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Abstract

Neural tube defects (NTDs) are debilitating human congenital abnormalities due to failure of neural tube closure. Sonic
Hedgehog (SHH) signaling is required for dorsal-ventral patterning of the neural tube. The loss of activation in SHH
signaling normally causes holoprosencephaly while the loss of inhibition causes exencephaly due to failure in neural tube
closure. WDR34 is a dynein intermedia chain component which is required for SHH activation. However, Wdr34 knockout
mouse exhibit exencephaly. Here we screened mutations in WDR34 gene in 100 anencephaly patients of Chinese Han
population. Compared to 1000 Genome Project data, two potentially disease causing missense mutations of WDR34 gene
(c.1177G>A; p.G393S and c.1310A>G; p.Y437C) were identified in anencephaly patients. These two mutations did not
affect the protein expression level of WDR34. Luciferase reporter and endogenous target gene expression level showed that
both mutations are lose-of-function mutations in SHH signaling. Surprisingly, WDR34 could promote planar cell polarity
(PCP) signaling and the G393S lost this promoting effect on PCP signaling. Morpholino knockdown of wdr34 in zebrafish
caused severe convergent extension defects and pericardial abnormalities. The G393S mutant has less rescuing effects than
both WT and Y437C WDR34 in zebrafish. Our results suggested that mutation in WDR34 could contribute to human NTDs
by affecting both SHH and PCP signaling.

Introduction failure of neural tube closure (NTC). NTC occurs during

early gestation stage (3rd and 4th weeks). Based on dif-

Neural tube defects (NTDs) are structural birth defects of
brain and spinal cord. The incidence of NTD ranges
15.3-23.0 per 10,000 live birth worldwide [1-3]. In the past
decades, the prevalence rate of NTD is much higher in
Shanxi province of China [4, 5]. NTDs have resulted from a
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ferent regions of unclosed neural tube, NTDs have multiple
clinical features including anencephaly, exencephaly,
myelomeningocele, and spina bifida [6]. The infants of
anencephaly or exencephaly often are stillborn or die
shortly after birth, whereas spina bifida patients may survive
but suffer severe and lifelong physical disabilities [3]. Both
genetic and environmental factors contribute to the etiology
of NTDs [7].

The primary cilium is a hair-like sensory organelle pre-
sent on the surface of most vertebrate cell types and is
required for many essential signaling processes such as
Hedgehog (HH) and WNT signaling [8, 9]. The construc-
tion and function of cilia depends on microtubule-based
motor proteins and intraflagellar transport (IFT) system
inside cilia. IFT complexes move along the axonemal
microtubules to transport cargo between the base and the tip
of the cilium. Kinesin-2 is the anterograde motor to move
IFT complexes from the base to the tip of cilia; while
cytoplasmic dynein-2 is the retrograde motor to move IFT
from the tip to the base of cilia [9, 10]. Cytoplasmic dynein-
2 complex contains multiple proteins, including the
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cytoplasmic dynein-2 heavy chains, light chains, inter-
mediate chains, and light intermediate chains [10, 11].
Many mutations in the subunits of those motor complexes
have been identified in human ciliopathies [12, 13].

WD repeat domain 34 (WDR34), a member of the WD
repeat protein family, is a dynein-2 intermediate chain
protein and are required for dynein-2 function [14, 15].
Defects in WDR34 gene have been associated with cilio-
pathies such as Short-rib thoracic dysplasia 11 (SRTD11)
with or without polydactyly (OMIM number *613363)
[16, 17].

Cilium is the key for the Sonic Hedgehog (SHH) sig-
naling, which plays essential roles for patterning the
dorso—ventral axis of the neural tube [18-20]. Many mice
mutants of SHH signaling pathway components have been
established, which is nicely summarized by Murdoch and
Copp [21]. In brief, the loss of activation of SHH signaling
causes holoprosencephaly but not NTDs, while the loss of
inhibition of SHH signaling causes exencephaly, a subtype
of NTDs [21]. For example, the SHH signaling negative
regulator Sufu knockout mouse has open neural tube [22];
and a GIli3 mutant (Pdn/Pdn) has both polydactyly and
exencephaly phenotype [23, 24]. Recently, a Wdr34
knockout mouse model was reported [25]. Indeed, lack of
Wdr34 in mice caused defects in HH signaling and retro-
grade ciliary protein trafficking. The Wdr34~'~ mutant mice
exhibit polydactyly, which is a characteristic ciliopathy
phenotype. Interestingly, the reported Wdr34~'~ mutant
mice also exhibit exencephaly [25]. This phenotype is
contradictory to the function of Wdr34 in activation of SHH
signaling. Therefore, the function of WDR34 during neural
tube development deserves a further investigation.

In this study, we identified two potential disease causing
mutations (c.1177G>A; p.G393S and c.1310A>G; p.
Y437C) in WDR34 among a Chinese NTD cohort with
mostly anencephaly cases [26]. G393S is not identified in
the Chinese Han population from 1000 Genome Project
[27]. This mutation indeed lost activation on SHH signal-
ing. To our surprise, WDR34 could also activate PCP sig-
naling and the G393S is a loss-of-function mutation in PCP
signaling. Furthermore, G393S had less rescuing ability
compared to WT and Y437C WDR34 in zebrafish. Our data
suggested that WDR34 is involved in not only SHH but also
PCP signaling, which is required for proper NTC.

Materials and methods
Study subjects
NTD samples from aborted fetuses with severe cranial

phenotypes, e.g., anencephaly, were collected from 1992 to
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2011. A total of 100 NTD samples (94% are anencephaly;
60% male, 37% female, 3% unknown) were collected from
Shanxi province (Table S1). All samples were collected
with the approval of the institutional ethics committee of
Capital Institute of Pediatrics Beijing and Fudan University
(#Kyy2018-56 to YZ). The informed consents were signed
by the parents of subjects.

DNA Sequencing and data analysis

WGS on NTD cases were performed as previously descri-
bed [26]. To confirm the genotyping results of WDR34 from
WGS, the region containing the missense mutations of
WDR34 within NTD samples were amplified by PCR and
sent for Sanger sequencing. WDR34 variants were checked
in two public databases: the 1000 Genome Project [27], and
the gnomAD [28]. Mutations were also evaluated by using
PolyPhen-2 [29] (http://genetics.bwh.harvard.edu/pph2/)
and SIFT [30, 31] (http://provean.jcvi.org/) programs.

Plasmids and site-directed mutagenesis

Human WDR34 was cloned in pCMS-EGFP vector and the
plasmid was kindly provided by Prof. Zhiheng Xu of Chinese
Academy of Science. Mutations to WDR34 plasmids were
generated using the KOD-Plus-Mutagenesis Kit (TOYOBO,
Japan). The primers used for site-directed mutagenesis are as
follows: G393S-Forward: 5'-ttc tcc cce cac gge agt ccc atc tac
tct g-3/, G393S-Reverse: 5'-cag agt aga tgg gac tgc cgt ggg
ggg aga a-3/, Y437C-Forward: 5'-agc tct ccc tca agt gte tgt ttg
ctg tgc g-3’, Y437C Reverse: 5'-cgc aca gca aac aga cac ttg
agg gag agc t-3'. All plasmids were verified by DNA
sequencing. TOPFlash-luciferase reporter plasmid was
obtained from Upstate Biotechnology Inc., now Millipore,
USA. pFR-luciferase reporter and pFA22-c-Jun plasmids
were obtained from Agilent technology, Santa Clara, CA,
USA. DNA concentrations were examined by using Nano-
Drop 2000 (Thermo Fisher Scientific, USA).

In vitro transcription of amplified cDNA

The WDR34 vectors were linearized with Notl restriction
enzyme (New England Biolabs, Ipswich, MA, USA)
and in vitro transcribed with the Sp6 mMESSAGE mMA-
CHINE kit (Thermo Fisher Scientific, USA). The reaction
was carried out at 37 °C for 2 h, followed by the addition
of DNase I and incubation for 15 min. RNA was isolated
by phenol/chloroform extraction and 2-propanol precipita-
tion. After centrifugation, the RNA pellet was re-suspended
in RNase-free water, and the quantity and purity
were determined by UV  spectrophotometry and
electrophoresis.
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Zebrafish embryo microinjections

The wild-type (WT) AB zebrafish strain was maintained
and bred under standard conditions. The WDR34 mRNA
was diluted in RNA-free water. Morpholino oligos (MOs)
for wdr34 were same to the previous report [32]. To
examine their effect of rescuing, we injected 2.3 nl of the
following solution into zebrafish embryos during the 1-2
cell stage. The injected solutions were 50 ng/ul or 100 ng/ul
mRNA of WT or WDR34 mutants (115pg or 230 pg
mRNA was injected for each mRNA) mixed with 0.3 mM
wdr34 MOs, respectively. In the overexpression experi-
ment, 2.3 nl of each mRNA was injected at a concentration
of 50 ng/ul, resulting of 115 pg mRNA injected into each
zebrafish embryo during the 1-2 cell stage. After injection,
the embryos were allowed to develop at 28.5 °C for 48 h.
Phenotypes were observed by microscopy and scored. And
images were taken using a Leica MZ95 microscope system.
Statistical significance was calculated using online two-
tailed Fisher’s exact test tool (www.langsrud.com/stat/
fisher.htm). Both zebrafish wdr34 MOs and control MOs
were purchased from Gene Tools, LLC. The sequences of
zebrafish wdr34 MOs and control MOs are listed below:
Control MO 5-CCT CTT ACC TCA GTT ACA ATT
TAT A-3’
wdr34 MO 5-ACA ATA AAC TGT TAC CGG CCA
AAT C-3/

Cell culture and luciferase assay

HEK?293T cells were grown in DMEM supplemented with
10% FBS and 1% Penicillin—Streptomycin Solution. In
TOPFash luciferase reporter experiment, HEK293T cells
were transfected (24 h after 1 x 10e5 seeding in 24-well
plate, 80% confluence) with 375ng of WT or mutant
WDR34/ empty vector plasmids, 125ng TOPFlash-
luciferase reporter, and 10ng of the Renilla-luciferase
expression plasmid (Promega, Madison, WI, USA) per
well using Lipofectamine 2000 (Thermo Fisher Scientific,
Waltham, MA, USA). After 24 h in transfection media, cells
were overlaid with WNT-3a conditioned media. Condi-
tioned medium was harvested from WNT-3a secreting cells
L Wnt-3A (CRL-2647, ATCC) per manufacturer’s
instructions. Cells were harvested after 12-h incubation and
the Promega Dual Luciferase Assay System was used per
manufacturer’s instructions. pFR-luciferase reporter plas-
mid was used to evaluate PCP signaling. Cells were trans-
fected with 65 ng pFR-luciferase reporter, 60 ng pFA2-c-
Jun construct and 375 ng various WDR34 constructs with
10ng Renilla-luciferase plasmid. Gli-luciferase reporter
plasmid was used to evaluate SHH signaling. Cells were
transfected with 65ng SHH plasmid or control pCMV6-
Entry plasmid, 200 ng Gli reporter, and 240 ng various

WDR34 constructs of either WT or mutant of p.G393S or p.
Y437C with 10ng Renilla-luciferase plasmid. The firefly
and Renilla-luciferase activities in cell lysates were mea-
sured 24 h after transfection for PCP and SHH signaling. At
least three independent transfection experiments were per-
formed, and each luciferase assay was performed in tripli-
cate. Statistical significance was calculated using a two-
tailed #-test in Microsoft Excel.

Western blot

HEK293T cells were transfected with WT or mutant WDR34
in six-well plates using Lipofectamine 2000 (Thermo Fisher
Scientific, USA) with a 0.5:1 ratio of reagent to DNA. After
36h, HEK293T cells were lysed in medium RIPA buffer
(#P0013C, Beyotime, China) with additional cocktail of
protease inhibitors (Roche, Basel, Switzerland) and heated for
5 min at 100 °C. Cell lysates were analyzed by 10% SDS gel
electrophoresis and transferred onto PVDF membranes
(Merck Millipore, USA). Blocking of the membrane was
done with 5% nonfat milk in Tris-buffered saline containing
0.1% Tween-20. Then we incubated the membrane with
mouse anti-Flag tag monoclonal antibody (1:1000; 66008-2-
Ig; Proteintech, Chicago, IL, USA), mouse antibeta-actin
monoclonal antibody (1:2000; A1978; Sigma-Aldrich, St.
Louis, MO, USA) at 4 °C overnight, and then with Horse-
radish peroxidase-conjugated antimouse IgG secondary anti-
body (1:10,000; #7076; Cell signaling technolog, USA) for 1
h at room temperature and visualized with a Tanon 138 Gel
imaging system (Tanon Science & Technology, China). Band
density was quantified with Image] and ratios of Flag-
WDR34 relative to p-actin were used to measure the
expression of WT and mutant WDR34 protein. Three inde-
pendent experiments were performed and representative
results were shown.

RT-qPCR

HEK293T cells were transfected with WT or mutant
WDR34 in six-well plates using Lipofectamine 2000
(Thermo Fisher Scientific, USA) with a 0.5:1 ratio of
reagent to DNA. After 36h, total RNA from
HEK293T cells were extracted by using Trizol reagent
(#15596026, Life technologies, USA).

Reverse transcription was performed with FastQuant RT
Kit (With gDNase) (#KR106-02, Tiangen Biotech (Beijing)
Co., Ltd) and RT-qPCR was performed by using ChamQ
Universal SYBR qPCR Master Mix kit (#Q711-03,
Vazyme, USA) to quantify the mRNA expression changes
of SHH/PCP signaling target genes, including GLII and
JNK. Expression levels were calculated using the AACT
method. GAPDH levels were used to normalize the gene-
specific expression levels. Student’s ¢ test for paired samples

SPRINGER NATURE


http://www.langsrud.com/stat/fisher.htm
http://www.langsrud.com/stat/fisher.htm

988 H. Yin et al.

was used to determine statistical significance. The sequence £ g B é
of primers are as follows: E‘ ‘é . §‘ § %
GLII Forward: 5-AGC GTG AGC CTG AAT CTG TG-3’ g E g g = ;:'2 3
GLIl Reverse: 5-CAG CAT GTA CTG GGC 5% £5 28 g £ |2
TTT GAA-3' £3 5%sz 7 |E
JNK Forward: 5-TGT GTG GAA TCA AGC 8- B3 TEf i |3
ACC TTC-3' 32 33858 3% |&
JNK Reverse: 5-AGG CGT CAT CAT AAA ACT SE &7 g?sg R
CGT TC-3/ 55 -2 588 223
WDR34 Forward: 5'-TCT GGG AAA GGT GAC g Epy EESELEE|E
I~ 4 28 a2 3 E 2 as R
ZVTD(I:?.3F4GTR§Iverse: 5-CCC TTG TTC CGT GAA é’ 8 EE ZE 3% g Zg %
GAPDH Forward: 5-CAT CAA GAA GGT GGT < §
GAA GC-3/ 5 B o
GAPDH Reverse: 5'-GTT GTC ATA CCA GGA AAT £ % g o % S
GAG C-3/ 2o - |
. g
Results <2 |& SIS = |8
5 N
Identification of rare mutations of WDR34 in ” : E f CU; 2
Chinese anencephaly cases 2|2 7 & % 2 |8
£ |© < < < < )
We identified three heterozygous missense mutation in a o 3
WDR34 c. 1066G>A (p.G356S), c. 1177G>A (p.G393S) i 5 =2 %“%D EE‘) 5
and c. 1310A>G (p.Y437C) in four NTD patients by whole o 2} 2 éﬁ 3 éﬁ 3 éﬂ s
genome sequencing [26]. G393S were not previously % £ £ E £ 8 £ 2
reported in the 1000 Genome Project [27]. G393S and =z - @ @ R=
Y437C mutations were predicted as deleterious/damaging kS g % g ,§
by SIFT and Polyphen-2 (Table 1). Therefore, we focused é E %3 % % §
on these two potential disease causing mutations in the § @ & A - % %
following study. Both G393 and Y437 are highly conserved E i\ e b= 2
amino acids located in WD domain (Fig. 1), suggesting that § Z 7 = § é 53
they are important for protein function. é i m<)] e © e k= g
) g
Both WDR34 mutations affect SHH signaling and § % S %
G393S mutant also affect PCP signaling g |8 T T T 19§
£1% s ¢ 2 |23
We first examined the effect of these mutants in protein "é = “ - “ E E
expression level. Either mutations did not affect the 3 n 2 é
expression level when they were overexpressed in g = g4 § 5 2
HEK293T cells (Fig. 2a). As WDR34 is reported to be g =00 | o o S = @
involved in SHH signaling, we tested the effect of these % " - _ %é <QC
mutations on SHH signaling. Firstly, we performed luci- 5 %Cg'f § - § £ £z g
ferase reporter assay. As shown in Fig. 2b, overexpression £ - - = 5 § 5
of WT WDR34 significantly increased the SHH signaling - g ;uo; g E
when the Gli reporter is activated by SHH. The activated § E 8 2 2 g . Z g
SHH signaling was significantly less than WT WDR34 = g @ % § £ % %’ E
when either G393S or Y437C was co-expressed. We also % « « o 2 ﬁ 5 g
examined the expression level of endogenous GLII when S 5 b B 2 <zC ‘o é :%
HEK?293T cells were transfected with either WT or mutant 2 § § E E @ é &z
WDR34 expressing plasmids (n=4). Similarly, the S| = S S O £0 S &
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A G393S Y437C [l WD domain
Vv
B
c.1M77G>A c.1310A>G

G G CGA G T C G T AG T C T

C
c.1177G>A; p.G393S ¢.1310A>G; p.Y437C

Human FTFSPHGGPI YSVSCSP LTSLQLSLK YLFAVRWSP
Chimpanzee FTFSPHGGPI YSVSCSP LTSLQLSLK YLFAVRWSP
Horse FTFSPHGGPVYSVSCSP LTSLQLSHKYLFAVRWSP
Cattle FTFAPHGGPVYSVSCSP LI SLQLSTK YLFCVRWSP
Mouse FTFSPHGGPVYSVSCSP LTSLQLSHKYLFAVRWSP
Norway rat FTFSPHGGPVYSVSCSP LTSLQLSHKYLFAVRWSP
Chicken LAFSPHS GPLYSVSCSP LTSLQLSLK YLFAVRWSP
Zebrafish FSFSPRGGPI HSVHFSP LLALRVSDSYVFGVRWSP

Fig. 1 G393S and Y437C mutations in WDR34 were identified in our
NTDs cohort. a Illustration of WDR34 protein structure, marked with
two mutations identified in NTD cohorts. b Sequencing results of the
WDR34 mutation. WD domain is colored blue. The arrows indicate the
heterozygous nucleotides of each mutation. ¢ A partial alignment of
WDR34 amino acid sequence between human and several other ver-
tebrates. The WDR34 variants found in NTDs affect highly conserved
residues. NCBI accession numbers for WDR34 protein orthologs
are: NP_443076.2 for human; XP_001160437.1 for chimpanzee;
XP_023484820.1 for horse; NP_001193134.1 for cattle;
NP_001008498.2 for mouse; NP_001005542.2 for Norway rat;
XP_415494.2 for chicken; NP_001099160.1 for zebrafish

endogenous GLII expression level was significantly
increased by WT WDR34 and such activation effect was
lost when G393S or Y437C was overexpressed (Fig. 2c).
Therefore, both G393S and Y437C mutants are loss-of-
function mutations in SHH signaling. We also tested the
effects of these two mutations on both canonical WNT and
the planar cell polarity (PCP) signaling. The activity of
WNT/B-catenin signaling is detected by using the TOPFlash
reporter, a f-catenin-responsive reporter. The PCP signaling
is detected by the pFR and pFA2-c-Jun reporter system.
Each reporter system was co-transfected with either WT or
WDR34 mutants into HEK293T cells. The TOPFlash
reporter activity was significantly inhibited by co-
transfection of WT WDR34. When two mutants WDR34
were co-transfected, the inhibition effect on TOPFlash
activity was not different from WT WDR34 (Fig. 2d). The
PCP reporter luciferase activity was significantly increased
by the co-transfection of WT and Y437C WDR34 (n = 3).
But the PCP reporter activity is not changed with co-
transfection of G393S WDR34 when compared to the
control empty vector (n =4, Fig. 2e). To confirm the effect
on PCP signaling, we also examined the expression level of
endogenous JNK, a PCP downstream target gene, when

HEK?293T cells were transfected with either WT or mutant
WDR34 expressing plasmids (n =4). As shown in Fig. 2f,
the endogenous JNK expression level was significantly
elevated by WT WDR34 but such elevation was lost when
G393S mutant was overexpressed. Our results showed that
WT WDR34 could inhibit the WNT/B-catenin signaling
while activating PCP signaling in HEK293T cells
(Fig. 2d—f). The Y437C mutant did not show any difference
to WT WDR34 in either WNT/f-catenin inhibition or PCP
signaling activation. Surprisingly, the G393S mutant lost
the ability to activate PCP signaling (Fig. 2e, f).

Human WDR34 mutations Y437C and G393S caused
neural tube and heart defects in zebrafish

To investigate the in vivo effect of these WDR34 mutations
on neural tube development, we used zebrafish model. MOs
knockdown for zebrafish wdr34 caused high ratio of NTDs
(Fig. 3a, c) and pericardial abnormalities (Fig. 3b, e) in
zebrafish embryos which are similar to previous report [32].
Within the MO injected fish, 63.4% showed abnormal
curving and 60.5% showed dilated pericardium (Fig. 3c, e).

Either WT or mutated WDR34 were injected alone into
zebrafish embryos to test the effect of overexpression of these
proteins. A significantly higher frequency of NTDs and
pericardial abnormalities were observed in zebrafish embryos
injected with both WT and mutant WDR34 (Fig. 3d, f). We
next conducted rescue experiment with either WT or mutant
human WDR34 (Fig. 3c). We co-injected embryos with
wdr34 MOs and either WT or mutant human WDR34
mRNA. The frequency of NTDs caused by MOs knock-
down was significantly reduced by co-injection of WT
WDR34. Both mutants had significantly less rescuing
effects at the same concentration. To be noticed, at lower
dosage (115ng), WT WDR34 did not increase the ratio
of normal embryos, but it significantly reduced the ratio of
embryos with severe phenotype and increased the ratio of
embryos with mild phenotype. At this dosage, G393S did
not have any rescuing effect; while Y437C had similar
rescuing effect to WT WDR34 (Fig. 3c). For pericardial
abnormalities, WT WDR34 significantly rescued the ratio
of normal embryos at both dosages and Y437C had com-
parable rescuing ability to WT WDR34. Again, G393S
mutation had much less rescuing effect on heart compared
to WT WDR34 (Fig. 3e).

Discussion

In this study, we identified two potential disease causing
mutations (c.1177G>A; p.G393S and c.1310A>G; p.
Y437C) in WDR34 among a Chinese NTD cohort with
mostly anencephaly cases. Surprisingly, WDR34 also
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Fig. 2 Western blot analysis of WDR34 protein and signaling activity
of WDR34. a HEK293T cells transfected with either WT or mutant
WDR34 (Flag-tagged) plasmids. Cell lysates were blotted with anti-
body against either flag or actin, which serves as loading control. The
representative WB images were shown in upper panel and the statis-
tical analysis was shown in lower panel. (n = 3, n.s. not significant P >
0.05). The effects of G393S and Y437C in SHH (b, ¢), WNT/f-catenin
(d), and PCP signaling (e, f) by luciferase reporter assay or RT-qPCR.
In luciferase assay, Gli reporter was used to indicate SHH signaling (b)

activates PCP signaling besides SHH signaling and the
G393S is a loss-of-function mutation in both signaling
pathways. G393S also showed less rescuing ability com-
pared to WT and Y437C WDR34 in zebrafish. Our data
suggested that WDR34 is involved in not only SHH but also
PCP signaling, which is required for proper NTC.

As all known, SHH is important for neural tube pat-
terning. Normally, the loss of activation of SHH signaling
causes holoprosencephaly but not NTDs, However, the
Wdr34 knockout mice exhibit exencephaly [25]. This is not
fitting for the function of WDR34 in activating SHH sig-
naling. On the other hand, mouse mutants with the loss of
inhibition of SHH signaling causes exencephaly, such as
Sufu knockout mouse [22]; and the Gli3 mutant Pdn/Pdn
[23, 24]. These data suggested that WDR34 is probably not
only involved in SHH signaling pathway. NTC starts with
convergent extension (CE), which is the process of
lengthening and narrowing of the initially disc-shaped
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and TOPFlash Reporter was used to indicate WNT/B-catenin signaling
(d). The pFA2-c-Jun and JNK-responsive pFR-luciferase reporter was
used to indicate PCP signaling (e). The effect on the endogenous GLI]
(c) and JNK (f) expression levels were examined by RT-qPCR when
HEK293T cells transfected with either WT or mutant WDR34 plas-
mids. The asterisk indicates a significant difference between WT and
mutant WDR34. All experiments repeated for five times (n=15) in
luciferase assay and four time (n = 4) in RT-qPCR (n.s. not significant
P=0.05; *P<0.05, **P<0.01, ***P <0.001, two-tailed r-test)

neural plate [33]. CE process depends on a noncanonical
WNT signaling cascade, the PCP pathway [34]. Mutations
in PCP genes, such as VANGLI [35] and VANGL2 [36],
have been reported to be associated with NTDs in human.
Mouse models with mutations in the genes of the PCP
pathway also showed very severe NTDs, including cra-
niorachischisis and exencephaly [37, 38]. Here we also
observed that overexpression of WDR34 could activate PCP
signaling and G393S mutant is a loss-of-function mutant in
PCP signaling activation. Therefore, the exencephaly phe-
notypes in Wdr34~'~ mice is likely more due to its function
in the PCP pathway. What is more, although zebrafish does
not have similar neurulation process to human or mouse
[39, 40], it is an excellent model to study CE and the con-
served PCP signaling during its neural tube development
[41]. The MO knockdown of wdr34 in zebrafish showed CE
defects in neural tube (Fig. 3), which is also collaborates
with the function of WDR34 in PCP signaling.
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Fig. 3 MO of wdr34 induced A
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Homozygosity and compound heterozygosity of missense
mutations in the WDR34 gene have been associated with
SRTD11 with or without polydactyly (OMIM number
*613363) [16, 17]. The G393S mutant was previously
identified in two Turkish asphyxiating thoracic dystrophy
patients [17]. One patient has homozygosity of G393S and
the other patient has compound heterozygosity of G393S

with a T514Rfs*11 mutation. Our study is the first report of
WDR34 mutations associated with NTDs in human. Based
on the structure of WDR34 [17, 42], the B-propeller domain
of WDR34 is crucial for its interaction with other dynein-2
components such as the dynein heavy chain. G393 is located
on the surface of the p-propeller domain, which may inter-
fere its interaction with other dynein-2 components.
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Although Y437 is also located in the B-propeller domain, it
is not as close to the surface and on different side of the -
propeller, which might explain its functional difference to
G393 and higher frequency in general populations (Table 1).

We also observed a slight inhibition of canonical WNT
signaling by WDR34 in HEK293T cells (Fig. 2c). A recent
report showed that WDR34 activates canonical WNT sig-
naling in hepatocellular carcinoma [43]. The reason for the
different effects of WDR34 on canonical WNT signaling
between our HEK293T cells and their hepatocellular car-
cinoma cells may due to differences in cell systems, chan-
ges between development and cancer, etc. Interestingly,
they showed interaction of WDR34 to the WNT receptor
Frizzled (Fz). WDR34 also enhances the interaction
between Fz and DvI2 [43]. To be notice, DvI2 is also a key
component of PCP signaling [44] and mutations in DVL2
are associated with NTDs in human [45]. Further investi-
gation will be needed to understand how WDR34 regulate
different signaling pathways.

We observed pericardial abnormalities in our zebrafish
experiments. Despite the difference between zebrafish and
human, the pericardial abnormalities still suggested that
WDR34 may be also involved in heart development and
associated with congenital heart disease (CHD). A recent
forward genetic screening on mutagenesis mouse library
also suggested that “cilia and cilia-transduced cell signaling
have important roles in the pathogenesis of CHD” [46].
Although currently there is no report on WDR34 to be
associated with CHD, it would be interesting to dig deeper
in this matter.

In conclusion, here we reported rare mutations of
WDR34 identified in Chinese anencephaly patients. Our
results showed a new function of WDR34 in activating PCP
signaling. Mutation in WDR34 could contribute to human
NTDs by affecting not only SHH but also PCP signaling.
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