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Bi-allelic variants in WNT7B disrupt the development of multiple organs in humans
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KEY MESSAGES

What is already known on this topic: The combination of Pulmonary hypoplasia/agenesis, Diaphragmatic hernia/eventration, Anophthalmia, and Cardiac defects delineates the PDAC syndrome. Pathogenic variants in two genes involved in the retinoic acid pathway, STRA6 and RARB, were previously known to be involved in this syndrome but explained only a subset of cases.

What this study adds:

We identified WNT7B bi-allelic pathogenic variants in one newborn and two fetuses, from two families, displaying features overlapping with the PDAC syndrome. In a third family, molecular autopsy by proxy in a couple that lost two babies due to lung hypoplasia revealed that both parents where heterozygous for a WNT7B nonsense variation.

How this study might affect research, practice or policy:

This study identified a third PDAC syndrome gene and raises the possibility that PDAC syndrome involves developmental processes that are regulated by an interaction between the retinoic acid and WNT pathways. 

INTRODUCTION

Pulmonary agenesis is a congenital anomaly in which there is complete absence or severe hypoplasia of one or both lungs, estimated to complicate around 1 per 15,000 pregnancies. 1 Very little is known about its genetic basis in humans. Moreover, even if up to 50% of fetuses or newborns with pulmonary agenesis have associated congenital abnormalities, 1 there are very few recognizable syndromes associated with this developmental anomaly. The combination of Pulmonary hypoplasia/agenesis, Diaphragmatic hernia/eventration, Anophthalmia, and Cardiac defects delineates one such syndrome: the PDAC syndrome, also known as Matthew-Wood syndrome (MWS), Spear syndrome or MCOPS9 (MIM 601186). Pathogenic variants in two genes, namely STRA6 (MIM 610745; autosomal recessive inheritance) and RARB (MIM 615524; autosomal dominant and recessive inheritance) have previously been identified in PDAC-affected individuals. 2 3 Many cases of PDAC syndrome, however, remain unexplained. By using exome sequencing (ES), we identified biallelic likely deleterious variants in WNT7B in 3 families with phenotypes consistent with PDAC syndrome. In order to confirm the link between WNT7B pathogenic variants, we studied wnt7ba and wnt7bb mutant zebrafish lines.

We finally developed in vitro functional analyses to confirm the deleterious effect of the identified variants in our patients. Our results suggest that bi-allelic variants in WNT7B cause a polymalformative disorder that overlaps with the PDAC syndrome. 

METHODS

Patients and molecular screening

We first performed ES in three patients with features of the PDAC syndrome (patients 1 to 3). To identify potentially pathogenic variants in exomes, we filtered out synonymous variants, intronic variants other than those affecting the consensus splice sites, and variants with a minor allele frequency greater than 0.5% in public (1000 Genomes, EVS, dbSNP138, GnomAD) and local (CHU Sainte-Justine Research Center exome dataset) databases. We next query variants affecting the same genes within the 3 screened individuals, as de novo, homozygous and compound heterozygous variants for each individual.

Seventeen additional patients (patients 4 to 20) with features of the PDAC syndrome and no identified pathogenic variants in STRA6 and RARB were also screened by Sanger sequencing of all WNT7B coding exons using the primers listed in Table S1 (patients 4 to 20). Finally, four patients from two families were identified by GeneMatcher 4 as they harbor rare variants in WNT7B (Patients 21 to 24). In these families, molecular screening was performed by ES for patient 21 and the parents of patients 23 and 24. Sanger sequencing was used to investigate the presence of the familial variants in patient 22. Phenotype of these 24 patients are summarized in Table S2. Variants numbering refers to the NM_058238.2 WNT7B isoform.

Study of wnt7ba and wnt7bb mutant zebrafish lines

The zebrafish genome contains two orthologs of WNT7B, wnt7ba and wnt7bb, whose corresponding proteins share an identity of 85 % and 89 %, respectively, with their human homolog. [START_REF] Beretta | All four zebrafish Wnt7 genes are expressed during early brain development[END_REF] The wnt7ba (sa31394) and wnt7bb (sa24585) mutant zebrafish lines were generated at Adult zebrafish (7-9 months old) were analysed by X-ray and histological analysis. Fishes were sacrificed by prolonged immersion (10 min) in Benzocaine, (375µg/l) and X-rayed using a Faxitron (MX-20DC12). Whole fish were fixed overnight in 4% paraformaldehyde at 4°C, decalcified in a 0.5 M EDTA pH 8.0 solution for 10 days at 4°C and embedded in paraffin. Cross (head) or coronal (body) sections of 4 µm were stained with hematoxylin-eosin (H&E ; eyes and heart) or Periodic acid-Schiff (PAS ; kidney).

Functional analyses

In vitro functional analysis. WNT7B cDNA was cloned into the pCMV-SPORT6 vector (Invitrogen) in frame with a green fluorescent protein (gfp) cassette. Site-directed mutagenesis (Invitrogen) was used to introduce the variants into the WNT7B cDNA. HEK293T cells were plated to 60 to 80 % confluency in 96-well plates and subsequently transfected with plasmids expressing WNT7B (WT or mutant; 75 ng), Renilla luciferase (125 pg), TOPFlash/FOPFlash (25 ng) and LRP5 (25 ng). LRP5 cooperatively activates canonical Wnt signaling with WNT7B. [START_REF] Wang | Wnt7b activates canonical signaling in epithelial and vascular smooth muscle cells through interactions with Fzd1, Fzd10, and LRP5[END_REF] Luciferase activity was assayed 24 hours after transfection, using a dual-luciferase reporter assay system (Promega).

The level of luciferase activity was calculated as a TOPFlash/FOPFlash reporter ratio excluding the effect of the minimal promoter activity. Renilla luciferase was used as a normalizer. The luciferase activity of the empty vector was set to 1. Results are presented as the mean ± SEM of at least three independent experiments performed in triplicate. 

RESULTS

Identification of candidate biallelic WNT7B variants

-Family 1: We studied a female fetus who displayed a phenotype consistent with PDAC syndrome but without any pathogenic variant in STRA6 or RARB (Fig. 1A, Table S2, P1). Briefly, the pregnancy was terminated at 35 6/7 weeks of gestation because of the presence of several abnormalities on the obstetrical ultrasound, including polyhydramnios, bilateral microphthalmia, retrognathia, atrial septal defect, poor cortico-medullary differentiation of the kidneys and a large bladder. Nuchal translucency was 1mm at 12 weeks of gestation. The fetus weighed 2060 grams (10 th centile). The autopsy revealed multiple major abnormalities, including microphthalmia with dysplastic retina (Fig. 2), choanal atresia, agenesis of the larynx and trachea, bilateral pulmonary agenesis, atrial septal defect, diaphragmatic eventration, and hypoplastic kidneys (combined weight: 10.3 grams; reference values: 20 +/-4 grams) with pyelocalyceal dilatation and medullary cysts involving distal and collecting tubules (Fig. 2). Dysmorphic features including tall forehead, frontal hirsutism, large anterior fontanel, small palpebral fissures, flat nasal bridge, microretrognathia. Neuropathological examination did not reveal any gross nor microscopic brain abnormalities. The parents were first cousins and originated from Tunisia.

Because of the parental consanguinity in this family, we analyzed the ES dataset of the affected fetus for rare homozygous variants. We identified 11 variants meeting these criteria (Table S3). Because of the presence of microphthalmia, we next focused our attention on variants in genes associated with eye development. By using the integrated Systems Tool for Eye gene discovery (iSyTE), we found that 2 of these variants (p.(Arg98*) in WNT7B and p.(Arg1281Lys) in TRIOBP)

were expressed during eye development. TRIOBP pathogenic variants have previously been [START_REF] Shahin | Mutations in a novel isoform of TRIOBP that encodes a filamentous-actin binding protein are responsible for DFNB28 recessive nonsyndromic hearing loss[END_REF] , and thus, the highest priority variant was the homozygous nonsense variant in WNT7B (c.292C>T, p.(Arg98*)). Consistent with a recessive mode of inheritance, the c.292C>T variant in WNT7B was further confirmed by Sanger sequencing to be homozygous in the proband and heterozygous in the parents (Fig. 1A).

The WNT7B gene includes 4 exons, which encode a 349 amino-acid growth factor that comprises N-and C-terminal domains connected by a linker (Fig 1B). The c.292C>T variant in WNT7B is absent from public SNP databases (1000 Genomes, EVS, dbSNP138, GnomAD) and from CHU Sainte-Justine Research Center exome dataset (n>1000). It is located in the second exon, which is present in all 5 known WNT7B isoforms. The c.292C>T variant is likely inducing a loss of WNT7B function as it is predicted to abolish the C-terminal part of the protein encoded by exons 3 and 4, which binds to the Frizzled receptors (Fig. 1B). [START_REF] Janda | Structural basis of Wnt recognition by Frizzled[END_REF] Indeed, deletion of exon 3 and 4 results in a null allele in mice. [START_REF] Parr | Wnt7b regulates placental development in mice[END_REF] In addition, the c.292C>T variant may induce degradation of the transcript through the non-sense mediated mRNA decay system triggered upon the association of UPF1 with an Exon Junction Complexe. [START_REF] Kurosaki | Nonsense-mediated mRNA decay in humans at a glance[END_REF] We next used Sanger sequencing to search for rare variants in WNT7B in 17 additional individuals with features of the PDAC syndrome. This screen did not reveal any candidate variant in this gene. We then queried WNT7B in GeneMatcher, a freely accessible website that enables the identification of individuals with variants in candidate genes. We identified three matches for WNT7B, which correspond to the families described hereafter (Families 2, and 3):

-Family 2 is non-consanguineous and from the UK. The proband, a female, was born at 37 weeks of gestation following a pregnancy with late polyhydramnios. She died quickly after birth were major abnormalities of the respiratory and cardiovascular systems with marked pulmonary hypoplasia (combined lung weight = 3.66 g, 10% of that expected), tracheomalacia affecting much of the trachea, and a small proximal trachea-oesophageal fistula. Histology of the left lung showed primarily bronchial structures although the right lung was more appropriate for gestational age.

(Fig 1A,
There was total anomalous pulmonary venous drainage (TAPVD) with an absent right pulmonary vein, a small left pulmonary vein of uncertain course, an absent right pulmonary artery and extremely small left pulmonary artery. There was also a large secundum atrial septum defect and the diaphragms appeared elevated although they were not deficient. Kidneys were hypoplastic with scattered sclerosed glomeruli. The eyes were not examined. Brain displays severe autolysis but no specific abnormalities was identified and prenatal ultrasound scans did not reveal any cerebral anomaly.

The second pregnancy was interrupted at 24 weeks of gestation after ultrasound scan evidenced severe lung hypoplasia with highly placed diaphragms and the heart at the apex of the chest. This fetus (Table S2, P22) displayed retromicrognathia as well as heart and lung anomalies similar to those found in P21, including lung hypoplasia (combined pulmonary weight <10% of that expected), total anomalous pulmonary venous drainage, no pulmonary veins attached to the heart and normal pulmonary arteries. No tracheal abnormality was noted. Kidneys were structurally normal but hypoplastic (weighing 3.26 g combined versus 6.5 +/-2.1 g expected). The eyes showed bilateral microphthalmia (axial length of 9.5 mm) with posterior inferior colobomas in both eyes and a dysplastic retina in the right eye (Fig 3). There was no brain significant abnormality. -Family 3, a healthy consanguineous couple from Tunisia gave birth to two newborn babies who died immediately after birth (at 37 and 39 weeks of gestation, respectively) from respiratory distress and edema (Table S2, P23 and P24). Prenatal ultrasound scans did not reveal any cerebral anomaly.

We have little information regarding these newborns. However, severe lung hypoplasia was documented in both newborns and parietal skull bone softening was observed in one of them. Since the DNA was unavailable from either demised babies, we resorted to a molecular autopsy by proxy approach using ES [START_REF] Shamseldin | Molecular autopsy in maternal-fetal medicine[END_REF] , which revealed that both parents were heterozygous for the p.(Arg98*) variant (Fig 1A). Interestingly, this nonsense variant was also found in Family 1.

The three identified WNT7B variants (c.225C>G, c.292C>T, and c.562G>A) could be classified as pathogenic (class 5) based on the ACMG criteria (Table S4).

Functional validation of candidate variants

In order to demonstrate the deleterious effects of the identified variants on protein function, we conducted in vitro functional studies. We studied the functional impact of the variants on the reflecting more marked instability of the p.Arg89Ter peptide. In vivo, both nonsense variants would be expected to be subjected to nonsense mediated decay, which is not modelled in this assay which uses intronless expression clones. This luciferase assay demonstrates that any transcripts that may escape nonsense mediated decay would not result in functional protein.

Zebrafish mutant lines analysis

We next sought to assess the impact of a loss of wnt7ba and/or wnt7bb on the morphology of adult zebrafish. Compared with wild-type fish, wnt7ba -/-and wnt7bb -/-mutants showed no gross morphological anomalies of the eye, heart and kidney (Fig 5a). However, we observed that the swimbladder of the wnt7bb -/-mutant was formed by a single chamber contrary to the presence of anterior and posterior chambers in the wild-type and wnt7ba -/-counterparts (Fig. 5b). No difference of viability was observed between the wild-type, wnt7ba +/-, wnt7bb +/-, wnt7ba -/-, wnt7bb -/-as well as double heterozygous (wnt7ba +/-;wnt7bb +/-) fish. In contrast, the genotyping of 500 fish from wnt7ba +/-x wnt7bb +/-mating showed the absence of the wnt7ba -/-;wnt7bb -/-genotype at two months of age, suggesting that these two genes have redundant functions for development and/or survival in the zebrafish. 

DISCUSSION

We identified rare and likely deleterious biallelic variants in WNT7B in 3 patients with severe lung hypoplasia from two unrelated families. These patients showed a pattern of malformations, including microphthalmia, lung hypoplasia and cardiac defects, that is similar to the PDAC syndrome. Interestingly, we also identified two siblings from a third family (Family 3) whose parents were carrying the same nonsense variant in WNT7B as in Family 1. Although phenotyping of these siblings was limited, both showed severe lung hypoplasia. It thus appears likely that these siblings were homozygous for the nonsense variant, further supporting the association between WNT7B disruption and lung hypoplasia. The fact that such variants were independently found in multiple unrelated families with a similar pattern of malformations strongly suggests a causal link.

WNT7B belongs to a large family of growth factors that regulate diverse aspects of embryonic development by binding to specific receptors on the cell surface. [START_REF] Nusse | Wnt/beta-Catenin Signaling, Disease, and Emerging Therapeutic Modalities[END_REF] In different tissues, WNT7B functions via distinct signaling pathways, including the canonical ß-catenin pathway 9 13 , the non-canonical planar cell polarity pathway [START_REF] Rosso | Wnt signaling through Dishevelled, Rac and JNK regulates dendritic development[END_REF] and the G-protein-linked PKC delta pathway [START_REF] Tu | Noncanonical Wnt signaling through G protein-linked PKCdelta activation promotes bone formation[END_REF] . In the WNT-ß-catenin pathway, WNT7B binds to a Frizzled receptor and to one of the low-density lipoprotein-related receptor 5 or 6 (LRP5/6), which leads to the stabilization of the transcriptional activator ß-catenin and activation of target genes. Mice with a loss of Wnt7b function die at embryonic day 9.5, before the onset of organogenesis, as Wnt7b is essential for placental development. [START_REF] Parr | Wnt7b regulates placental development in mice[END_REF] Mice homozygous for hypomorphic mutations or for a conditional null mutation induced in cells of the epiblast survive until birth but show severe lung hypoplasia. [START_REF] Shu | Wnt7b regulates mesenchymal proliferation and vascular development in the lung[END_REF] proliferation in both the epithelium and mesenchyme. 17 18 The presence of a similar phenotype of lung hypoplasia in our cases provides some support for the pathogenic involvement of WNT7B.

The swimbladder is an air-filled organ that is a structural homolog of the mammalian lung [START_REF] Torday | Deconvoluting lung evolution using functional/comparative genomics[END_REF] and a suite of genes, including Wnt7b, Nkx2.1, FoxA2, and Gata6, have been shown to be coexpressed during the development of the swimbladder in the zebrafish and of the lung in mice. [START_REF] Rajagopal | Wnt7b stimulates embryonic lung growth by coordinately increasing the replication of epithelium and mesenchyme[END_REF][START_REF] Cass | Expression of a lung developmental cassette in the adult and developing zebrafish swimbladder[END_REF] We found that the knock-out of wnt7bb, but not of wnt7ba, disrupts the development of the swimbladder, suggesting that WNT7B function has been conserved through evolution, being required for the proper development of the swimbladder in fish and of the lung in mammals. We also found that wnt7ba and wnt7bb functions were redundant in the zebrafish. Detailed characterization of double mutants will be necessary to fully understand the function of these genes in this model. Not only is WNT7B required for the development of the lung in mice but it also plays a role in the development of the trachea, eyes and kidneys, all of which are affected in at least some of our patients. For instance, the fetus from Family 1 showed agenesis of the larynx and trachea, and one fetus from Family 2 had tracheal and bronchi cartilage abnormalities. The trachea of mice with a conditional null allele of Wnt7b appears normal in length and diameter but their cartilaginous rings are incomplete. [START_REF] Rajagopal | Wnt7b stimulates embryonic lung growth by coordinately increasing the replication of epithelium and mesenchyme[END_REF] There is additional evidence from organotypic culture studies that canonical WNT signaling is required for tracheal chondrogenesis. [START_REF] Snowball | Endodermal Wnt signaling is required for tracheal cartilage formation[END_REF] WNT7/β-catenin signaling has also been demonstrated to be essential for eye development by controlling morphogenesis of the optic cup and patterning of the ocular tissue, promoting the differentiation of the retinal pigment epithelium, and maintaining the dorsal retinal identity. [START_REF] Fujimura | WNT/beta-Catenin Signaling in Vertebrate Eye Development[END_REF] Wnt7b is strongly expressed in the developing retina and lens in mice. [START_REF] Liu | Characterization of Wnt signaling components and activation of the Wnt canonical pathway in the murine retina[END_REF] 15 implicated in the pathogenesis of microphthalmia and anophthalmia. [START_REF] Williamson | The genetic architecture of microphthalmia, anophthalmia and coloboma[END_REF] Studies performed in mice with a hypomorphic variant in Wnt7b showed that macrophage WNT7B is a short-range paracrine signal required for programmed cell death in the vascular endothelial cells of the temporary hyaloid vessels of the post-natal eye. [START_REF] Lobov | WNT7b mediates macrophage-induced programmed cell death in patterning of the vasculature[END_REF] Moreover, WNT7B variants have previously been associated with myopia and central corneal thickness. 26 27 Our work indicates that WNT7B is also required at earlier stages of eye development. Additional studies in animal models will be necessary to dissect this role at the molecular and cellular levels.

Wnt7b also functions in the developing kidney where it is expressed in the future collecting duct network. [START_REF] Yu | A Wnt7b-dependent pathway regulates the orientation of epithelial cell division and establishes the cortico-medullary axis of the mammalian kidney[END_REF] In Wnt7b conditional null mice, the cortical epithelial development is normal but the medullary zone fails to develop properly, being characterized by the presence of dilated collecting tubules and the poor growth of the loops of Henle. [START_REF] Yu | A Wnt7b-dependent pathway regulates the orientation of epithelial cell division and establishes the cortico-medullary axis of the mammalian kidney[END_REF] The kidneys of the 3 fetuses in Family 1 and 2 were hypoplastic. In addition, the kidneys of the fetus from Family 1 were characterized by the presence of medullary cysts involving distal and collecting tubules dilatation without any involvement of the cortical domain. Overall, these observations suggest that the function of WNT7B in the developing kidney has been conserved in humans.

WNT7B belongs to a family of 19 genes that play critical roles for the development of multiple organs and systems. Less than half of these genes have been associated with rare human disorders, mainly developmental defects affecting the bones, teeth, and skin. [START_REF] Nusse | Wnt/beta-Catenin Signaling, Disease, and Emerging Therapeutic Modalities[END_REF] By involving WNT7B in the pathogenesis of PDAC syndrome, our study thus broadens the spectrum of human developmental disorders caused by disruption of WNT genes. Pathogenic variants in STRA6 and RARB have previously been shown to cause PDAC syndrome. 2 3 Indeed, the phenotypes associated with the disruption of STRA6, RARB and WNT7B are similar, with the involvement of the lungs and kidneys being more frequent in patients with S5). Both STRA6 and RARB are implicated in retinoic acid signaling. Interestingly, some studies indicate that lung hypoplasia associated with retinoic acid deficiency is mediated at least in part by the disruption of WNT signalling. [START_REF] Chen | A retinoic acid-dependent network in the foregut controls formation of the mouse lung primordium[END_REF] All together, these observations thus raise the possibility that some of the features of PDAC syndrome involve developmental processes that are regulated by an interaction between the retinoic acid and WNT pathways. Further studies, however, will be needed to confirm a functional link between STRA6, RARB and WNT7B. . Histological and X-ray analysis of adults zebrafish. (A) Sections of WT and mutants (wnt7ba -/-/ wnt7bb -/-) zebrafish adult kidneys, hearts and eyes (7-9 months old) were stained with PAS and H&E. Homozygous mutants did not appear to have major abnormalities in kidneys, heart and eyes morphology. (B) X-rays reveal severe anomalies of the swimbladder (absence of the posterior chamber indicated by a star) in the wnt7bb -/-mutant (n=10) but not in the wnt7ba -/- paralog. Abbreviations: CD (Collecting duct) ; G (Glomerulus) ; PT (Proximal tubules) ; DT (Distal tubule) ; V (Ventricle) ; BA (Bulbus arteriosus) ; A (Atrium) ; R (Retina) ; L (Lens) ; C (Cornea) ; I (Iris). 

  WES in the first affected patient (P21) in Family 2 revealed the presence of compound heterozygous variants in WNT7B (c.225C>G, p.(Tyr75*) and c.562G>A, p.(Gly188Ser)). Both variants were found by Sanger sequencing in the second affected patient of this family (P22), and https://mc.manuscriptcentral.com/jmedgenet Journal of found to each harbour one of the two identified variants (Fig 1A). The nonsense p.(Tyr75*) is absent from public databases (1000 Genomes, EVS, dbSNP138, GnomAD) and is located in the second exon, as it was also the case for p.(Arg98Ter), found in Family 1. The c.562G>A (p.(Gly188Ser)) is present heterozygous only once among 232162 alleles in GnomAD, and is predicted damaging by several in silico tools (SIFT [score: 0], MutationTaster [p-value:1], Polyphen-2 [HumDiv score: 1; HumVar score: 0.99] and CADD [score:26]). The involved amino acid belongs to a stretch of residues that are conserved in mammals, chicken and zebrafish (Fig 1C).

  -Catenin signaling pathway using a dual luciferase reporter assay. All three WNT7B variants, p.(Tyr75Ter), p.(Arg98Ter), and p.(Gly188Ser) showed reduced WNT7B signalling compared to the wild-type control (P< 0.001), consistent with the proposed deleterious effect of the identified variants (Fig 4). The p.(Arg98Ter) variant WNT7B signaling was lower compared with the p.(Tyr75Ter) variant (P=0.012) and the p.(Gly188Ser) variant (P<0.001), perhaps

Figure 1 .

 1 Figure 1. WNT7B variants identified in this study. (A) Pedigrees of the three families showing segregation of the variants in WNT7B. (B) Localization of the variants with respect to the primary structure of WNT7B. This protein comprises two structural domains, a large N-terminal (NTD) and a C-terminal domain (CTD), which are connected by a linker sequence. (C) Conservation of the Gly188 residue across various species.

Figure 2 .

 2 Figure 2. Histology and immunohistochemical analysis of the eyes and kidneys of patient 1. (A,B) Eye histology. (A) Left eye (H&E, x0,5): Microphtalmia with global retinal detachment. (B) Right eye (H&E, x0,5): Microphtalmia with retinal rings ("rosettes") at the level of optic nerve insertion. (C-H) Renal histology. (C) Right kidney (H&E, x0,5): Cortico-medullar differentiation is preserved in all renicules, although the renal parenchyma is compressed by pyelo-caliceal dilatation. (D) Right kidney (H&E, x2): Number of medullary cysts surrounded by the immature mesenchymal rings. (E): Right kidney (EMA, x0,5): Right kidney showing the diffuse positivity as expected in distal and collecting tubes. (F) Right kidney (EMA, x2): Note positive staining on all medullary cysts. (G): Right kidney (CD10, x0,5): Right kidney showing the diffuse positivity as expected in glomeruli and proximal tubules. (H) Right kidney (CD10, x2): Negative staining on microcysts in medulla.

Figure 3 .

 3 Figure 3. Histology analysis of the eyes of patient 22. (A) H&E (Haematoxylin and eosin) stained section of the right globe. L=lens; R=retina; S=sclera. The arrow points to a gap in the sclera that indicates the posterior coloboma, through which retina is prolapsing. (B) H&E stained section of the right globe. L=lens; R=retina; S=sclera; ON=optic nerve. This section is parasagittal to the scleral coloboma defect in plate A with the arrow pointing to colobomatous extraocular retinal tissue adjacent to the optic nerve. (C) H&E of the intraocular retina, showing the dysplastic rosettes (arrows). (D) H&E higher power of the colobomatous extraocular retinal tissue adjacent to the optic nerve, showing retinal neuronal cell bodies on the left and the looser eosinophilic glial tissue to the right.

Figure 4 . 23 Figure 5

 4235 Figure 4. Impact of the WNT7B variants on WNT7B signalling in a dual luciferase reporter assay. HEK293T cells were co-transfected with pCMVSPORT6/WNT7B (WT or variant), LRP5, TOPFlash/FOPFlash plasmids, and Renilla plasmid. WNT7B signalling was measured 24 h later by a dual luciferase reporter assay. Experiments were done at least 3 times in triplicate and results are expressed as means ± S.E.M. Asterisks above bars indicate results from a Student's t-test for WNT7B variants or the empty pCMV-SPORT6 vector compared to WT WNT7B (*** p < 0.001). All three variants demonstrated reduced WNT7B signalling compared with the wild-type control.
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 12345 Figure 1. WNT7B variants identified in this study. (A) Pedigrees of the three families showing segregation of the variants in WNT7B. (B) Localization of the variants with respect to the primary structure of WNT7B. This protein comprises two structural domains, a large N-terminal (NTD) and a C-terminal domain (CTD), which are connected by a linker sequence. (C) Conservation of the Gly188 residue across various species. 60x81mm (300 x 300 DPI)
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  18were performed and analysed by FH, CN, NP and FSA. Sanger sequencing were performed by SJ, PC, and NC. Zebrafish studies were performed by SBou, SBoi, LFT, JMR, MM, CN, MD, and SE.In vitro analyses were performed by LGR, RG, DW, IP, and RJ. The first draft of the manuscript was written by SBou, JLM and NC and all authors commented on previous versions of the manuscript. All authors read and approved the final manuscript.
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