Expression and Compromised Membrane Localization

Caused by VANGLT and VANGL2 Variants. Vang| proteins are
phosphorylated and transported from the endoplasmic reticulum
(ER) to the plasma membrane, where they function as key
components of PCP signaling (42, 43). Phosphorylation of Vangl
is required for establishing PCP in vivo (42, 44—46). To interrogate
the function of CS-associated VANGLI and VANGL2 variants, we
first analyzed VANGL mutants by immunoblotting in HEK293T

and MDCK cells (Fig. 3 A and B and SI Appendix, Fig. S6).

VANGL protein appears as two bands on the electrophoresis
gel; the higher band is basally phosphorylated VANGL, and the
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lower band is unphosphorylated VANGL (42, 44, 47). Previously,
we have shown that the Lp mutations (Vangl2 p.D255E and
p-S464N) that cause looptail or the craniorachischisis phenotype
in mice lead to a markedly reduced total protein level and loss of
phosphorylation (40, 44). The Lp mutant Vang|2 was trapped in
the ER and subjected to ER-associated proteasomal degradation
(43, 48, 49). In our current study, some VANGLI (p.R256H,
p-R181Q+R256H, p.E281G, and p.R443W) and VANGL2
(p.L226E p.R270C, and p.D282E) variants also showed signi-
ficant decreases in expression levels (P < 0.05, Fig. 3 A and B and
SI Appendix, Fig. S6). The phosphorylation of VANGLI variants
(p-R256H, p.R181Q+R256H, p.E281G, and p.R443W) and the
VANGL2 variant (p.D282E) was nearly abolished (Fig. 3 A and
B and SI Appendix, Fig. S6).
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Table 1.

Genotype and mutational features of subjects with VANGL7 and VANGL2 variants

In vitro functional test

Nucleotide Protein gnomAD gnomAD IF (vs. DN
ID Ethnicity  Gene change change Exome ALL  Exome EAS SIFT PolyPhen-2 REVEL CADD Gerp WB WT) (VANGL2)
HK0001" Southern VANGLT c.542G>A  p.Arg181GIn  0.00001663 0 D D 0.795 28 552 * ok *k
Han +c.767G>A (p.R181Q)
+p.Arg256His  0.0000183 0 D D 0.875 32 573
(p.R256H)
SC02003P0130 Northern VANGLT  c.842A>G  p.Glu281Gly 0 0 D D 094 294 566 * w w
Han (p.E281G)
SCO2003P0531 Northern VANGLT  c.938A>G p.Asn313Ser  0.00008226 0 T B 0.214 16.5 335 ns * *
SC0O2003P1220 Han (p-N3135)
SCO2003P1319
SCO2003P1232 Southern VANGLT ¢.1000C>T  p.Arg334Trp 0.000009142 0 D B 0.558 23 364 ns * *
Han (p-R334W)
SCO1906P0098 Northern VANGLT ¢.1151C>G  p.Pro384Arg  0.00001829 0 D D 0.797 28 544 ns * *
SCO2003P2246 Han (p-P384R)
SCO1908P0074 Northern VANGLT ¢.1327C>T  p.Argd443Trp  0.00004989  0.0001004 D D 0.609 31 495 * *k *
Han (p.R443W)
SC0O2003P1178 Northern VANGLT c.1471G>A p.Val491lle 0.00003326 0 T B 0.211 19 341 ns * *
Han (p.V4911)
SC02003P0196 Northern VANGLT c.1550G>A  p.Arg517His  0.00006399  0.0001105 T D 0.467 253 54 ns * *
Han (p.R517H)
SCO1908P0163 Southern VANGL2  c.104G>A p.Arg35GIin  0.000009141 0 T D 0.371 246 465 ns * *
Han (p-R35Q)
SCO2003P0613 Southern VANGL2  c.676C>T  p.Leu226Phe 0 0 D D 0.781 24 127 * *k *k
Han (p.L226F)
Uso001t Turkish ~ VANGL2  c.773G>A p.Ser258Asn  0.00002022 0 T B 0.467 24 526 ns * *
(p.5258N)
Us0002* Hispanic VANGL2 c.808C>T p.Arg270Cys  0.00006399 0 D D 0.889 295 399 * * *
(p.R270C)
JP0001 Japanese VANGL2  c.846C>A  p.Asp282Glu  0.00000914 0 T D 0.597 227 299 * * *
(p.D282E)
SCO2003P0386 Northern VANGL2  c.889G>A p.vVal297lle 0.00004989 0 T B 0.255 173 399 ns ** *
Han (p.V2971)
SCO2003P0525 Northern VANGL2 c.896C>T p.Ala299Vval 0 0 T B 0.419 23.1 491 ns * *
Han (p.A299V)
SCO2105P3029 Northern VANGL2 c.1444C>T  p.Argd82Cys  0.00008227 0 T D 0.4 254 417 ns * *
Han (p.R482C)

Transcripts: NM_138959.2 (VANGLT) and NM_020335.2 (VANGL2). Abbreviations: CADD, Combined Annotation Dependent Depletion; Gerp, genomic evolutionary rate profiling; WB, west-
ern blot; IF, immunofluorescence; DN, dominant negative effect on wild-type VANGL2; NA, not available; T, tolerance; B, benign; D, deleterious; ns, not significant; *P < 0.05; **P < 0.05;
and significant decrease in membrane to total ratio of VANGL1 and VANGL2 in IF, calculated by the one-way ANOVA test with mean difference greater than 0.2.

“Both variants were confirmed on the same allele, and the inheritance was unknown because the father had passed away.

The patient was diagnosed with hemifacial microsomia, Goldenhar syndrome (also known as oculo-auriculo-vertebral spectrum disorder) with hemivertebrae.

“The patient was diagnosed with VACTERL (Vertebral abnormalities, anal atresia, cardiac defects, tracheal anomalies, esophageal atresia, renal and radial abnormalities, and limb abnor-

malities) syndrome.

Localization on the plasma membrane is required for VANGLI
and VANGL2 to establish and maintain normal PCP signaling
(23). Mouse Lp mutations and VANGL variants associated with
NTDs in humans cause defective Vangl membrane targeting (49).
In our study, wild-type VANGL1 and VANGL2 were primarily
targeted to the plasma membrane with a typical “mesh-like” stain-
ing pattern, whereas most of the VANGLI and VANGL2
CS-associated variants, except for the VANGLI p.R181Q variant,
were not well localized to the plasma membrane (Fig. 3 Cand D).
For the most part, the VANGL variants accumulated intracellu-
larly, illustrated by strong colocalization with the ER (87 Appendix,
Fig. S7). VANGLI (p.R256H, p.R181Q+R256H, p.E281G, and
p.R443W) and VANGL2 (p.L226F and p.V297I) variants dis-
played severely affected or completely abolished membrane local-
ization (red asterisks in quantitative data of Fig. 3 C and D and
SI Appendix, Fig. S8). Overall, these findings demonstrate partial
or complete loss-of-function effects caused by VANGLI and
VANGL2 variants identified in CS patients.

PNAS 2024 Vol.121 No.18 2310283121

VANGL1 and VANGL2 Variants Display Dominant-Negative Effects.
VANGLI and VANGL2 are paralogs with 72% sequence identity
and a similar scructure. VANGL proteins can interact with each other
and potentially assemble as dimers or oligomers (23, 50). Because
in our studies, all identified VANGL variants are heterozygous and
Vangl heterozygous null animals are morphologically normal, we
sought to determine the effect of mutant VANGL on wild-type
VANGL by coexpressing them in a 1:1 ratio to examine their
subcellular localization pattern (Fig. 4 A and B). When wild-type
VANGLI or VANGL2 were cotransfected (HA-tagged), wild-type
VANGL2 (FLAG-tagged) mainly localized to the plasma membrane,
as expected. However, the cotransfection of mutant VANGLLI or
VANGL2 impaired the transportation of wild-type VANGL2 to
the cell surface. Wild-type VANGL2 was colocalized with mutant
VANGL proteins intracellularly (Fig. 4 A and B). The quantitative
analysis of numerous cells revealed the dominant-negative effects of
all identified VANGL variants, which were very significant in three
(VANGLI p.R181Q+R256H, p.E281G, and VANGL2 p.L22GF;

https://doi.org/10.1073/pnas.2310283121
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Fig. 3. Effects of VANGL1 and VANGL2 variants on expression and localization. (A and B) Protein expression of VANGL1 and VANGL2 mutants in HEK293T cells. Band
intensities of western blot gels were quantitated using Image) and normalized with p-actin. Each experiment was repeated at least three times. The significance of the
differences was calculated by a one-way ANOVA test, F = 8.77 (A), 10.67 (B). Error bars show the mean + SD. The panels labeled in red show a significant difference,
compared with the corresponding wild-type group, *P < 0.05, **P <0.01. (C and D) Intracellular localization of wild-type and mutant VANGL1 and VANGL2 proteins. The
HA-tagged VANGL1/2 proteins were stained in green, and nuclei were visualized by DAPI in blue. Membrane localization ratios of wild-type and mutant VANGL1 and
VANGL2 were analyzed by ImageJ in more than 100 cells for each group. The significance of the differences was calculated by a one-way ANOVA test, F = 114.50 (O),
69.72 (D). *P < 0.05, **P < 0.01, and the mean difference between wild-type and labeled groups exceeded 0.2. Box plots show the center line as the median, box
limits as the upper and lower quartiles, and whiskers as the minimum to maximum values.

red asterisks in the statistical data shown in Fig. 4 A and B). These
results suggest that mutant VANGL also interferes with the normal
transportation of wild-type VANGL, leading to the mislocalization
of both mutant and wild-type VANGL, disrupting PCP signaling,.

Mutant VANGL1 and VANGL2 Fail to Rescue CE Defects in Zebrafish
Embryos. Knockdown or disruption of vangl2 in zebrafish, which
causes CE movement defects and shortened A-P body axis, is a
well-established in vivo model for testing Vangl function (51).
We employed this system to assess the function of VANGL
variants. Compared to the control-morpholino (MO) group,
zebrafish embryos injected with vang/2-MO and raised until 2 d
postfertilization exhibited a notable decrease in body length of the
A-P axis (P < 0.05, Fig. 5 4 and B). To test whether VANGLI
or VANGL2 could rescue the CE defects, we coinjected zebrafish
embryos with vangl2-MO and either wild-type VANGLI or wild-type

6 0of 12 https://doi.org/10.1073/pnas.2310283121

VANGL2 mRNA at different dosages. We compared the body
lengths of zebrafish to identify the optimal dosages for rescuing CE
defects. Zebrafish injected with 120 pg VANGLI or 80 pg VANGL2
showed no significant difference in body length, compared to those
in the control-MO group (highlighted in red in Fig. 5B). Using these
optimal dosages, we coinjected either VANGLI or VANGL2 mutant
mRNA with vangl2-MO to evaluate the pathogenicity of VANGL
mutants. We selected three VANGLI variants (p.R181Q+R256H,
p-E281G, and p.R443W) and one VANGL?2 variant (p.L226F)
that exhibited the most deleterious functional effects on VANGL
functions in the cellular assays (Figs. 3 and 4). Consistently, each of
the mutant mRNAs failed to rescue the CE defects in zebrafish (P <
0.05) (Fig. 5C). Of the variants tested, VANGLI p.R181Q+R256H
seemed to be the most deleterious, and the phenotype was even
more severe than that in the vangl2-MO group (Fig. 5 C and D).
Furthermore, we directly investigated the dominant negative effect of

pnas.org
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Fig. 4. VANGL1 and VANGL2 variants exhibit dominant-negative effects.
(Aand B) Colocalization of HA-tagged wild-type and mutant VANGL1/2 (red) with
Flag-tagged wild-type VANGL2 (green) in MDCK cells. Membrane localization
ratios of wild-type and mutant VANGL1T and VANGL2 were analyzed by Image)
in more than 100 cells for each group. The significance of the differences
was calculated by a one-way ANOVA test, F = 49.04 (A), 17.24 (B). *P < 0.05,
**P < 0.01, and the mean difference between wild-type and labeled groups
exceeded 0.2. Box plots show the center line as the median, box limits as the
upper and lower quartiles, and whiskers as the minimum to maximum values.

the VANGLI variants (p.R181Q+R256H, p.E281G, and p.R443W)
in zebrafish embryos by evaluating their impact when injected alone
(without vangl2-MO). Zebrafish embryos injected with VANGLI
mutant mRNA (p.R181Q+R256H, p.E281G, and p.R443W) alone
exhibited significant CE defects compared to the group injected with
wild-type one (Fig. 5D). Overall, these in vivo results confirm the
loss-of-function status of the VANGLI and VANGL2 variants and
some VANGL variants also show dominant-negative effects.

PNAS 2024 Vol.121 No.18 e2310283121

Characterization of a Vangl1 Knock-In Mouse Model. Our
experiments showed that while the VANGLI p.R181Q+R256H
or p.R256H variants severely impaired VANGL function (Table 1
and Figs. 2-4), the p.R181Q variant alone had no significant
influence (Fig. 3 A and (), indicating that the deleterious effect
was mainly caused by the p.R256H variant. To further understand
the functional impact of the VANGLI p.R256H variant on
CVMs, we generated a VanglI-R258H knock-in mouse model, the
equivalent of the human VANGLI p.R256H substitution. Both
Van /IR25 89 and Van /]R25 BHIRZSH 1hice were viable and fertile,
but surprlsmgly, no skeletal abnormalities were observed (data not
shown). Because axial skeletal development is sensitive to the overall
gene dosage of Vangll and Vangl2 in mice (Fig. 1), we crossed
Vangl1 R258H Hyutant mice with Vanng#’ or Vangl1 +/’; Vﬂng[Z%mice,
which are nearly indistinguishable from wild-type mice. Only a
small fraction of Vangll +/7;Vﬂng12+/’ mice showed the looptail
phenotype (5/76, 6.58%) (Fig. 6 A and B). Intriguingly, with the
reduction of Vangl gene dosage, a higher penetrance of looptail

was observed in Vang | [RPSHIR2SSH, an/2+/' (30/70, 42.86%) and
ng/IRz5 SH= VY an (/gl2+/' (33/90, 36.67%) mice in comparison to
Vangll™;Vangl2*" (31198, 31.63%) and Vangll"";Vangl2™" (5/76,
6.58%) mice (Fig. 6 A and B). Vaginal atresia was also detected in
some Wﬂglllmgﬁ/f;l/angQ*/* and Vangll RZSSH/[QS‘?H; Vang/2+/7 mice
(data not shown). These results suggest that the missense Vang/I
p-R258H mutation not only impairs its own function but also has
a dominant-negative effect on wild-type Vangl in the development
of the mouse axial skeleton. We performed microcomputed

tomography (micro-CT) scanning of adult Vangl1"°*"""; Vangl2""

R258HIR258H VA .
and Vangl """, Vungi2*” mice and found that hemivertebrae
or vertebral malformations were mainly restricted to the caudal

vertebrae in the curly tail (Fig. 6 4 and B).

Perinatal Hypoxia Increases the Penetrance of Vertebral Defects
in a Vangl1 Knock-In Mouse Model. In addition to genetic factors,
environmental risk factors, such as hypoxia and vitamin deficiency,
are associated with the occurrence of CVMs (52). In particular, there
is solid evidence that gestational hypoxia in pregnant mice gives rise
to rib and vertebra malformations in newborns (53). Another study
of mouse embryos revealed that haploinsufficiency of Notch signaling
pathway genes (e.g., Mesp2), combined with short-term gestational
hypoxia, significantly increases the penetrance and severity of CVMs,
demonstrating that an environmental factor coupled with a genetic
deficit plays an important role in the etiology of CS (54). Therefore,
we evaluated possible gene—environment interactions using the
Vangl1"**” CS-susceptible mouse model. Pre egnant mice carrying E9.5
wild-type, Vangl1®™*"* or Vangl1™***"*5" embryos were exposed
to 7.5% or 8.0% short-term hypox1a A sharp threshold at 8.0% was
observed. The lower oxygen concentration (7.5%) induced obvious
CVMs in wild-type embryos, whereas the effect of 8.0% oxygen
on wild-type embryos was minimal (Fig. 6 C and D). Compared
with wild-type embryos, Vangll™*"****" embryos exhibited severe
vertebral defects and a high prevalence of spinal deformities after
hypoxia exposure (Fig. 6 Cand D). This result provides evidence for
a VANGL—environment interaction in the etiology of CS.

Discussion

In this study, we identified the critical roles of two core PCP signaling
genes, Vangll and Vangl2, in vertebral development and predispo-
sition to human CVMs. Vangl-mutant mice showed defects in somi-
togenesis, possibly via the disturbance of Notch signaling, and
exhibited multiple spine and rib anomalies, including hemivertebrae,

https://doi.org/10.1073/pnas.2310283121
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Fig. 5. Mutant VANGL7 and VANGL2 fail to rescue CE defects in zebrafish embryos. (A) lllustrations of normal, moderate, and severe defects in CE in zebrafish
embryos injected with vang/l2-MO (morpholino). (B) The optimal dosage of human VANGL7 and VANGL2 wild-type mRNA to rescue CE defects in zebrafish embryos.
The reduced body length of zebrafish embryos caused by 8 ng vang/2-MO was fully rescued by 120 pg human VANGL1 or 80 pg human VANGL2 wild-type mRNA.
The significance of the differences was calculated by a one-way ANOVA test, F = 47.60. The Top and Bottom asterisks indicate significant differences compared
to the control-MO group and the vang/2-MO group, respectively. (C) The comparison of body length in zebrafish embryos between control-MO (Ctrl-MO), vang/2-
MO (V2-MO), and rescue groups. The significance of the differences was calculated by a one-way ANOVA test, F = 117.60. (D) The comparison of body length
in zebrafish embryos after mMRNA injection between blank control, human VANGL1 wild-type, and human VANGL7 mutant groups. The statistical significance of
differences between the groups was calculated by the one-way ANOVA test, F = 41.83. *P < 0.05. Box plots show the center line as the median, box limits as the
upper and lower quartiles, and whiskers as the minimum to maximum values. The number in parentheses indicates the number of analyzed zebrafish embryos.

V1 and V2 denote Vangl1 and Vangl2, respectively.

the most common cause of CS. These findings are supported by our
genetic studies in patients with CS, in whom we identified a number
of rare variants in VANGLI and VANGL2 with confirmed loss-of-
function and dominant-negative effects. We further addressed the
in vivo functional significance of the most deleterious variants using
both zebrafish and mouse models. The Vang/I-R258H knock-in
mice developed vertebral malformations in a Vangl/ gene dose- and
perinatal hypoxia—dependent manner. Collectively, our results
demonstrate the importance of PCP signaling in somite develop-
ment and the pathogenesis of CVMs.

The development of somite includes somite formation, commonly
referred to as somitogenesis, and somite differentiation (2, 55, 56).
During somitogenesis, the PSM progressively segments into bilat-
erally symmetrical epithelial somites in an A—P direction, controlled
by the segmentation clock and determination front. Somite differ-
entiation refers to the maturation and differentiation of somites into
the sclerotome, dermatome, and myotome, which eventually develop
into various tissues including vertebrae (2, 55, 56). Some proteins
specifically influence one of these two processes, while others have
an impact on both. Far4 and Dchs] mutant mice exhibit mal-
formed vertebrae that are split and fused. While somite formation
occurs normally in these mutants, Far4 and Dchsl are required
specifically for the proliferation of sclerotome cells as they differ-
entiate into vertebrae. The loss of Faz4/Dcehsl results in decreased
sclerotome proliferation and defective vertebral morphogenesis
(20). The expression pattern of endogenous Vangl proteins, the
defects in somite formation, and the changes of the key somito-
genesis markers in Vangl mutant mice together support an impor-
tant role of Vangl genes in the regulation of somitogenesis.
Although the expressions of Vangll and Vangl2 in somites and
complex vertebral malformations in Vang/ mutant mice also sug-
gest a possible role of Vangl genes in somite differentiation, it is
difficult to distinguish their specific roles in somitogenesis and
somite differentiation. Precise genetic tests (e.g., conditional

80f 12 https://doi.org/10.1073/pnas.2310283121

deletion of Vangll and Vangl2 specifically in formed somites) are
required to address this question.

Abnormal somite development during embryogenesis causes
CVMs, which in turn cause CS, a spinal curvature disorder with
unclear genetic etiology resulting from developmental failure of ver-
tebral formation, segmentation, or both (1, 57). CS has an incidence
of approximately 0.5 to 1 case per 1,000 live births and often pro-
gresses rapidly, leading to back pain, respiratory and psychologic
distress, pulmonary and cardiac dysfunction, and disability (58).
Genetic factors contribute to the development of CS, and different
inheritance modes have been proposed (57-61). Previous studies have
revealed pathogenic genes and copy number variants associated with
CVMs, such as 7BX6 (MIM #602427), TBXT (MIM #601397),
PAXI (MIM #167411), and DLLI (MIM #606582) (58, 62—606).
Considering the low recurrence rate of CS in descendants, the reces-
sive or compound heterozygous model is preferred. We have proposed
a compound heterozygous model of CVMs caused by biallelic variants
of TBX6 with one rare loss-of-function 7BX6 variant and one com-
mon hypomorphicallele in zans (58, 59, 62, 67, 68). This compound
inheritance gene dosage model explains up to 11% of CS cases in
different populations (58, 62, 69, 70). However, the VANGLI and
VANGL2 variants detected in this study are all heterozygous, and the
inheritance pattern is unknown due to a lack of parental genetic
information. Although we validated the deleterious effects of these
variants, we found that the mutation alone (VANGLI-R256H/ Vangl1-
R258H) was not sufficient to cause CVMs in mice, suggesting the
existence of additional risk factors or a difference in gene dosage sen-
sitivity between humans and mice.

Digenic or oligogenic models have been proposed for many
diseases (71, 72). For example, the digenic combination of
SMADG and BMP2 variants has been reported in nonsyndromic
midline craniosynostosis (71). An oligogenic effect of MKL2,
MYH?7, and NKX2-5 variants has been demonstrated in cardiac
anomalies (72). The digenic variants of VANGL2, CELSRI,
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H-8.0% and H-7.5% denote hypoxia at 8.0% and 7.5% ox-
ygen concentration, respectively. (£) Threshold model of
Vangl gene dosage in birth defects. The decrease in Vangl1
and Vangl2 gene dosage and the addition of environmental
factors increase the penetrance and severity of skeletal and
neurologic phenotypes. The threshold of Vang/ gene dos-
age for vertebral defects and NT defects is different, with
the former more sensitive to Vang/ dosage. TSH, tethered
spinal cord; DM, diastematomyelia; SM, syringomyelia;
SBO, spinal bifida occulta; MC, meningocele; NTDs, neural
tube defects.

Embryonic lethal

SCRIB, DVL3, and PTK7 may also be responsible for NTDs
(73, 74). Recently, we evaluated the mutation spectrum of 7BX6-
mediated genes and proposed an oligogenic model of CS (60). In
our current study, the oligogenic model may represent additional
risk variants in other genes involved in somite development.
Moreover, patients may have somatic mutations in addition to the
germline variants. This phenomenon has been observed in NTDs
(75-77). For example, somatic mutations in CELSRI, FZDG6, and
VANGLI in NT lesions are associated with NTDs (75). In mice,
mosaic deletion of Vangl2 in as few as 16% of neuroepithelial cells
is sufficient to cause NTDs (77). These findings support the
hypothesis that CS may be induced by a combined effect of
germline susceptibility variants and somatic mutations, explaining
the low familial recurrence rate and phenotypic variation in CS
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patients. Validation of this model requires future genetic studies
on malformed vertebral tissues.

Various environmental factors can induce CS (52, 54, 57). In the
Vangl1'***" CS-susceptible mouse model, short-term hyposxia expo-
sure significantly increased the severity and penetrance of vertebral
defects. Sparrow et al. demonstrated that gestational hypoxia can
disrupt the segmentation process during somitogenesis by interfering
with the periodic expression of Nozchl and blocking Fef signaling
(54). Given the compromised Notch signaling activity in Vangl
mutant mice, the concomitant dysregulation of Notch signaling
caused by genetic variants and the additional effect of hypoxia on
Notch, Fef signaling or both may explain the increasing severity and
penetrance of vertebral defects. Various degrees of dysregulation of
somitogenesis at different time points can trigger spinal phenotypes
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ranging from tail to thoracic or lumbar region. Vamg/]RﬁgH mutant

mice with additional loss of the Vang/2 allele displayed hemivertebrae
restricted to the tail; however, hypoxia-treated Vangl1™”*" mutant
mice developed thoracic and lumbar hemivertebrae. The severe dys-
regulation of somitogenesis will easily influence the early-formed
somites that give rise to the structures at the thoracic and lumbar
spine level, whereas the mild dysregulation of somitogenesis may only
manifest in the caudal region because the effects may need to be
accumulated and intensified over multiple segmentation cycles to
reach a critical threshold. Environmental factors such as hypoxia can
enhance somitogenesis defects and thus lead to CVMs in more rostral
regions. All these effects could be a combined result of genetic variants
and gestational hypoxia.

CS can manifest as an isolated spinal defect or multisystem mal-
formations complicated with other anomalies (58,78, 79). Liu et al.
found that over 20.0% of CS patients have intraspinal malforma-
tions, of which the most common type is diastematomyelia (78).
In our cohort, 29.1% of the CS patients had intraspinal deformities;
the prevalence in those with VANGLI and VANGL2 variants was
substantially higher (80.0%), suggesting a strong correlation
between CVMs, intraspinal defects, and VANGL. Interestingly,
compared to previously reported NTD patients carrying VANGL
variants (26-29), the NTD phenotypes of our CS patients with
rare VANGL variants were mild. These patients mainly demon-
strated syringomyelia, diastematomyelia, and tethered spinal cord,
indicating a phenotypic spectrum associated with VANGL variants.
Although there was a clear clinical association between NTDs and
CVMs, the underlying pathogenesis was unclear. Somite develop-
ment and neurulation are closely connected during embryonic
development and share some critical signaling pathways. Signals
from the N'T and notochord can also contribute to the formation
and differentiation of somites (80). For example, the transformation
of ventromedial somites into the sclerotome requires Sonic hedge-
hog (Shh) and Noggin signaling molecules secreted by the NT and
ventral notochord (81, 82). The development of somites relies on
the integrity of the NT. Removal of the NT during embryogenesis
causes failure of segmentation or hypoplasia of the vertebrae (83).
From this perspective, it is also possible that CVMs observed in
Vangl mutant mice are a secondary effect from failed NT closure
due to disruption of PCP signaling. However, based on the data we
have in mouse models (a higher level of Vangl deficiency is required
for developing NTDs than CVMs) and human patients (CVMs
are more pronounced than NTDs in VANGL variant carriers), we
tend to believe that Vangl genes play independent roles in both
somite development and NT closure. It would be interesting to
investigate whether other PCP components are also involved in the
pathogenesis of CS comorbid with NTDs.

Vang] are tetraspan transmembrane proteins with cytoplasmic N-
and C-terminals and contain many functional domains and motifs.
We have previously identified two clusters of highly conserved phos-
phorylation sites in Vangl N-terminals required for PCP in zebrafish
gastrulation and mouse development (42, 44). Interestingly, some
varians, particularly those in VANGLI (p.R256H, p.R181Q+R256H,
p-E281G, and p.R443W), disrupted VANGL phosphorylation and
showed poor membrane localization. The long C-terminal region
harbors multiple signal motifs and interaction domains, including a
TGN sorting motif, ap97/valosin-containing protein (VCP)-interacting
motif; a coiled-coil domain, and a PDZ-binding motif at the end of
the C-terminals (23, 43). The VANGLI p.E281G and VANGL2
p.D282E variants are adjacent to the TGN sorting motif, which
affected their intracellular trafficking. The VANGLI p.R256H and
VANGL2 p.S258N and p.R270C variants are located in the same
region as the well-known Vangl2 Lp and Curly Bob mutations. Similar
to the Vangl2 Zp mutant, these variants caused ER retention of Vangl
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proteins. Because the heterozygous Lp mutation can cause looptail or
looptail with spina bifida in mice, our findings support a potential
causal effect of VANGL risk variants in causing CS and/or NTD in
humans. To further understand the impact of VANGL variants, we
analyzed the three-dimensional VANGL structures predicted by
AlphaFold (S Appendix, Fig. S9, https://alphafold.ebi.ac.uk) (84).
Most of the variants were located in the a-helix or the B-sheet, and
three VANGLI variants (p.R256H, p.E281G, and p.V491I) and four
VANGL2 variants (p.S258N, p.R270C, p.D282E, and p.R482C)
were located within the core structure of the protein, which is also the
location of Lp and Curly Bob mutations. These findings support the
functional importance of the identified VANGL variants.

Vang]| are mainly dedicated to PCP signaling but some studies also
suggested non-PCP roles of Vangl genes (85-87). Although it is most
likely that the CVMs caused by Vangl deficiency is due to the defective
PCP signaling, it is also possible that their non-PCP functions con-
tribute to the phenotype. VANGLI has been reported to be associated
with adolescent idiopathic scoliosis (ALS) (88). However, ALS and CS
are distinct spinal disorders with different clinical presentations and
underlying causes. AIS typically manifests during pubertal growth
and has no CVMs. Notably, another AIS genetic study failed to iden-
tify an association between VANGLI and AIS (89).

Overall, we have revealed the important function of core PCP
genes Vangll and Vangl2 in somite and vertebral development and
their predisposing role in the development of CVMs. Our data
also suggest a Vangl gene—environment interaction model that
regulates the formation of the axial skeleton. The penetrance and
severity of CVMs and NTDs increase as the Vang/ gene dosage
reduces (Fig. 6E). Other genetic variants, either germline or
somatic, and environmental factors may lower the threshold for
developing isolated or concomitant phenotypes.

Materials and Methods

study Approval. The present multicenter study was conducted in accord-
ance with the tenets of the Declaration of Helsinki. In mainland China, ethical
approval was acquired from the Institutional Review Board of Peking Union
Medical College Hospital (PUMCH, Approval No.JS-2364). In Hong Kong, ethics
approval was acquired from the Institutional Review Board of the University of
Hong Kong/Hospital Authority Hong Kong West Cluster (HKU/HA HKW IRB Ref#
UW 15-216). In the United States, ethical approval was acquired from the Baylor
College of Medicine IRB (H-29697).1n Japan, ethical approval was acquired from
the Institutional Review Board of the RIKEN Yokohama Institute (Approval No.
17-16-40). Written informed consent was obtained from affected individuals
and the participating parents and siblings. All zebrafish and mouse experiments
were conducted in compliance with the Guidelines from The Committee on Use
of Laboratory Animals for Teaching and Research of The University of Hong Kong.

Recruitment of Participants, Sequencing, and Variant Detection. Patients
diagnosed with CS were included, and those with a previous molecular diagno-
sis [for example, TBX6-associated CS (TACS) (58, 67)] were excluded. Patients
with VANGLT or VANGL2 variants were identified in multicenter and multi-
ethnic CS cohorts from mainland China (708 cases), the Hong Kong Special
Administrative Region of China (67 cases), Japan (1 case), and the United States
(6 cases) under the framework of the DISCO (Deciphering disorders Involving
Scoliosis and COmorbidities, http://www.discostudy.org/) study. Genomic DNA
was extracted from peripheral venous blood samples. Whole-exome sequenc-
ing was performed independently at different centers. The sequencing data
were annotated using the Peking Union Medical college hospital Pipeline
(PUMP) and HKU Pipeline as previously described (59, 61, 62, 66, 68, 90).
Whole-exome data of Japanese patients were also addressed and filtered based
on previous studies (91, 92). Whole-exome sequencing data generated in the
United States were analyzed as previously described using the Baylor College of
Medicine Human Genome Sequencing Center-designed core capture reagent
29(52 Mb, Nimblegen) and an Illumina HiSeq2000. Data were processed using
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the local Mercury pipeline, with alignment using BWA-aln, variant calling by
Atlas2, and annotation using an in-house developed Cassandra pipeline (93).
The following criteria further filtered ultrarare variants of VANGL1 and VANGL2:
1) predicted to alter amino acid sequence; 2) allele frequency < 0.001 in gno-
mAD (https://gnomad.broadinstitute.org/); and 3) CADD score > 15.

Mouse Experiments. All mice used in this study were maintained on C57BL/6
background. If all genotypes are available, embryos from same littermate were
used for each experiment, but if one experiment needs multiple embryos with
same genotype, embryos from different mating pairs were grouped for studies
and N number was provided. Generation of the Vang/7 knock-in mouse model,
skeletal preparation, whole-mount immunofluorescence staining, whole-mount
immunofluorescence staining, whole-mount immunohistochemistry, micro-CT
analyses, and hypoxia treatment were elucidated in S/ Appendix.

Zebrafish Microinjection. The ABzebrafish strain was used for all the microinjec-
tions. Defined MOs and mRNAs were injected into one-cell stage embryos passing
through the yolk. Injection and measuring methods were described in S/ Appendix.

sanger Sequencing. Primers to amplify the corresponding exons of VANGL1
and VANGL2 (GenBank: NM_138959.2 and NM_020335.2, respectively) were
designed with Primer-BLAST (94), and an appropriate amount of genomic DNA
was used for PCR. A DNA Analyzer (Applied Biosystems) was used to confirm
the candidate variants, and segregation analyses were performed using family
member data (if available).

Cellular Experiments. Human full-length VANGLT and VANGL2 ¢DNAs were
subcloned into pcDNA3.1 vector with a hemagglutinin (HA) epitope or FLAG tag
(DYKDDDDK)inserted into the N terminus. HEK293Tand MDCK cells were subjected to
transfection for subsequent cellular assays. Detailed protocols of plasmid construction,
immunoblotting, and immunofluorescence were incorporated within S/ Appendix.

statistical Analysis. One-way ANOVA was conducted to compare differences
in immunoblotting, membrane localization density, and body length of zebraf-
ish embryos. A chi-squared test was used to calculate the penetrance of ver-
tebral defects in mouse embryos. All statistical tests are declared in the figure
legends. The significance threshold was set at P < 0.05. Continuous variables
were expressed as the mean = SD, as indicated in the figure legends. SPSS 24.0
(Chicago) and GraphPad Prism 8 (CA) were used for data analyses.

Data, Materials, and Software Availability. All data supporting the findings
of this study are available within the paper and its S/ Appendix. The raw genetic
sequencing data for CS patients have been deposited in the Genome Sequence
Archive (GSA, https://ngdc.cneb.ac.cn/gsa-human/) (95) under accession number
HRA006007. All raw sequencing data deposited in GSA are under restricted access
and only academic use would be approved.
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