Justine Viet 
  
David Reboutier 
  
Serge Hardy 
  
Salil A Lachke 
  
Luc Paillard 
email: luc.paillard@univ-rennes1.fr
  
Carole Gautier-Courteille 
  
Carole Gautier- Courteille 
  
Triveni Menon 
  
Sreelaja Nair 
email: s.nair@tifr.res.in
  
Modeling ocular lens disease in Xenopus

Keywords: Cataract, CRISPR, Pathology, GJA8, PAX6, DNASE2B

come    

INTRODUCTION

The ocular lens is an avascular structure in the eye whose function is to refract and focus light on the retina [START_REF] Cvekl | Signaling and Gene Regulatory Networks in Mammalian Lens Development[END_REF] . A major property of lenses is their transparency, and lens clouding, or cataract, is the leading cause of blindness worldwide. While most cataracts are age-related, there exist congenital cataracts, which can be genetic [START_REF] Shiels | Mutations and mechanisms in congenital and age-related cataracts[END_REF] . Their incidence is 1 to 6 children per 10,000 births [START_REF] Foster | Cataract in children[END_REF][START_REF] Francis | The genetics of childhood cataract[END_REF][START_REF] Shiels | Molecular Genetics of Cataract[END_REF] .

Cataracts are cured by replacing opaque lenses by artificial intraocular lenses. Despite generally excellent outcomes of cataract surgery, post-operative complications can occur, such as capsule rupture and loss of vitreous humour, infections, endophthalmitis or glaucoma. At a longer term, posterior capsular opacification (secondary cataract) results from the proliferation of epithelial cells that remain in the capsular sac after lens removal [START_REF] Nibourg | Prevention of posterior capsular opacification[END_REF][START_REF] Wormstone | Posterior capsule opacification[END_REF] . The annual number of patients with complications is far from negligible considering the high frequency of cataract surgeries. Cataract therefore remains a major public health issue, and a better understanding of the pathophysiological mechanisms that cause it as well as the quest for innovative treatments are highly important [START_REF] Anand | Systems biology of lens development: A paradigm for disease gene discovery in the eye[END_REF] .

While there are several models for cataract research, they vary in their strengths and weaknesses. 2D cell culture models only recapitulate a tiny part of the molecular events leading to cataracts. A 3D cell culture model (lens organoid) was recently developed as a promising in vitro model [START_REF] Murphy | Light-focusing human micro-lenses generated from pluripotent stem cells model lens development and drug-induced cataract in vitro[END_REF] . Animal models of cataract are the zebrafish "cloche" mutants, which tend to have lens defects suggestive of cataracts [START_REF] Goishi | AlphaA-crystallin expression prevents gamma-crystallin insolubility and cataract formation in the zebrafish cloche mutant lens[END_REF] , and mammals like rodents, rabbits or dogs [START_REF] Chan | Animal Models of Ophthalmic Diseases[END_REF] . For ethical and cost reasons, these models cannot be considered for large-scale studies like drug screening.

Xenopus embryos have several advantages as models of human pathologies. They develop externally, and raising hundreds of Xenopus embryos is highly cost-effective. The high number of raised embryos ensures unequalled statistical power of the observations. Xenopus are tetrapods, hence evolutionary closer to humans than other small multicellular models like flies, worms, or even fishes. Xenopus is amenable to F0 reverse genetics, i.e. analyses of phenotypes of larvae developed from genetically modified embryos without any requirement for time-consuming crosses.

However, only a few articles deal with cataract in Xenopus. Knocking-down sparc with antisense morpholinos in Xenopus results in a high mortality due to defective cell-cell adhesion after gastrulation, but surviving tailbuds injected with a reduced amount of morpholino display poorly characterised lens phenotypes evocative of cataract [START_REF] Huynh | Knockdown of SPARC leads to decreased cell-cell adhesion and lens cataracts during post-gastrula development in Xenopus laevis[END_REF] . Knocking-down the orthologues of Developmental Dynamics mammalian cataract genes like TMEM114, CHRLD1, SIPAL3 or CELF1 produces eye phenotypes generally loosely related to cataract [START_REF] Maher | The cataract-associated protein TMEM114, and TMEM235, are glycosylated transmembrane proteins that are distinct from claudin family members[END_REF][START_REF] Pfirrmann | Molecular mechanism of CHRDL1-mediated Xlinked megalocornea in humans and in Xenopus model[END_REF][START_REF] Rothe | An Epha4/Sipa1l3/Wnt pathway regulates eye development and lens maturation[END_REF][START_REF] Siddam | The RNA-binding protein Celf1 posttranscriptionally regulates p27Kip1 and Dnase2b to control fiber cell nuclear degradation in lens development[END_REF] . Hence, whether ocular lens developmental defects, including cataract, can be modelled in Xenopus remains an open question. A prerequisite to modelling cataract is to have a good understanding of normal lens development. A stage series of Xenopus lens development was proposed decades ago [START_REF] Mcdevitt | Ontogeny and localization of the crystallins during embryonic lens development in Xenopus laevis[END_REF] . More recent articles investigate Xenopus lens development, but are limited to early stages up to Nieuwkoop and Faber stage 38-40 18,[START_REF] Ishibashi | Distinct roles of maf genes during Xenopus lens development[END_REF] . In another article, these early stages are compared with a much older stage 50 embryo, but intermediate stages are not described [START_REF] Mizuno | Lens regeneration in Xenopus is not a mere repeat of lens development, with respect to crystallin gene expression[END_REF] . Lens regeneration following lensectomy has also been extensively investigated in amphibians. In Xenopus, lens regeneration was divided into 5 stages characterized by precise cellular and molecular events, and much has been learnt from regeneration studies regarding lens development. However, lens development and lens regeneration are two different phenomena. During development, the lens placode originates from the preplacodal ectoderm whereas it results from cornea transdifferentiation during lens regeneration [START_REF] Henry | Cornea-lens transdifferentiation in the anuran, Xenopus tropicalis[END_REF][START_REF] Henry | Molecular and cellular aspects of amphibian lens regeneration[END_REF][START_REF] Servetnick | Lens induction in axolotls: comparison with inductive signaling mechanisms in Xenopus laevis[END_REF][START_REF] Vergara | Lens regeneration: a historical perspective[END_REF] .

Furthermore, gene expression patterns differ between lens development and regeneration [START_REF] Mizuno | Lens regeneration in Xenopus is not a mere repeat of lens development, with respect to crystallin gene expression[END_REF][START_REF] Malloch | Gene Expression Profiles of Lens Regeneration and Development in Xenopus laevis[END_REF] .

Hence, while Xenopus lens regeneration and development share many properties, the underlying cellular and molecular mechanisms are not necessarily the same. These observations call for completing the anatomical description of Xenopus lens development. We first describe lens morphogenesis during Xenopus laevis development. Next, to test if cataract can be detected in Xenopus larvae, we disrupt pax6, gja8 and dnase2b by CRISPR/Cas9-mediated genetic engineering. We selected these genes because they are associated with eye defects or cataract in mammals, and can potentially also be associated with lens defects in amphibians. We investigate the consequences of gene inactivation by combining morphological examination with histochemical analyses and functional vision assays. Disrupting these genes leads to eye phenotypes with variable severity that include lens defects that share several features of cataract in humans. We discuss the potential interest of genetically modified Xenopus larvae to screen molecules that may prevent or cure cataracts and to understand the molecular pathobiology of congenital cataracts.

RESULTS

Lens development in Xenopus laevis

Developmental Dynamics

We made a series of sections of Xenopus embryos to generate a developmental time series reference for normal lens development (Figure 1). During early stages of vertebrate development, the presumptive lens ectoderm thickens to form the lens placode, which invaginates [START_REF] Cvekl | Signaling and Gene Regulatory Networks in Mammalian Lens Development[END_REF][START_REF] Ogino | Transcription factors involved in lens development from the preplacodal ectoderm[END_REF] . In Xenopus, this results in an internalised poorly structured cell mass or lens rudiment 18,20 observed at Nieuwkoop and Faber stage 27 (Figure 1A). At stage 32, the presumptive lens is polarized with anterior cells differing in their aspect from posterior cells, and hence is now referred to as a lens vesicle (Figure 1B). At these stages, the apparent detachment of the lens rudiment or vesicle from the sensory ectoderm (Figures 1A-B) is probably artifactual.

In mammals, the posterior cells of the lens vesicle elongate to form primary lens fiber cells, while the anterior cells form an epithelial layer [START_REF] Cvekl | Signaling and Gene Regulatory Networks in Mammalian Lens Development[END_REF][START_REF] Ogino | Transcription factors involved in lens development from the preplacodal ectoderm[END_REF][START_REF] Rao | The role of the lens actin cytoskeleton in fiber cell elongation and differentiation[END_REF][START_REF] Wride | Lens fibre cell differentiation and organelle loss: many paths lead to clarity[END_REF] . This is comparable to Xenopus stage 38, when a layer of epithelial cells surrounds the primary fiber cells (Figure 1C). The primary fiber cells were reported to form between stages 35 and 41 18 . The primary lens fiber cells then progressively lose their nuclei and other organelles. Kariolysis is detected at Xenopus stage 41 (Figure 1D). The high magnification of stage 41 lens reveals the absence of nuclei in the centralmost fiber cells (Figure 1D').

In mammals, the anterior epithelium is the place of cell divisions. In the so-called transition zone in the equatorial region of the lens, epithelial cells exit the cell cycle, and initiate differentiation into secondary fiber cells which internalize. These secondary fiber cells progressively form rings around the primary fiber cells. This results in a lens nucleus made of the original primary fiber cells and a lens cortex made of the secondary fiber cells. The gradual loss of organelles and nuclei in the fiber cells, and their elongation along the antero-posterior axis corresponding to the light path, support lens transparency and light transmission toward the retina [START_REF] Cvekl | Signaling and Gene Regulatory Networks in Mammalian Lens Development[END_REF][START_REF] Ogino | Transcription factors involved in lens development from the preplacodal ectoderm[END_REF][START_REF] Rao | The role of the lens actin cytoskeleton in fiber cell elongation and differentiation[END_REF][START_REF] Wride | Lens fibre cell differentiation and organelle loss: many paths lead to clarity[END_REF] . This is essentially the same situation in stage 44 Xenopus larvae. However, while in mammals the epithelium is essentially anterior, it seems to cover the fiber cells both anteriorly and posteriorly in Xenopus (Figure 1E). At stage 47, only the epithelial cells that surround the lens have retained their nuclei. The inner fibers are oriented around the antero-posterior axis and the lens is in the form of many concentric layers (Figure 1F,F'). At stage 48 (Figure 1G), the lens has grown further and has the same structure as in adults 29 .
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Strong alterations of eye development in pax6 crispants pax6 is a key transcription factor regulator gene in eye development [START_REF] Altmann | Lens induction by Pax-6 in Xenopus laevis[END_REF][START_REF] Chow | Pax6 induces ectopic eyes in a vertebrate[END_REF][START_REF] Halder | Induction of ectopic eyes by targeted expression of the eyeless gene in Drosophila[END_REF][START_REF] Onuma | Conservation of Pax 6 function and upstream activation by Notch signaling in eye development of frogs and flies[END_REF] , and TALENmediated inactivation of pax6 gene has been described both in X. laevis and X. tropicalis [START_REF] Nakayama | Xenopus pax6 mutants affect eye development and other organ systems, and have phenotypic similarities to human aniridia patients[END_REF][START_REF] Suzuki | High efficiency TALENs enable F0 functional analysis by targeted gene disruption in Xenopus laevis embryos[END_REF] . To demonstrate that eye phenotypes can readily be observed following CRISPR/Cas9 mediated gene engineering, we co-injected Cas9 nuclease with a single sgRNA against pax6 exon 5 in X. laevis embryos soon after fertilization. X. laevis is allotetraploid, and homoeologous genes (pairs of homologous genes found together in the same allopolyploid genome) are distinguished by their suffix ".L" and ".S" [START_REF] Session | Genome evolution in the allotetraploid frog Xenopus laevis[END_REF] . The region targeted by the pax6 sgRNA is fully conserved between pax6.L and pax6.S. We amplified and sequenced the targeted loci with homoeologous-specific primers.

Figure 2A shows the Sanger chromatograms obtained by sequencing the pax6.L and pax6.S loci amplified from one control and one sgRNA and Cas9-injected embryo. In the edited tadpole, several nucleotides are overlaid at each position around the cleavage site, revealing its mosaicism. We used the ICE (Inference of CRISPR Edits) software to infer the composition of this mixture of sequences [START_REF] Hsiau | Inference of CRISPR Edits from Sanger Trace Data[END_REF] . For each chromatogram, ICE returns a percentage of sequences with insertions-deletions (InDels), which is a proxy for the efficiency of genome editing. ICE analysis revelead genome editing efficiencies in several embryos to be close to 100%, both for pax6.L and pax6.S (Figure 2B).

As compared with control larvae (Figure 2C, upper panel), disrupting pax6 does not strongly modify the overall morphology of stage 41-42 larvae (Figures 2D-E, upper panels). However, eye morphologies of pax6 crispants are affected in the injected embryos. The affected eyes have different aspects, as shown in Figures 2D-E, middle panels. Overall, the number of tadpoles with defective eye morphology is close to 95% (Figure 2F). Sections reveal no lens and a highly disorganised and/or hypotrophied retina (Figures 2D-E, lower panels). To confirm these data, we designed another sgRNA against pax6 exon 5. Gene inactivation mediated by this second sgRNA leads to externally visible eye defects in 84% of the injected tadpoles (Figure 2F), confirming gene editing specificity.

We expected this abnormal eye structure to lead to blindness. To test this hypothesis, we set up a functional vision assay in Xenopus larvae. This assay relies on the preference of tadpoles for white when placed in a tank with both white and black sides [START_REF] Viczian | A simple behavioral assay for testing visual function in Xenopus laevis[END_REF] . Within a pool of 10 tadpoles, we Developmental Dynamics counted the number on the white side every minute for 10 minutes. We repeated this experiment for 8 independent pools. While the cumulative number of tadpoles on white would be close to 50 (corresponding to 50% of the time spent on white) if the tadpoles had no preference for the white side, we observed that control tadpoles spend around 80% of their time on the white side (95% confidence interval [67; 86]). pax6 crispants spend almost the same time on either the white or black background (95% confidence interval of the percentage of time spent on white [50; 59]) (Figure 2G). This strongly suggests that pax6 crispants are virtually blind, though a defective development of the central nervous system in embryos lacking Pax6 39 may be an alternative explanation to these observations.

Disruption of gja8 causes a strong cataract

In human, GJA8 encodes connexin 50, a transmembrane gap junction protein which supports the diffusion of small molecules between neighbouring lens fibers. Genetic variations of GJA8 cause congenital cataracts [START_REF] Shiels | A missense mutation in the human connexin50 gene (GJA8) underlies autosomal dominant "zonular pulverulent" cataract, on chromosome 1q[END_REF][START_REF] Yi | Epidemiology and molecular genetics of congenital cataracts[END_REF] , but can also be involved in age-related cataracts [START_REF] Yu | The impact of GJA8 SNPs on susceptibility to age-related cataract[END_REF] .

We tested if inactivating gja8 in X. laevis could model human cataracts by co-injecting Cas9 nuclease and a sgRNA directed against gja8 exon 1. This sgRNA is expected to target both gja8 homoeologous genes. We separately sequenced gja8.L and gja8.S loci after homoeologous locusspecific amplification to assess gene targeting efficiency. Sanger chromatograms confirmed the mosaicism of gja8 crispants (Figure 3A). ICE analysis revealed that gja8 crispants contain around 80% InDels at gja8.L and gja8.S loci (Figure 3B). To confirm the ICE data, we subcloned one gja8.L amplimere and we sequenced 13 subclones. The obtained sequences and their number of occurences are consistent with the ICE results (Figure 3C). Together, these data show that the gja8 sgRNA targets both gja8.L and gja8.S with a good efficiency.

The overall morphology of gja8 crispants is completely unaltered, compared with sibling buffer-injected embryos (Figures 3D,E, upper panels). However, the eyes of gja8 crispants have greyish appearance in the central region, which is not observed in control embryos (middle panels). This is highly reminiscent of cataract, where lens clouding impedes light diffusion and correct observation of the dark pigmented retinal epithelium. A large proportion (78%, 213/278) of gja8
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crispants have such a cataract detected under a simple binocular magnifier (Figure 3F). Phenotype specificity was confirmed by injecting another sgRNA against gja8, which leads to a similar cataract phenotype albeit with a reduced efficiency (Figure 3F). Histological sections revealed that the morphology of the eye is essentially unaffected in gja8 crispants (Figure 3D-E, lower panels). The retina has all the cell layers found in control eyes.

However, the lenses are smaller in crispants, and the inner cells of crispant lenses retain their nuclei, demonstrating a defective karyolysis that should have occurred at this stage. DAPI staining of lens sections confirm nuclei retention in gja8 crispant lenses (Figures 3G-H). Phalloidin staining reveals that the actin fibers are aligned along the antero-posterior axis in control lenses (Figure 3G). In mammals, this organisation supports the elongation of lens fiber cells along the light path.

Interestingly, it appears abnormal in gja8 crispant lenses (Figure 3H). Hence, at least two features that challenge lens transparency provide a potential explanation for the development of cataract in gja8 crispants, namely, defective organisation of fiber cells along the antero-posterior axis and the abnormal retention of their nuclei in the central region of the lens. Mice or rabbits disrupted for Gja8 show a reduced size of the lens, an arrest of the differentiation of lens fiber cells, and a retention of nuclei [START_REF] Rong | Disruption of Gja8 (alpha8 connexin) in mice leads to microphthalmia associated with retardation of lens growth and lens fiber maturation[END_REF][START_REF] White | Targeted ablation of connexin50 in mice results in microphthalmia and zonular pulverulent cataracts[END_REF][START_REF] Yuan | CRISPR/Cas9-mediated GJA8 knockout in rabbits recapitulates human congenital cataracts[END_REF] . Hence, our observations in Xenopus recapitulate the phenotypes observed in mammals.

We next asked if lens clouding affects the vision of the tadpoles. In the same functional vision assay as before, gja8 crispants have a preference for the white background, indicating that they are not blind (95% confidence interval of the percentage of time spent on the white side of the tank [58; 65]). However, the crispant embryos spend much less time on white than sibling control embryos (Figure 3I. p = 9.1x10 -4 , Wilcoxon test). Hence, the cataract caused by disrupting the gja8 gene reduces but does not abrogate the visual acuity of Xenopus tadpoles.

Weak cataract in dnase2b crispants

In mice, Dnase2b encodes a nuclease responsible of degrading DNA during lens fiber differentiation, and Dnase2b-KO mice develop cataract associated with nuclei retention [START_REF] Nishimoto | Nuclear cataract caused by a lack of DNA degradation in the mouse eye lens[END_REF] . We asked therefore if inactivating dnase2b in Xenopus also elicits cataract in tadpoles. While dnase2b.S
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gene is annotated in Xenopus laevis 9.1 genome, it is not the case of dnase2b.L. BLAST search identified putative dnase2b.L exons 1 and 2, but the other exons are apparently absent. Hence, there is probably only one functional dnase2b homoeologous gene, dnase2b.S, while dnase2b.L may have evolved as a pseudogene. Nevertheless, we co-injected Cas9 enzyme with a mixture of sgRNA against the first exons of dnase2b.S gene and dnase2b.L possible pseudogene. As we failed to amplify this putative dnase2b.L exon 1, we only assessed the efficiency of dnase2b.S gene editing by Sanger sequencing (Figure 4A) and ICE analysis. Gene editing was moderately efficient, with roughly 50% of InDels (Figure 4B). We found no evidence for lens clouding comparable to what had been observed in gja8 crispants, and most larvae have no eye defect detectable by external observation. However, one fifth of the larvae (46/233) have a smaller eye, with a gap in the ventral part of the retina suggesting chorioretinal coloboma (Figures 4C-D). We assessed the vision of dnase2b crispants. They tend to avoid the dark side of the tank, demonstrating that they are able to distinguish white from black (95% confidence interval of the percentage of time spent on the white side of the tank [61; 71]). However, compared with control embryos, their preference for white is reduced (Figure 4E. p = 3.7x10 -3 , Wilcoxon test). We conclude from these observations that dnase2b crispants have poorer visual acuity, and microphthalmia and possibly coloboma albeit not in a fully penetrant manner.

We made a series of sections to understand the anatomical bases of reduced visual acuity. At stage 41 the posterior poles of both control and dnase2b crispant lenses are made of a layer of several nucleated epithelial cells. However, while this layer corresponds to almost half of the dnase2b crispant lenses, it is much thinner in control lenses (Figures 4F-G). The posterior layer of nucleated cells is also thicker in dnase2b crispant lenses at stage 45 (Figures 4H-I). The most likely explanation for these observations is that, while lens fiber differentiation in control lenses is accompanied by a progressive loss of nuclei, the kariolysis is delayed in dnase2b crispant lenses, resulting in an increased number of nucleated cells within the lens.

Toward screening anti-cataract compounds in Xenopus tadpoles

The above results show that cataract can be elicited in Xenopus tadpoles by genome engineering, and we tested if this model responds to potential anti-cataract compounds. The Developmental Dynamics chemical chaperone 4-phenylbutyrate (4PBA) mitigates cellular defects associated with a GJA8 mutation (Cx50D47N) in HeLa cells and in a mouse model. However, it does not reduce lens opacification [START_REF] Jara | Chemical chaperone treatment improves levels and distributions of connexins in Cx50D47A mouse lenses[END_REF] . We tested if this compound has a detectable effect on gja8 crispant tadpoles. In preliminary experiments, we found that a dose of 0.025 mM 4PBA produces no morphological defect and is apparently not toxic. This is consistent with a previous report in zebrafish where 4PBA was used in a model of dominant osteogenesis imperfecta [START_REF] Gioia | The chaperone activity of 4PBA ameliorates the skeletal phenotype of Chihuahua, a zebrafish model for dominant osteogenesis imperfecta[END_REF] . Indeed, in vision assays, treated and untreated control embryos behave identically (Figure 5, 2 left panels). We treated gja8 crispants with 4PBA for 48h. We found no difference between treated and untreated tadpoles regarding lens clouding in external examination. However, we observed a tendency toward a vision improvement upon 4PBA treatment (p = 0.067, Figure 5, 2 right panels). Hence, 4PBA, which showed a limited capacity to improve pathological issues caused by a GJA8 mutation in HeLa cells and mice, apparently has the same effect in Xenopus gja8 crispants. This suggests that cataract-prone Xenopus tadpoles can be used to test the efficiency of potential anti-cataract drugs.

DISCUSSION

We disrupted three genes in Xenopus laevis by CRISPR/Cas9, and we investigated the resulting eye phenotypes after a few days of development. pax6 crispants have highly severe eye phenotypes, consistent with previous reports [START_REF] Nakayama | Xenopus pax6 mutants affect eye development and other organ systems, and have phenotypic similarities to human aniridia patients[END_REF][START_REF] Suzuki | High efficiency TALENs enable F0 functional analysis by targeted gene disruption in Xenopus laevis embryos[END_REF] . gja8 crispants have lens-specific defects, with clouded lenses directly visible by external observations, and defective karyolysis and organisation of fiber cells in sections. Finally, dnase2b crispants have a wild-type appearance in external observation and a thickened layer of posterior epithelial cells in sections, suggesting a blockage of lens fiber cells differentiation. Interestingly, functional vision assays reflect this graduation. This suggests that these vision assays can prove useful to quantitatively assess cataract severity, for instance in a process of screening potential anti-cataract drugs. Because the molecular chaperone 4PBA was reported to have a limited capacity to mitigate some cellular defects associated with a mutation in GJA8 [START_REF] Jara | Chemical chaperone treatment improves levels and distributions of connexins in Cx50D47A mouse lenses[END_REF] , we tested the same molecule on gja8 crispants. We found that 4PBA may have a weak capacity to improve the vision of gja8 crispants. The weakness of 4PBA may be due to the differences in the nature of the GJA8 mutations between our study and the previous study (i.e. Cx50D47A). In any case, this data reinforces the notion that functional vision assays in Xenopus cataract-prone tadpoles are a novel and relevant tool in a process of anti-cataract drug development.
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Indeed, no pharmacological treatment of cataract currently exists, but recent findings indicate that sterol-based compounds hold promise to prevent/treat cataracts [START_REF] Makley | Pharmacological chaperone for α-crystallin partially restores transparency in cataract models[END_REF][START_REF] Zhao | Lanosterol reverses protein aggregation in cataracts[END_REF] . These studies report that steroid compounds reduce the aggregation of mutant crystallin protein forming amyloid fibrils in vitro and in cultured cells, and reduce cataract severity in rabbit or mouse models. Other compounds could certainly be screened in preclinical approaches to isolate novel molecules with a potential to enter clinical trials against cataracts. A promising tool toward this goal is the "micro-lens" obtained in vitro by differentiation of human stem cells [START_REF] Murphy | Light-focusing human micro-lenses generated from pluripotent stem cells model lens development and drug-induced cataract in vitro[END_REF] . However, this organoid does not recapitulate the normal environment or the barriers of the eye (especially the cornea) that may prevent molecules of potential pharmaceutical interest to access to the lens. Furthermore, obtaining a large number of genetically modified Xenopus tadpoles is cheap and rapid, and larvae are generally not submitted to regulations on animal tests. For these reasons, we think that the genetically modified cataract-prone Xenopus tadpoles that we describe here are a promising novel preclinical model to screen potential anti-cataract drugs.

Having shown that cataract can be readily observed in Xenopus will also permit to tackle a subset of poorly understood congenital genetic cataracts. Tens of genes were identified by genetic approaches in human as involved in congenital genetic cataract. Most of these genes encode crystallins, the major proteins of the lens that make a structure for refraction of light, connexins (like that encoded by the GJA8 gene), which exchange small molecules between cells, proteins of the cell membrane, the extracellular matrix or the cytoskeleton that set up the highly peculiar morphology of lens fibres, or transcription factors such as FOXE3, HSF4, MAF, and PITX3 2,5,51 . However, for some other genes, the link between the molecular functions of the encoded proteins and cataract remains elusive. Understanding the involvement of these genes in cataract can be achieved by constructing and characterizing new animal models inactivated for these genes. Indeed, the bioinformatics resource tool iSyTE has predicted several promising candidates that need to be validated in animal models [START_REF] Anand | Systems biology of lens development: A paradigm for disease gene discovery in the eye[END_REF][START_REF] Siddam | The RNA-binding protein Celf1 posttranscriptionally regulates p27Kip1 and Dnase2b to control fiber cell nuclear degradation in lens development[END_REF][START_REF] Anand | RNA sequencing-based transcriptomic profiles of embryonic lens development for cataract gene discovery[END_REF][START_REF] Kakrana | iSyTE 2.0: a database for expression-based gene discovery in the eye[END_REF][START_REF] Lachke | iSyTE: integrated Systems Tool for Eye gene discovery[END_REF][START_REF] Aryal | MS/MS in silico subtraction-based proteomic profiling as an approach to facilitate disease gene discovery: application to lens development and cataract[END_REF][START_REF] Dash | The master transcription factor SOX2, mutated in anophthalmia/microphthalmia, is post-transcriptionally regulated by the conserved RNA-binding protein RBM24 in vertebrate eye development[END_REF] . The cost-effective pipeline of cataract investigation in Xenopus that we describe here would help to uncover the genetic basis of these rare genetic cataracts as well as to identify/validate new cataract-linked genes.
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EXPERIMENTAL PROCEDURES

Ethics statement

The animals were housed in the Xenopus facilities of the IGDR as approved by the French animal care agency (Direction des Services Vétérinaires). Experiments were carried out according to standard procedures following local ethics committee opinion and acceptance by the ministry of research (APAFIS 14829, 2018).

Gene editing in Xenopus laevis

CRISPR/Cas9-mediated gene editing in Xenopus laevis was essentially as described for Xenopus tropicalis [START_REF] Nakayama | Cas9-based genome editing in Xenopus tropicalis[END_REF] . We designed the sgRNAs (single guide RNA) with CHOPCHOP [START_REF] Labun | CHOPCHOP v2: a web tool for the next generation of CRISPR genome engineering[END_REF] . We prepared sgRNAs by in vitro transcription from templates obtained by PCR with a 3' primer common to all sgRNA templates [START_REF] Nakayama | Cas9-based genome editing in Xenopus tropicalis[END_REF] 
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We checked gene editing by lysing the embryos and sequencing the PCR products obtained with the following primers: The traces (chromatograms) were uploaded on the ICE server (https://ice.synthego.com/#/)

and ICE analysed with the default parameters.

Histological methods

For histological analyses, we fixed and embedded in paraffin wax embryos at the indicated stages. Horizontal sections were stained with Hematoxylin and Eosin. For histochemical analyses, we fixed embryos in 4% PFA in PBS for 1h, rinsed them in PBS and incubated them in 30% sucrose overnight at 4°C. Embryos were embedded in Tissue Teck and stored at -80°C. Transversal cryosections were performed and stained with Phalloidin and DAPI.

Functional vision assays

The functional vision assays were essentially as described [START_REF] Viczian | A simple behavioral assay for testing visual function in Xenopus laevis[END_REF] . We put independent pools of 10 embryos in a rectangular water tank with a black and a white side. We switched the sides and we counted the numbers of embryos on the white side one minute after switching the sides. We repeated this operation every minute for 10 minutes. The cumulative number of embryos on the
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white is comprised between 0 and 100 and corresponds to the percentage of time spent on white.

We show it for 8-10 independent pools of tadpoles. We assessed the significance of the results with R, including the CI function in Rmisc (https://cran.r-project.org/package=Rmisc). Functional vision assays of 4PBA-treated tadpoles were carryed out on gja8 crispants and controls incubated for 48h, starting at stage 44, in 0.025 mM 4PBA in water (Sigma P21006) and allowed to recover overnight in pure water. F, Quantification of eye defects, in tadpoles previously injected with the same sgRNA against pax6 as above (sgRNA #1) or an alternative sgRNA against pax6 (sgRNA #2) G, Functional vision assay of stage 45 buffer-injected embryos and pax6 crispants (sgRNA #1). We put 10 tadpoles in a water tank with a black and a white side, we switched the sides and we counted the number of embryos on the white side after one minute. We repeated the switching-counting procedure 10 times for each batch of 10 tadpoles. The cumulative number of embryos on white (between 0 and 100) is shown here, for 8 independent pools of 10 tadpoles. The tadpoles spend more time on white if they are able to distinguish white from black, and the bias in favour of the white side reflects their visual acuity. 
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We injected embryos with Cas9 enzyme and a sgRNA targeted against gja8.L and gja8.S, and we allowed the embryos to develop until stage 47. A-B, Representative Sanger chromatograms of one sgRNA and one buffer-injected embryo and percentages of InDels in individual embryos, as in We injected embryos with buffer or Cas9 enzyme and a sgRNA targeted against gja8.L and gja8.S (sgRNA #1). We allowed them to develop until stage 44, and we incubated half of them for 48h in 4PBA. We led them recover overnight in water before testing their vision as in Figure 2G.

  and the following 5' primers: pax6, sgRNA #1 (Targetting exon5) TAATACGACTCACTATAGGAGACCGGATCGATCCGACCTGTTTTAGAGCTAGAAATAGCA pax6, sgRNA #2 (Targetting exon5) TAATACGACTCACTATAGGATCCGACCTCGGGCGATCGGGTTTTAGAGCTAGAAATAGCA gja8, sgRNA #1 (Targetting an exon annotated as exon 1 in gja8.L and exon 2 in gja8.S) TAATACGACTCACTATAGGTTTGAGGTGGGCTTTGTGGTGTTTTAGAGCTAGAAATAGCA gja8, sgRNA #2 (Targetting an exon annotated as exon 1 in gja8.L and exon 2 in gja8.S) specific sequences are in bold underlined and are flanked by the T7 promoter and a region hybridizing to the 3' primer. We dejellyed the embryos 15 minutes after fertilization, and we injected them up to 45 minutes after fertilization with 9.2 nl of a mixture of Cas9 enzyme (IDT DNA 1085059, 0.5 µg/µl) and sgRNA (0.2 µg/µl) in 12 mM HEPES (pH 7.5), 90 mM KCl. We allowed them to develop at 22°C following standard procedures and we staged them according to Nieuwkoop and Faber 58 .

  , sequencing with the forward primer; pax6.L GACATGTAAGGGGCTATGTGC and GGGATATTGTCGTTGGTACAGA (amplification), TTAATGCTACCTATAAACTA (sequencing); gja8.L (sgRNA #1) ATGAGCACTCGACTGTGATCG and GTTTGGACAGGGCCACCTAC (amplification), sequencing with the forward primer; gja8.S (sgRNA #1) TTTTGTGTGCAACACTCAGCAG and GGATGCTGATCTTCGCTCCTCC (amplification), sequencing with the forward primer; gja8.L (sgRNA #2) GATCGGTAGAGTTTGGCTCACT and GTTTGGACAGGGCCACCTAC (amplification), sequencing with the forward primer; gja8.S (sgRNA #2) GATCGGTAGAGTTTGGCTCACT and GGATGCTGATCTTCGCTCCTCC (amplification), sequencing with the forward primer; dnase2b.S TCTGACAGAAAACCGTGCCA and AGCGTTTGTGTTCTCCCCTT (amplification), sequencing with the forward primer.

.

  Figure 1. Eye development in Xenopus laevis. Representative sections of embryos staged according to Nieuwkoop and Faber 58 , hematoxylineeosine stained. A, Stage 27, 30 hours post-fertilization at 23°C. lr lens rudiment; oc optic cup. B, Stage 32, 40 hours post-fertilization. lv lens vesicle. C, Stage 38, 2 days 5 hours post-fertilization. le lens epithelium; plfc primary lens fiber cells; rpe retinal pigmented epithelium. D, Stage 41, 3 days 4 hours post-fertilization. D', Higher magnification of the lens shown in D, with interpretative diagram. E, Stage 44, 3 days 20 hours post-fertilization. lfc, lens fiber cells. F, Stage 47, 5.5 days post-fertilization. gcl, ganglion cell layer; inl, inner nuclear layer; oc, outer cornea; onl, outer nuclear layer; pr, photoreceptors; rpe retinal pigmented epithelium. F', Higher magnification of the lens shown in F. G, Stage 48, 1 week post-fertilization. All scale bars 200 µm except F' 90 µm.

Figure 2 .

 2 Figure 2. Eye phenotype of pax6 crispants. We injected embryos with Cas9 enzyme and a sgRNA targeted against pax6.L and pax6.S or buffer, and we allowed the embryos to develop until stage 41-42. A, We separately amplified the pax6.L and pax6.S loci from total embryos for Sanger sequencing. We show representative chromatograms of one sgRNA and one buffer-injected embryo. The sgRNA and PAM sequences are underlined and the cleavage sites are shown. B, The percentages of InDels in individual embryos were calculated from Sanger chromatograms with ICE 37 . C-E, from top to bottom whole embryo, higher magnification of the eye and histological section of the eye, scale bar 200 µm. C, Buffer-injected embryo. D-E, Two Cas9 and sgRNA injected embryos. Key for lens and retina layers, see Figure 1.

Figure 3 .

 3 Figure 3. Eye phenotype of gja8 crispants.

Figures

  Figures 2A-B. C, We subcloned the gja8.L amplimere from one gja8 crispant and we sequenced individual clones. We show the sequences and their number of occurences. ICE is the result of the ICE analysis carried out on the same embryo. D-E, from top to bottom whole embryo, higher magnification of the eye, and histological section of the eye, scale bar 200 µm. D, Buffer-injected embryo. E, Cas9 and sgRNA-injected embryo. Note the greyish lens. F, Quantification of cataract, in tadpoles previously injected with the same sgRNA against gja8as above (sgRNA #1) or an alternative sgRNA against gja8 (sgRNA #2) G-H, From top to bottom, DAPI staining, Phalloidin staining, and Merge of lens sections. A and P highlight the anterior and posterior pole of the lens. G, Buffer-injected embryo. H, Cas9 and sgRNA #1-injected embryo. I, Functional vision assay of stage 47 buffer-injected embryos and gja8 crispants (sgRNA #1), as in Figure 2G.

Figure 4 .

 4 Figure 4. Eye phenotype of dnase2b crispants. We injected embryos with Cas9 enzyme and a mixture of sgRNA targeted against dnase2b.S and a putative dnase2b.L locus, and we allowed the embryos to develop. A-B, Representative Sanger chromatograms of one sgRNA and one buffer-injected embryo and percentages of InDels in individual embryos, as in Figures 2A-B. Since we failed to amplify the putative dnase2b.L locus, only the results for dnase2b.S are shown. C-D, Stage 41 larvae previously injected with buffer (C) or Cas9-sgRNA (D). Insets are high magnifications of the eyes of the same larvae. E, Functional vision assay of buffer-injected embryos and dnase2b crispants, as in Figure 2F. F, Histological section of the eye of a buffer-injected stage 41 tadpole. G, Section of the eye of a Cas9 and sgRNAinjected stage 41 tadpole with microphthalia. H-I, Same as F-G with stage 45 tadpoles. Scale bars 200 µm.

Figure 5 .

 5 Figure 5. Effect of 4-phenylbutyrate on the vision of gja8 crispants.
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