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ABSTRACT

Mutations in CEP290 (also known as NPHP6), a large multidomain
coiled coil protein, are associated with multiple cilia-associated
syndromes. Over 130 CEP290 mutations have been linked to a wide
spectrum of human ciliopathies, raising the question of how mutations
in a single gene cause different disease syndromes. In zebrafish, the
expressivity of cep290 deficiencies were linked to the type of genetic
ablation: acute cep290 morpholino knockdown caused severe cilia-
related phenotypes, whereas deficiencies in a CRISPR/Cas9 genetic
mutant were restricted to photoreceptor defects. Here, we show that
milder phenotypes in genetic mutants were associated with the
upregulation of genes encoding the cilia-associated small GTPases
arl3, arl13b and unc119b. Upregulation of UNC119b was also
observed in urine-derived renal epithelial cells from human Joubert
syndrome CEP290 patients. Ectopic expression of arl3, arl13b and
unc119b in cep290 morphant zebrafish embryos rescued Kupffer's
vesicle cilia and partially rescued photoreceptor outer segment
defects. The results suggest that genetic compensation by
upregulation of genes involved in a common subcellular process,
lipidated protein trafficking to cilia, may be a conserved mechanism
contributing to genotype-phenotype variations observed in CEP290
deficiencies.

This article has an associated First Person interview with the first
author of the paper.
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INTRODUCTION

Ciliopathies are a group of human genetic disorders caused by
mutations in genes related to cilia function. Motile cilia are
responsible for fluid propulsion and clearance in the lung, for
instance (Lee and Ostrowski, 2021), whereas primary or non-motile
cilia serve a sensory or signaling function (Reiter and Leroux,
2017). Motile ciliary defects cause primary ciliary dyskinesia (Lee
and Ostrowski, 2021), whereas primary ciliopathies comprise a
phenotypic and genetically diverse group of syndromes, ranging
from isolated retinal dystrophy, as in Leber’s congenital amaurosis,
to syndromes in which multiple organs are affected, such as Joubert
Syndrome (JBTS), Senior-Leken syndrome, Meckel syndrome
(MKS), Bardet-Biedl syndrome (BBS) and nmephronophthisis
(NPHP) (Reiter and Leroux, 2017). Nearly 200 genes have been
associated with ciliopathies, and despite the heterogeneity in their
phenotypes and etiology, several share common causal genes
(Badano et al., 2006; Reiter and Leroux, 2017). Mutations in
CEP290 (also known as NPHP6), a large multidomain coiled coil
protein, have been associated with at least five different cilia-
associated syndromes (Reiter and Leroux, 2017). Mutations in
human CEP290 are commonly associated with Leber’s congenital
amaurosis, an isolated degenerative blindness (den Hollander et al.,
2006), but can also lead to outcomes as severe as Meckel-Griiber
syndrome (failed neural tube closure, encephalocele and perinatal
lethality) (Baala et al., 2007; Frank et al., 2008). Intermediate
phenotypes result in kidney cysts (juvenile nephronophthisis), as
well as brain development and fiber tract abnormalities (JBTS)
(Reiter and Leroux, 2017). CEP290 localizes to the centrosome/
basal body and to the cilia transition zone in both motile and non-
motile cilia where it regulates the selective trafficking of proteins
into the cilia domain (Chang et al., 2006; Craige et al., 2010).
Drosophila CEP290 has recently been shown to play an essential
role in the initiation of cilia transition zone assembly (Wu et al.,
2020). CEP290 also has an essential role in centriolar satellite
function in which it regulates the assembly and disassembly of
protein complexes that are transported toward the base of the cilia
(Kim et al., 2008). To date, more than 130 mutations in CEP290
have been linked to a spectrum of human ciliopathies, raising the
question of how mutations in a single gene can cause so many
different disease syndromes (Coppieters et al., 2010). Establishing a
clear genotype-phenotype correlation in animal models has also
been challenging, as allelic variation, as well as the manner in which
CEP290 expression is inhibited, influences resulting phenotypes. In
Cep290 mouse mutants, the d16 line lacking exons 35 to 39 (in-
frame deletion of 897 bp) shows only retinal degeneration, whereas
the Cep290 knockout mouse showed retinal degeneration and also
hydrocephalus, kidney cysts and cilia axoneme defects (Chang
et al., 2006; Hynes et al., 2014; Rachel et al., 2015). These
discrepancies are also observed in zebrafish models, in which acute
cep290 morpholino knockdown showed retinal defects and a range
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of cilia-related phenotypes, whereas genetic mutants induced by
ethylnitrosourea or TALEN genome modification showed milder
phenotypes restricted to photoreceptor defects (Baye et al., 2011;
Lessieur et al., 2019; Sayer et al., 2006; Stawicki et al., 2016).

Several explanations have been proposed to explain the lack of
consistency between genotype and phenotype in CEP290 patients
and animal models. One possibility is that different genetic
backgrounds may contribute modifier genes that compensate or
alter CEP290 deficiency (Coppieters et al., 2010; Gorden et al.,
2008; Lessieur et al., 2019; Ramsbottom et al., 2020; Rao et al.,
2016). Another possibility is that basal exon skipping or nonsense-
associated alternative splicing may promote bypassing CEP290
mutations and the expression of functional CEP290 protein (Barny
et al., 2019; Littink et al., 2010). CEP290 protein dosage; i.e. the
amount of CEP290 protein retaining all or some of the full-length
functionality, has also been proposed to determine the range and
severity of CEP290 deficiency phenotypes (Drivas et al., 2015).
Despite these efforts to understand phenotypic variation associated
with CEP290 mutations, questions remain about mechanisms of
CEP290 phenotype expression (Barny et al., 2019; Littink et al.,
2010). Several recent reports indicate that gene inactivation can
activate genetic compensation mechanisms that contribute to
phenotypic variability or the absence of phenotypes in diverse
animal models (Buglo et al., 2020; Ma et al., 2019; Rossi et al.,
2015; Serobyan et al., 2020). This genetic compensation response
seems to rely on the presence of a premature termination codon in
the mutated mRNA and sequence similarity between the mutated
and the upregulated genes (El-Brolosy et al., 2019).

To determine whether genetic compensation may be implicated
in cep290 genotype-phenotype variation, we compared cilia-
associated phenotypes in acute zebrafish morpholino knockdown
and stable CRISPR/Cas9 cep290 mutant zebrafish. We find that
milder tissue-restricted phenotypes in MZcep290 CRISPR/Cas9
zebrafish mutants compared to morphants is linked to an
upregulation of genes encoding cilia proteins that mediate cilia
lipidated protein transport, including arl3, arll3b and uncli9b.
Ectopic expression of arl3, arl13b and uncl19b rescued Kupffer’s
vesicle cilia defects and partially rescued photoreceptor outer
segment defects in zebrafish cep290 morphant embryos.
Upregulation of UNC119b was also observed in urine-derived
renal epithelial cells from JBTS patients with CEP290 variants,
suggesting that genetic compensation by genes and proteins
involved in a common subcellular process may be a conserved
mechanism contributing to genotype-phenotype variations observed
in patients with CEP290 mutations.

RESULTS

Acute versus long-term loss of cep290 differentially affects
cilia structure

To better understand how mutations impact CEP290 function, we
reassessed the consequence of different cep290 deficiencies in
zebrafish. We used three different antisense morpholinos targeting
the ATG translation initiation codon, previously published
morpholinos targeting the exon 25 splice donor (Baye et al.,
2011; Fig. 1) and an exon 42 splice donor (Sayer et al., 2006;
Fig. S1) to acutely disrupt cep290 expression. These exons were
targeted, as misplicing generated out of frame exon skipping,
predicted to introduce stop codons and premature translation
termination. Injection of the cep290 exon 25 splice donor
morpholino (Baye et al., 2011) abrogated expression of wild-type
cep290 mRNA and induced expression of mispliced cep290 RNAs,
which were predicted to cause premature protein truncation

(Fig. 1A). Additionally, we generated a stable cep290 mutant
using CRISPR/Cas9 in which a 10 bp deletion in exon 16 causes a
frameshift and premature termination codon (allele designation
fb208; Fig. 1B). Exon 16 was targeted based on high efficiency
Cas9 cutting and introduction of N-terminal out-of-frame stop
codons. Acute deficiency in cep290 with morpholino injection
produced canonical zebrafish ciliopathy phenotypes (Fig. 1C), such
as body curvature, kidney cysts, otolith defects and left-right
asymmetry, consistent with previous reports (Fig. S1A-D) (Baye
et al., 2011; Sayer et al., 2006; Schifer et al., 2008). On the other
hand, cep290 CRISPR/Cas9 mutant embryos at 3 days post-
fertilization (dpf) showed a much weaker phenotype of mild
ventral axis curvature with variable penetrance (20-50%) (Fig. 1D).
Maternal zygotic (MZ) cep290'2298/%298 mytants (hereafter referred
to as MZcep290~'7) did not exhibit kidney cysts, otolith or left-right
asymmetry defects (Fig. S1D), in accordance with previous reports
from the zebrafish cep2907/?°7 line (Lessieur et al., 2019). Also, the
majority of MZcep290 mutant embryos (75%) that initially showed
amild axis curvature at 2-3 dpf completely recovered a straight body
axis by 7-8 dpf (see below and Fig. 4A,B). For the rest of our
studies, we focused on MZcep290~'~ embryos, which did not show
strong evidence of ciliopathy. Using two antibodies specific to the C
and N terminus of the zebrafish Cep290 protein (Cep290CT and
Cep290NT, respectively), western blotting confirmed that the full-
length Cep290 protein is lost in both cep290ex25 morphants and
MZcep290~'~ mutants (Fig. 1E,F).

To further assess the impact of knockdown versus genetic
mutation in cep290, we imaged whole-mount zebrafish embryos
using confocal immunofluorescence. Both C-terminal and N-
terminal anti-Cep290 antibodies localized Cep290 to the base of
the cilia in all tissues examined (Fig. S2). Staining of basal body
domains in Kupffer’s vesicle was eliminated by preincubation of the
antibodies with free antigen (Fig. S2A,B), demonstrating the
specificity of immunoreactivity. Consistent with previous reports
(Chang et al., 2006; Kim et al., 2008; Lopes et al., 2011; Rachel
et al., 2012, 2015; Sang et al., 2011; Sayer et al., 2006; Stowe
et al., 2012; Valente et al., 2006), confocal imaging revealed that
zebrafish Cep290 protein localization was cell-type specific,
showing a transition zone distribution in olfactory placode,
photoreceptor and pronephric cilia, and a pericentriolar satellite
localization in Kupffer’s vesicle, photoreceptor and spinal canal
cilia (Fig. S2C-J). Both maternal zygote mutation and knockdown
of cep290 caused a complete loss of Cep290 protein
immunoreactivity in the cilia basal body/transition zone (Fig. 2).
Cilia in the pronephros (multiciliated cells), olfactory placode
motile cilia, photoreceptors and Kupffer’s vesicle cilia were devoid
of Cep290 expression, confirming protein loss in both conditions.
Despite the complete absence of Cep290 immunoreactivity in both
morpholino and genetic deficiencies, confocal analysis revealed
differences in phenotypes depending on the type of cep290
deficiency. Consistent with previous reports, no cilia defects were
observed in pronephric or olfactory placode cilia in cep290ex25
morphants and MZcep290”~ mutants (Sayer et al., 2006;
R. Bachmann-Gagescu personal communication; Fig. 2A,B),
whereas loss of cep290 expression caused various degrees of
defects in retinal lamination in cep290ex25 morphants and
MZcep290”~ mutants, as suggested by a disorganization of the
outer and inner plexiform retinal layers (Fig. 2C). However,
quantification of Kupffer’s vesicle cilia length showed that
cep290ex25 morphant embryos present significantly shorter
Kupffer’s vesicle cilia than MZcep290 mutant cilia (Fig. 2D,
Fig. S3; 1.76£0.55 pum cep290ex25MO versus 5.89+1.23 um
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Fig. 1. Cep290 disruption causes ciliopathy in
zebrafish. (A) RT-PCR from representative single wild-
type (WT) and cep290ex25 morphant embryos. Cep290
morpholino oligonucleotide targeted to the exon 25
splice donor caused mispliced RNAs and intron
retention. (B) Chromatogram of a CRISPR/Cas9-
generated single representative genetic cep290 mutant
showing the 10-bp deletion in exon 16 that results in a
premature stop codon. (C) Morphology of an uninjected
embryo compared to cep290ex25 and cep290ATG
morphants at 2 dpf. (D) Morphology of wild-type and
MZcep290™208/208 mytants (hereafter called
MZcep290~'- mutants) at 3 dpf. (E) Western blot
showing loss of Cep290CT immunoreactivity in
cep290ATG and cep290ex25 morphants (pool of 40
48-hpf embryos). The position of the 250-kDa molecular
weight marker is indicated in red. A tubulin antibody was
used as a loading control (bottom). (F) Western blot
showing loss of Cep290CT and Cep290NT
immunoreactivity in MZcep290~'~ mutants. A tubulin
antibody was used as a loading control. Experiments
were replicated a minimum of three times.
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mean=s.d.).

Further analysis of photoreceptor structure revealed significant
differences in phenotype severity between morpholino and
genetic MZcep290 deficiencies. BodipyTR staining of 6 dpf retinal
sections revealed a severe reduction of photoreceptor outer
segment length in cep290ex25 morphants relative to controls
(Fig. 3A,B; Murga-Zamalloa et al., 2011), whereas MZcep290™"
photoreceptors exhibited only mild disorganization of outer segment
morphology without a significant change in outer segment length
(Fig. 3C,D). Similarly, electron microscopy revealed a near absence
of photoreceptor outer segments in cep290ex25 morphants,
with evidence of only residual basal bodies and short axonemes
(Fig. 3E,F), whereas MZcep290~~ mutant outer segments were
clearly present (Fig. 3G,H). Significantly, MZcep290” mutant
photoreceptors showed an abnormal accumulation of cytoplasmic
vesicles at the base of the connecting cilium of the photoreceptor
(Fig. 3H), suggesting a defect or partial blockage in cilia membrane
trafficking in the mutant. Despite altered photoreceptor structure in
MZcep290~'~ larvae, no impairment of visual function could be
detected by electroretinogram (ERG) analysis (data not shown).
Altered photoreceptor outer segment structure and retina lamination
persisted in MZcep290~'~ adult retinas (Fig. 3I-L) (Chang et al.,
2006; Lessieur et al., 2019; Sayer et al., 2006; Shimada et al., 2017).
Taken together, the data indicate that cep290 loss-of-function

Cep290CT

Tubulin

Cep290NT

Tubulin

phenotypes of varying severity are only observed in tissues and cells
in which Cep290 is localized to pericentriolar satellites in which
Cep290 is known to play a role in cilia membrane transport. The data
also show that acute inhibition of cep290 expression produces more
severe cilia defects than a long-term genetic loss of function,
consistent with previous reports (Baye et al., 2011; Lessieur et al.,
2019; Murga-Zamalloa et al., 2011; Sayer et al., 2006; Stawicki
et al., 2016).

Cep290 mutant expressivity is not due to exon skipping or
nonsense-mediated decay mechanisms

Mild phenotypes in cep290 and other zebrafish genetic mutants
versus acute knockdowns have been puzzling (Chang et al., 2006;
Drivas et al., 2015; Lessieur et al., 2019; Rachel et al., 2015; Sayer
et al., 2006). We noted that although 3 dpf MZcep290~'~ mutants
initially show an axis curvature phenotype similar to the morpholino
knockdown phenotype, axis curvature recovered to wild-type
axis shape by 7dpf (Fig. 4A), at which stage mutants are
indistinguishable from wild type. Adult MZcep290~~ mutants
showed various degrees of fertility and spinal scoliosis (Fig. 4B),
suggesting the axis phenotype was transiently and partially
suppressed. To further explore the possibility of phenotype
suppression in MZcep290~'~ mutants, we assayed for nonsense-
associated altered splicing of mutated exons, as has been reported to
account for varying expressivity in CEP290 patients (Barny et al.,
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wild type cep290ex25

MZcep290 -/-

Fig. 2. Functional loss of Cep290 in zebrafish morphants and
mutant embryos. (A-C) Cep290CT antibody staining was lost in
pronephric tubule multicilia bundles (A), at the base of nose
multicilia (B) and in photoreceptor, outer and inner plexiform retina
layers (C) upon injection of the cep290ex25 morpholino or in
MZcep290~'~ mutants. Loss of Cep290 expression caused an
alteration of retina lamination. No effect was observed on
pronephros and olfactory placode cilia structure. (D) Kupffer's
vesicle cilia were significantly shorter in 10ss cep290ex25 morphant
embryos compared to stage-matched embryos injected with control
morpholino. By contrast, 10ss MZcep290 mutant embryos did not
show shorter Kupffer’s vesicle cilia compared with heterozygous
sibling embryos. Images are representative of >8 embryos/biological
replicates. Experiments were replicated a minimum of three times.
Scale bars: 10 pm (A); 5 ym (B); 20 pm (C); 2 pm (D).

MZcep290 -/-

Kupffer's vesicle

| Cep290CT Hoechst |

2018; Littink et al., 2010; Ramsbottom et al., 2020). RT-PCR
analysis of mutant and wild-type cep290 mRNA exon structure,
using primers designed for ten exons flanking the mutated exon 16
(Fig. 4C), did not detect changes in amplicon sizes between wild
type and mutants, suggesting that exon skipping does not account
for differing degrees of cep290 deficiency phenotype severity.
Alternatively, as the mutation in exon 16 of cep290 is a 10-bp
deletion it is predicted to produce a frameshift and a premature
termination codon that may induce nonsense-mediated mRNA
decay. Therefore, we compared the levels of mutated and wild-type
cep290 mRNA by qRT-PCR (Fig. 4D). As expected, primers
specific to the wild-type exon 16 sequence did not amplify
mRNA from mutants and conversely primers specific to the deleted
exon 16 sequence (Ex16-17 dellOpb) selectively amplified
MZcep290 mutant mRNA (Fig. 4D). Importantly, in adult eye
and kidney RNA, samples amplified using primers upstream (ex3-
ex5) and downstream of the mutated exon (ex19-ex20 or ex50-ex52)
did not detect significant differences in cep290 mRNA levels
between maternal zygote mutant and control animals, although
there was a tendency for reduction in kidney samples. The results
show that the presence of a de novo premature termination codon in
the cep290 mutant mRNA did not activate nonsense-mediated
decay, as has been reported in other CRISPR/Cas9 mutant

lines (Anderson et al., 2017). Despite the persistence of the mRNA,
we did not detect the 290-kDa protein with the N-terminal and
C-terminal Cep290 antibodies in maternal-zygotic mutant samples
(Fig. 1F), indicating no full-length Cep290 protein was produced.

Genetic mutation in zebrafish cep290 induces upregulation
of genes encoding Cep290 interactors involved in cilia
membrane transport

To explore other possible genetic compensation mechanisms in the
cep290 mutant line, we performed RNAseq analysis of the cep290
morphants, maternal zygote mutants and wild-type siblings, and
screened for genes specifically upregulated in the mutant that may
compensate for Cep290 deficiency (NCBI GEO accession number
GSE175491; Fig. 5A). Comparison of wild-type, cep290 morphant
and MZcep290 mutant transcriptomes revealed a set 1953 genes
upregulated >2-fold in MZcep290~'~ mutants versus wild-type larvae
(Tables S1-S3). Functional annotation of this gene set using DAVID
(Huang et al, 2009) revealed enrichment for RNA binding,
endoplasmic reticulum membrane and small GTPase proteins
(Table S4). We further sorted this set for genes encoding cilia or
centrosome proteins (CiliaCarta; van Dam et al., 2019), genes
enriched in zebrafish multiciliated cells (Tang et al., 2017), genes
present in cilia proteome studies (Ishikawa et al., 2012; Li et al., 2004;
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Fig. 3. Cep290 morphants and mutants exhibit photoreceptor outer segment length defects. (A-D) BodipyTR (red) staining showed a reduction of
photoreceptor outer segment length of 4-dpf cep290ex25 morphants compared with age-matched control morpholino-injected embryos (A,B). MZcep290
mutants also showed a disorganization of photoreceptor outer segment structure at 6 dpf (C,D). (E,F) Electron micrographs of 3-dpf wild-type and
cep290ex25 morphant photoreceptors. Although outer segments were found in wild-type retinas at this stage, very few outer segments were observed in
cep290ex25 morphants. In some cases, basal bodies and short axonemes could be seen projecting from the cell surface (arrow in F). (G,H) Electron
micrographs of 6-dpf heterozygous sibling and MZcep290 mutant photoreceptors showed an abnormal accumulation of cytoplasmic vesicles at the base of
the connecting cilium (arrows in H). (I-L) Photoreceptor structure alteration persists until adulthood. Methylene Blue (I,K) and BodipyTR (J,L) staining showed
an alteration of photoreceptor outer segment structure and retina lamination in MZcep290~'~ adult (1 year old) retinas. Images are representative of >8
embryos/biological replicates. INL, inner nuclear layer; ONL, outer nuclear layer; PR, photoreceptor. Experiments were replicated a minimum of three times.

Scale bars: 5 ym (A-D); 50 nm (E-H).

Mayer et al., 2009; Nogales-Cadenas et al., 2009; Pazour et al., 2005)
or genes associated with ciliopathies (DAVID annotation; Huang
et al., 2009), to ascertain candidate suppressors of the cep290 mutant
deficiency (Table S5). Of 22 cilia-related candidate genes upregulated
in cep290 mutants, the cilia-associated genes arl3, arll3b and
uncl19b showed a 4.3-, 3.5- or 2.3-fold induction in MZcep290~"~
embryos, respectively (Fig. 5B), and were validated by RT-qPCR. All
three of these genes participate in the targeting and delivery of
lipidated proteins to cilia membranes. Unc119 (Unc-119 lipid binding
chaperone B) is a myristoyl-binding protein that acts as a cargo adapter
for lipidated protein transport, Arl3 (ADP-ribosylation factor-like 3) is
a small GTPase involved in the targeting and releasing of lipidated

cargo proteins from their carriers at the cilium (Powell et al., 2019;
Zhou et al., 2006), and Arl13b (ADP ribosylation factor-like GTPase
13b) is the guanine nucleotide exchange factor that activates Arl3
(Duldulao et al., 2009; Gotthardt et al., 2015; Nozaki et al., 2017). We
confirmed that upregulation of ari3, arll13b and uncl19b assayed in
larvae also occurred in MZcep290~'~ adult eye samples (Fig. SC) but
not in cep290ex25 morphants or cep290~'~ zygotic mutant embryos,
which displayed prominent axis curvature (Fig. SD,E). To determine
whether upregulation of arl3, arll3b and uncl19b was specific to
cep290 deficiency, we analyzed the zebrafish cilia mutant lines oval
(i/i88) and schmalhans (ccdcl103) (Panizzi et al., 2012; Tsujikawa and
Malicki, 2004). No upregulation of these genes was detected (Fig. SF),
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curvature seen at 3 dpf was lost at 7 dpf (n=100). (B) Maternal zygotic cep290 mutants reach adulthood and can present scoliosis (15-40% of adult fish;
n=31). (C) RT-PCR from MZcep290~'~ and wild-type embryos. No exon skipping around exon 16 was detected in mutant embryos. (D) RT-gPCR from adult
eye and kidney samples (n=3). Specific wild-type (WT) and mutant primers for the targeted exon 16 were used to quantify wild-type and mutated cep290
mRNA. As expected, wild-type primers did not generate an RT-PCR product with mutant mMRNA samples relative to wild-type mRNA, whereas mutant
primers generated significant product with mutant mMRNA samples relative to wild-type mRNA samples. Primers for ex3-ex5, ex19-ex20 and ex50-52 were
used to quantify nonsense-mediated decay. No changes in cep290 mRNA levels were detected in MZcep290~'~ mutant samples compared with controls.
n=3 biological replicates. Data are meants.d. Experiments were replicated at a minimum three times. *P<0.05; ****<0.0001; ns, not significant (unpaired

t-test).

suggesting that arl3, arl13b and uncl19b upregulation was a specific
consequence of the MZcep290 gene mutation. Our transcriptomic
analysis suggests that upregulation of GTPases and cargo adaptor
proteins involved in the delivery of cilia membrane proteins may
compensate for the MZcep290 deficiency.

UNC119B is upregulated in Joubert patient-derived cells
JBTS in humans is a genetically heterogeneous autosomal-recessive
multisystem ciliopathy, in which mutations in CEP290 are a
common underlying cause of cerebello-retinal-renal phenotypes
(Sayer et al., 2006; Valente et al., 2006). We analyzed urine-derived
renal epithelial cells (URECs) from JBTS patients by RT-qPCR for
the expression of ARL3, ARL13B and UNC119B to assay for genetic
compensation in humans. Significantly, we detected a 4-fold
induction of UNCI19B compared with control patient UREC
samples (Fig. 6A). No change in ARL3 or ARL13B expression was
observed. Similarly, in adult zebrafish kidney, qRT-PCR analysis
showed a 4-fold upregulation of unci119b but not arl3 or arli3b
expression (Fig. 6B). Upregulation of genes encoding cilia
membrane protein transport factors appears to be a conserved
mechanism associated with cep290 mutation.

Expression of arl3, arl13b and unc119b rescues cep290ex25
morphant axoneme defects
To functionally test whether upregulation of cilia membrane
transport factors could compensate for cep290 deficiency, we
assayed the effect of arl3, arli3b and uncll9b overexpression
on cep290 phenotypes in acute knockdowns in which we saw
strong ciliopathy phenotypes and no compensatory gene expression
(Fig. 5D). We injected zebrafish ari3, arl13b or uncl19b synthetic
mRNAs in combination with the cep290ex25 morpholino in 1-2 cell
embryos and analyzed the outcome on three measurable phenotypes:
body curvature, Kupffer’s vesicle cilia length and photoreceptor
outer segment length (Fig. 7). The injection of cep290ex25
morpholino alone produced 86+1.4% (mean+s.d.) of embryos
with curly phenotype and 14% with straight body shape, perhaps
due to failure on morpholino delivery in those embryos (Fig. 7A).
Interestingly, upon the injection of the three RNAs in cep290
morphants, we observed an increase in 37.5+6.3% in embryos with a
straight body shape, suggesting that expression of arl3, arl13b or
uncl19b is able to compensate for acute cep290 loss of function.
Acute knockdown of cep290 using the cep290ex25 morpholino
caused a shortening of Kupffer’s vesicle cilia, whereas MZcep2907
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matched control embryos. Data are mean#s.d.

mutation did not (Fig. 2D; Fig. S3). We therefore tested whether
arl3, alri3b or uncl19b mRNA expression was able to rescue
Kupffer’s vesicle cilia defects in cep290 morphant embryos.
Injection of each gene individually or in combination rescued
cilia length defects in the Kupffer’s vesicle caused by cep290
morpholino knockdown (Fig. 7B-D; Fig. S4A-C). Injection of
arl13b and uncl19b RNA in morphant embryos completely rescued
Kupffer’s vesicle cilia, reaching control cilia length (4.47+1.3 um
Arl13bRNA plus cep290ex25MO versus 4.79+1.3 um control; 4.73
+0.9 pm uncl 19bRNA plus cep290ex25MO versus 4.83+£1.0 um
control; mean#s.d.; Fig. 7B,C). Expression of arl3 RNA also
rescued the length of the cilia but only partially (5.11+1.2 um
ArI3RNA plus cep290ex25MO versus 5.7941.2 um control;
P<0.0001; Fig. 7D), perhaps due to reduced stability of the
injected mRNA (Fig. S4D). Injection of mRNA encoding Rab8a, a
Cep290 interactor, did not rescue Kupffer’s vesicle cilia length
(Fig. S5A), suggesting that overactivation of cilia initiation and
apical transport alone was not sufficient to overcome cep290
deficiency. On the other hand, overexpressing the cilia-targeted
membrane protein Sstr3-GFP was sufficient to rescue Kupffer’s
vesicle cilia length (Fig. S5B), suggesting that ciliated cells can
respond to increased cilia transport demand and overcome a
deficiency in individual components of the cilia membrane protein

transport pathway. Injection of arl3, arli3b and uncll19b mRNAs
alone, or in combination with cep290ex25 morpholino, also induced
a partial rescue of photoreceptor outer segment length defects in
MZcep290 morphant embryos (2.07£0.72 um RNA  plus
cep290ex25MO  versus  2.324+0.88 um  control; meants.d.;
Fig. 7E; Fig. S6), indicating compensation occurred in multiple
tissues affected by cep290 mutation. Taken together, our results
indicate that a genetic deficiency in cep290 activates expression of
additional related components of the cilia membrane protein
transport pathway, which allows for ciliogenesis and relatively
normal cilia function in cep290 mutants. This phenomenon
constitutes an additional mechanism contributing to the observed
range of expressivity in cep290 deficiencies.

DISCUSSION

CEP290 mutations have been associated with several ciliopathies
that vary widely in their severity and clinical manifestations (Reiter
and Leroux, 2017). CEP290 deficiency in humans can be as mild as
isolated blindness (Leber’s congenital amaurosis) or as severe as
perinatal lethality (Meckel-Gruber syndrome) (Coppieters et al.,
2010). Given the range of defects seen in human individuals with
CEP290 variants, zebrafish mutant phenotypes are surprisingly
mild and limited to photoreceptor malformation, subtle vision
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Fig. 6. Joubert patient-derived cells also show upregulation of
UNC119b. (A) RT-gPCR analysis from hURECs from JBTS CEP290
patients showed upregulation of UNC119B expression compared with
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level was observed. Values (dots) represent arithmetic means of —AACt
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samples also only unc119b induction was observed. n=3 biological
replicates per condition, technical triplicates. RT-gPCR data are expressed
as fold change (274t compared with age-matched control samples. Data
are meanzs.d.

defects and scoliosis in a subset of mutants (Lessieur et al., 2019).
Understanding the variable expressivity of CEP290 mutations has
been puzzling, and several explanations have been proposed to
explain the poor genotype-phenotype correlations observed in
patients and animal models (Coppieters et al., 2010; Drivas et al.,
2015). In the present study, we show that genetic compensation by
upregulation of GTPase regulators of lipidated cilia protein delivery
constitute an additional mechanism contributing to the variable
expressivity of cep290 deficiencies. We also provide further
evidence that Cep290 subcellular localization is cell type specific
either in the cilia transition zone or pericentriolar satellites. Further,
Cep290 localization reflects its function as only cells in which
Cep290 is localized specifically to pericentriolar satellites show
mutant and knockdown ciliopathy phenotypes.

Phenotypic variation and compensation of Cep290
deficiency

Our result that expressivity of Cep290 deficiencies is dependent on
the type of genetic ablation (mutation or knockdown) is consistent
with a recent report on the phenotype of the cep290 TILLING
mutant cep290/72°7/7297 This mutation introduces a premature stop
codon at exon 29 and displays mild phenotypes, such as sigmoidal
tail curvature and progressive cone degeneration (Lessieur et al.,
2019). These results indicate that altering cep290 gene expression
at a genomic level in zebrafish induces mild phenotypes
independently of the gene region that is affected. Compared to
strong ciliopathy phenotypes in acute cep290 knockdown zebrafish
(Baye et al., 2011; Murga-Zamalloa et al., 2011; Sayer et al., 2006),
the results indicate that an adaptive compensation mechanism may
suppress a genetic mutant phenotype.

Genetic compensation, including transcriptional adaptation in
genetic mutants, has been proposed to be mediated by the
upregulation of paralogous genes, modifier genes or genes that
function in a similar biological process or pathway (El-Brolosy
et al., 2019; Nadeau, 2001; Sztal et al., 2018). In transcriptional
adaptation, genes paralogous to the mutant gene are upregulated by
a mechanism involving nonsense-mediated decay associated with a
premature termination codon mutation, generation of short RNA
fragments and derepression of paralog transcription to compensate
for loss of the mutant gene function (Sztal and Stainier, 2020).
However, in some mutants, expression of compensatory genes is
induced without degradation of the mutant mRNA (Buglo et al.,
2020; Ma et al., 2019). Currently, no paralog of cep290 has been
reported in the current assembly of the zebrafish genome, making it
unlikely that this type of mechanism can account for the mild
phenotype of cep290 mutants versus morphants. Additionally, we
saw no evidence for nonsense-mediated mRNA decay in cep290
mutants. Instead, we observed that small GTPases associated with
cilia membrane protein delivery were upregulated in cep290
mutants that could compensate for the loss of Cep290 function in
acute knockdowns.

Currently, the mechanism for this compensation is unknown but
it is significant that the compensating genes function in a subcellular
pathway central to Cep290 activity (Craige etal., 2010; Drivas et al.,
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Fig. 7. Upregulation of small GTPases/chaperones that mediate cilia lipidated protein delivery rescue cep290ex25 morphant axoneme defects.
(A) Overexpression of cilia GTPases/chaperone (arl3, arl13b and unc119b) in cep290ex25 morphant embryos partially rescued the curly axis cilia defect
related phenotype. (B) ar/13b overexpression was sufficient to rescue Kupffer’s vesicle (KV) cilia length defects observed in stage-matched cep290ex25
morphant embryos. (C) Kupffer’'s vesicle cilia length was also rescued by overexpression of unc179b mRNA. (D) Injection of ar/l3 mRNA only partially

rescued Kupffer’s vesicle cilia length in cep290ex25 morphant embryos. (E) The injection of arl3, arl13b and unc119b mRNAs also was sufficient to rescue
the photoreceptor outer segment length defect on cep290ex25 morphants. *P<0.01; ***P<0.001; ****P<0.0001; ns, not significant (Dunnett’s or Tukey'’s test).
y-axis values represent the average length of >70 Kupffer's vesicle cilia from 3-6 embryos per condition or of >200 OS from four embryos per condition. Data
are meanzs.d.
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2013; McEwen et al., 2007; Tsang et al., 2008). Arl3 and Arl13b are
small GTPases that interact with the adaptor protein Uncl19b to
mediate cilia lipidated membrane protein transport (Alkanderi et al.,
2018; Duldulao et al., 2009; Gotthardt et al., 2015; Nozaki et al.,
2017; Powell et al., 2019). Unc119b also interacts with the NPHP-
MKS protein complex, which is involved in ciliary gate function at
the cilia transition zone and interacts with CEP290 through NPHPS
(Sang et al., 2011; Schifer et al., 2008; Williams et al., 2011;
Wright et al., 2011). It is noteworthy that Lessieur et al. (2019)
recently analyzed genetic interactions of ar/13b with cep290 in
zebrafish. They showed that removing one allele of cep290
significantly enhanced the defects in both visual contrast
sensitivity and spatial frequency of ar/I3h~~ mutants, which
show progressive photoreceptor degeneration (Song et al., 2016),
arguing that cep290 is a modifier gene of arl13b. Although the loss
of one allele of arli3b in cep290fh297/fh297 mutants did not
accelerate photoreceptor degeneration, these results nonetheless
imply that arli3b and cep290 are functionally interrelated. Further
experiments inducing full loss of arll3b or uncl19b function in a
cep290-deficient larvae may show more severe ciliopathy
phenotypes. Compensation of ciliopathy by upregulation of ar/3,
arl13b and uncl19b appears to be specifically induced by mutation
in the cep290 gene as we did not observe upregulation of these
genes in the cilia motility mutant smh (ccdc103) or the IFT mutant
oval (ift88). This type of genetic compensation has also recently
been shown in zebrafish mitochondrial gene mutants, in which
stable mutation of the mitochondrial carrier s/c25a46 gene induces
upregulation of the functionally related calcium binding protein
annexin 6A, resulting in the absence of phenotypes in slc25a46
mutants (Buglo et al., 2020). Significantly, mutation in the zebrafish
giantin gene, which encodes a golgin protein involved in golgi
structure and is required for ciliogenesis (Bergen et al., 2017;
Stevenson et al., 2017), has been shown to be compensated by
upregulation of the regulator of the calcineurin 2 (RCAN2) gene.
RCAN2 was identified as the gene most highly upregulated by
giantin genetic knockout, and was shown by knockdown to
suppress ciliopathy phenotypes in giantin mutants (Stevenson
et al., 2018).

Interestingly, our results indicate that the genetic compensation in
cep290 mutants may also be tissue specific as we observed
differences in expression of compensatory genes between eye and
kidney samples. The adult retina of cep290 mutants shows mild
disorganization of retinal layers and photoreceptor outer segment
structures, along with upregulation of ar/3, arli3b and uncil19b,
suggesting attenuation of retina defects but not complete
suppression. This is consistent with our rescue experiments in
cep290 morphant larvae in which we were only able to partially
suppress retinal phenotypes by ectopic arl3, arli3b and unci19b
expression. In contrast, adult kidney cep290 mutant samples only
showed upregulation of uncl19b, indicating that uncl19b may have
a more central function in kidney cells. Importantly, we also
observed this result in kidney samples derived from human JBTS
patients, suggesting that this mechanism is conserved in humans
and may contribute to the pleiotropy of CEP290 mutations seen in
humans.

Cep290 mutant phenotype severity correlates with cell type-
specific subcellular protein localization

Different levels of compensatory gene expression could also be
related to cell type-specific Cep290 protein localization and function
(Rachel et al., 2015). It is noteworthy that cep290 deficiencies, either
by knockdown or gene mutation, most strongly affect cells in which

Cep290 is localized to pericentriolar satellites as opposed to the cilia
transition zone. In photoreceptors, outer segment membrane discs
undergo rapid turnover, necessitating elevated levels of protein and
membrane transport through the connecting cilium to maintain cilia
length (Bachmann-Gagescu and Neuhauss, 2019). Indeed, we
observed that dysfunction in this trafficking system led to a
detectable accumulation of membrane vesicles in cep290 mutant
photoreceptors. Demand for cilia membrane and protein delivery
may be less in kidney cilia that do not turn over as rapidly, and hence
may be less affected by cep290 mutation and exhibit reduced
compensatory gene expression. We also acknowledge that
compensation may be cep290 allele or gene dosage specific as we
did not observe gene upregulation in cep290 mutant heterozygotes.

Cilia membrane protein delivery and regulation of axoneme
length

Our results showing ectopic expression of either arl3, arll3b or
uncl19b was able to rescue cep290 knockdown Kupffer’s vesicle
cilia length support recent studies implicating lipidated cilia
membrane protein transport in regulating axoneme length
(Broekhuis et al., 2013; Fisher et al., 2020; Jensen and Leroux,
2017; Li et al., 2012; Prevo et al., 2017). Arl13b acts as a positive
regulator of ciliary length by inducing ciliary membrane protrusion
and extension of axonemal microtubules, possibly via a direct
interaction with tubulin G-domains (Lu et al., 2015; Revenkova
et al., 2018). In contrast, Arl3 loss of function does not directly
affect cilia length (Alkanderi et al., 2018; Hanke-Gogokhia et al.,
2016; Schrick et al., 2006) but rather may affect ciliogenesis through
its functional interaction with Arl13b and the solubilization factors
Uncl19b and Pde6d (Fansa et al., 2016; Gotthardt et al., 2015;
Ismail et al., 2012, 2011; Jaiswal et al., 2016; Roy and Marin, 2019,
Thomas et al., 2014; Wright et al., 2011; Zhang et al., 2016). In our
studies, ectopic expression of either ar/3, arl13b or unc119b mRNA
alone was able to rescue cep290 knockdown Kupffer’s vesicle cilia
length defects, providing evidence that the level of each gene may
be rate limiting for ciliogenesis. Further, we showed that
overexpression of an unrelated cilia transmembrane protein (Sstr3-
GFP) rescued Kupffer’s vesicle cilia length in cep290 knockdown
embryos, suggesting that driving cilia membrane delivery per se can
be sufficient to overcome deficiencies in normal cilia length. Our
results also suggest that not all ciliopathy genes are absolutely
essential for ciliogenesis, and that for the relatively large CEP290
gene, expressing small GTPases in affected tissues may be an
alternative and more feasible route to gene therapy for human
CEP290 mutations.

In summary, our work shows that cep290 gene mutation can
trigger the expression of genes related to cilia membrane protein
transport, allowing for ciliogenesis and relatively normal cilia
function in cep290 mutants. Although it remains to be determined
how this mechanism is triggered and what the role of genetic
background may be in this process, our findings constitute a new
genetic compensation mechanism in ciliopathy that will further our
understanding of genotype-phenotype discrepancies in cep290
mutations.

MATERIALS AND METHODS

Zebrafish husbandry

Zebrafish (TuAB; Danio rerio) of both male and female sexes were used in
the experiments. Animals were maintained and bred according to standard
procedures (Westerfield, 2000), and experiments were performed in
accordance with approved animal care guidelines under Massachusetts
General Hospital and Mount Desert Island Biological Laboratory
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Institutional Animal Care and Use Committee protocols. Embryos analyzed
in early somitogenesis were maintained at room temperature after
fertilization; for studies of the adult retina, 1-year-old animals were used.
Embryos analyzed later during development were maintained at 28°C. For
immunofluorescence experiments, embryos were treated with 1-phenyl 2-
thiourea after 24 hours post-fertilization (hpf) to reduce pigmentation.

Morpholino knockdowns

Three antisense morpholinos were designed against zebrafish cep290,
including two splice donor morpholinos and one translation blocking
(ATG) morpholino. All morpholinos were acquired from Gene Tools:
cep290ex25dmo, TTGATGTGTACCAGTTGTGCTGATG; cep290ex42dmo,
AAAGTTGCACCTACAGAGGGTCTGG; and cep290ATGmo, GCCGCA-
GGCATTCTTCAGGTCAGCT. Control injections were performed using a
mismatched morpholino: ctrIMO, CGTCCATTGTGTAAAAGTGTAACCA.
Morpholinos were diluted to a final concentration of 0.33-0.76 ng/nl in a
solution of 100 mM KCl, 10 mM HEPES and 0.1% phenol red. Volumes of
4.6 nl were injected into the yolk of one- to four-cell stage embryos using a
Nanoliter2000 microinjector (World Precision Instruments). Molecular defects
caused by splice-donor-targeted morpholino were assessed by reverse-
transcription PCR on total RNA extracted from single morphant embryos.
For this analysis, nested primers were designed to bind in exons flanking the
morpholino target site. For primer sequences, see Table S6.

Generation of Cep290 mutant line by CRISPR/Cas9 mutagenesis
Cas9 mRNA (1.4 ng/embryo) and gRNAs (58 pg/embryo) (Oligol, 5'-
TAGGAAGGCCTTAGGGATCTGAC-3’; Oligo2 5'-AAACGTCAGATC-
CCTAAGGCCTT-3") were injected into one-cell stage zebrafish embryos.
gRNA was directed against exon 16 of zebrafish Cep290 mRNA
(NM_001168267.1). gRNas were produced by cloning into pDR274
(Hwang et al., 2013) and then used as template for T7 RNA polymerase
(Maxi Script Ambion) transcription. gRNAs were purified on Qiagen
RNAeasy columns. Injected embryos were analyzed by sequencing, and
heterozygote founders were established by outcrossing grown GO fish with
TUAB wild-type animals and genotyping F1 offspring. For primer
sequences for genotyping, see Table S6.

Reverse-transcriptase PCR and quantitative RT-PCR

RNA from embryos or adult samples was extracted using an RNeasy Plus
Universal kit (Qiagen). cDNA was synthesized using SuperScript III First-
Strand Synthesis System (Invitrogen) with random primers. Quantitative
PCR was performed on a StepOnePlus thermal cycler using Sybr Green
reagents (Applied Biosystems). Quantitative RT-PCR results are expressed
as fold change by AACT, and analyzed as described previously (Willems
et al., 2008). For primer sequences, see Table S6.

Zebrafish Cep290 antibodies

Cep290 antibodies were produced and characterized as described previously
(Bergboer et al., 2018). Briefly, antibodies were produced at Rockland
Immunochemicals Inc. by immunizing rabbits with a maltose binding
protein-D. rerio Cep290 fusion protein (Cep290 amino acids 2220-2396,
C-term) or a 6x His-tagged D. rerio Cep290 protein fragment (amino acids
1-200, N-Term).

Western blotting

Zebrafish embryo extracts were prepared from pools of 30-50 48 hpf
embryos. Yolk was manually removed, and samples were homogenized
using micropestles (Eppendorf) in 50 pl of buffer containing 150 mM NacCl,
50 mM Tris-HCI (pH 7.5), 1% NP-40, 1 mM Na2VO3, 50 mM NAF, 1 mM
phenylmethylsulfonyl fluoride, 0.5% deoxicolate sodium and proteases
inhibitor. Homogenates were centrifuged for 5 min at 13,000 g, and samples
were subject to SDS-PAGE electrophoresis and transferred to PVDF
(Millipore) membranes. The following antibodies were used: Cep290CT
(1:1000), Cep290NT (1:1000) (Bergboer et al., 2018), mouse anti-a-tubulin
B512 (T5168; 1:5000, Sigma-Aldrich) and peroxidase-conjugated goat anti-
mouse IgG and goat anti-rabbit IgG secondary antibodies (115-035-003 and
111-035-003, 1:10,000, Jackson ImmunoResearch).

Whole-mount immunofluorescence and confocal microscopy
Embryos were fixed in Dent’s fixative (80% MeOH and 20% DMSO) at 4C
overnight. After rehydrating through a methanol gradient, embryos were
blocked in PBS plus 0.5% Tween 20 (PBST), 10% normal goat serum and
1% DMSO for 2 h at room temperature. Primary antibody incubation was
performed overnight at 4C in blocking solution. Primary antibodies were
removed by PBST washes prior to incubation with Alexa Fluor-conjugated
secondary antibody (Invitrogen) overnight at 4°C in blocking solution. After
removal of secondary antibodies, embryos were washed, blocked and
stained with a second set of primary and secondary antibodies following the
same method. Primary antibodies used included Cep290CT (1:100), anti-
acetylated tubulin 6-11B-1 (T6793, 1:500, Sigma-Aldrich), anti-gamma
tubulin GTU88 (T6557; 1:500, Sigma-Aldrich), anti-GFP (ab13970, 1:500,
Abcam), anti-IFT88 (1:500, a gift from Brian Perkins, Cleveland Clinic
Foundation, Cleveland, OH). Immunoreactivity was detected using Alexa
546-, Alexa 488- and Alexa 405-conjugated goat anti-rabbit IgG (A-11010,
A-11008 and A-31556, 1:1000, Thermo Fisher Scientific), Alexa 546-,
Alexa 488- and Alexa 405-conjugated goat anti-mouse IgG (A-11030, A-
11001 and A-31553, 1:1000, Thermo Fisher Scientific), and Alexa 488-
conjugated goat anti-chicken (A-11039; 1:1000, Thermo Fisher Scientific)
antibodies. Nuclei were stained by Hoechst (H3570, 1:2000, Thermo Fisher
Scientific). For imaging, embryos were equilibrated in mounting medium
(53% benzyl alcohol, 45% glycerol and 2% N-propyl gallate) and two- or
three-color z series were acquired using a Zeiss LSMS5 Pascal confocal
microscope with a 63x oil immersion lens and sequential laser excitation.
Acquired images were deconvolved using Huygens Essential Software
(Scientific Volume Imaging). For analysis of Kupffer’s vesicle and spinal
canal cilia length, embryos were stage-matched prior to fixation to avoid
nonspecific developmental delay induced by morpholino or RNA injection.
Quantification of cilia length was performed on maximum intensity z
projections of confocal stacks created in ImagelJ. Cilia axonemes stained
with anti-acetylated tubulin were traced and measured using the freehand
line tool.

Electron microscopy

Zebrafish embryos were fixed and embedded for standard transmission
electron microscopy according to previously described methods (Drummond
et al., 1998). For analysis of Cep290 localization in connecting cilia of the
photoreceptor by immunoEM, we used a previously described post-
embedding staining technique on embryos preserved using high pressure
freezing and low-temperature embedding in Lowicryl resin (Nixon et al.,
2009). For this protocol, an 18 nm colloidal gold goat anti-rabbit IgG
secondary antibody (111-215-144, 1:10, Jackson ImmunoResearch) was
used for immunodetection.

mRNA injections

Zebrafish Arl3, Arl13b and uncl19b open reading frames were subcloned
from pMEI18S-FL3 (Dharmacon clones ID, 7440598, 7400648 and
7400443) into plasmid pCS2+ using an NEBuilder HighFidelity DNA
Assembly Cloning system (New England Biolabs). Primers sequences are
listed in Table S6. Capped RNAs were transcribed from linearized plasmids
using a mMessage mMachine SP6 kit (Ambion/Thermo Fisher Scientific).
Transcripts were DNase treated prior to purification using an RNeasy Mini
Kit (Qiagen). Capped mRNAs were diluted to 10.86 ng/ul in RNase-free
water, and injected at 4.6 nl volumes into single-cell zebrafish embryos.

Photoreceptor outer segment staining and length quantification

Dehydrated embryos or adult eyes were embedded in JB-4 plastic resin
(Polysciences) and then sectioned (5 um) using a LEICA RM 2165 rotary
microtome. Sections, in which optic nerve was present, were stained with
Hoechst (H3570, 1:2000, Thermo Fisher Scientific) and BODIPY TR Methyl
Ester (C34556, 1:200, Thermo Fisher Scientific), and mounted using
Permount (SP15-500; Thermo Fisher Scientific). Two-color z series were
acquired using a Zeiss LSMS5 Pascal confocal microscope via sequential laser
excitation with 40x and 63x oil objectives. Images were deconvolved using
Huygens Essential software and processed using Adobe Photoshop. Adult eye
sections were stained with Methylene Blue/Azure 11 (Humphrey and Pittman,
1974) and examined using a Nikon E800 microscope equipped with a Spot
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Insight charged-couple device digital camera. Quantification of photoreceptor
outer segment (OS) length was performed on maximum intensity z
projections of confocal stacks created in Image]. OSs were traced and
measured using the freechand line tool.

Statistical analyses

Power calculations were performed based on a difference of means with a
confidence level of 0.95, a power of 80% and variance calculated based on
pilot experiments. For experiments that showed large variance (Kupffer’s
vesicle cilia length, OS length), minimum sample size was exceeded to
increase confidence level and power. Normal distribution of data sets was
tested using a Shapiro—Wilk test. Comparison of two groups with normal
distribution was analyzed by unpaired #-test, and three or more groups by
one-way ANOVA with posterior Tukey’s test. Data that did not follow
normal distribution were analyzed using non-parametric tests, a two-tailed
Mann—Whitney test for two sets of data or a Kruskal-Wallis test to compare
more than two sets. P<0.05 was considered to be significant. Embryos were
chosen from the same clutch for controls and morpholino injection at
random, and no exclusion criteria were applied. Embryos and larvae were
used from the same clutch (siblings) where possible to minimize variance.
For comparisons of phenotypes with n<5, individual data points were
plotted. Analysis was performed using GraphPad Prism version 8.0 for Mac
OS X (GraphPad Software, San Diego, CA, USA, www.graphpad.com).

RNAseq analysis

RNA was extracted from pools of 30 embryos of each condition
(cep290ex25MO, MZcep290~'~, wild type). Samples were processed and
analyzed at the Massachusetts General Hospital NexGen Sequencing Core
using the Illumina HiSeq platform. PolyA selection and NEBNext Ultra
Directional RNA Library Prep Kit for Illumina was used for mRNA library
construction. Samples were barcoded and multiplexed, and run in two lanes
to ensure equivalent read depth in 50-bp single-end reads. Quality filtered
reads were aligned to the zebrafish genome (Zv9) using STAR (Dobin et al.,
2013), and gene expression counts were calculated using the Python
package HTSeq (Anders et al., 2015). The R package ‘edgeR’ (Robinson
et al., 2010) was used to analyze differential gene expression.

Isolation of patient URECs

Following informed and written consent, human URECs (hURECs) were
isolated from urine collected from two JBTS CEP290 patients and two
unrelated wild-type controls. One JBTS patient carried in homozygosis the
common CEP290 variant NM_025114.4; ¢.5668G>T; p.G1890X, whereas
the second JBTS patient was compound het for the CEP290 variants
¢.5668G>T; p.G1890X and ¢.2495_2512dellnATCT; p.T832Nfs*12.
hURECs were cultured as described previously (Molinari et al., 2020).
Briefly, cells were isolated from urine samples through repeated
centrifugation passages and kept for the first 96 h in Dulbecco’s medium
Eagle medium/high glucose and Ham’s FI12 nutrient mix (1:1),
supplemented with 10% (v/v) fetal bovine serum (FBS), 140 U/ml
penicillin, 140 pg/ml streptomycin, 3.5 pg/ml amphotericin B and REGM
SingleQuot kit supplements (Lonza), at 37°C in a humidified atmosphere of
5% (v/v) CO,. After isolation for 96 h, medium was changed to Renal
Epithelial Cell Growth Basal Medium (REBM, Lonza) supplemented with
0.5% FBS, 140 U/ml penicillin, 140 ug/ml streptomycin, 3.5 ug/ml
amphotericin B and REGM SingleQuot kit supplements (Lonza). Before
collection, cells were cultured in the same medium devoid of FBS for 48 h to
induce ciliogenesis.

RNA preparation and RT-PCR

Total RNA from URECs was isolated using an RNeasy mini kit (Qiagen)
according to the manufacturer’s instructions, and quantified using a
NanoDrop 2000 spectrophotometer. RNA (1 pg) was reverse transcribed
using an oligo-dT primer and SuperScript III Reverse Transcriptase
(Thermo Fisher Scientific). The resulting cDNA was used pure in RT-
PCR reactions and diluted 10-fold or 5-fold in nuclease-free water for gPCR
experiments. PrimeTime qPCR probe-based assay (Integrated DNA
Technologies) was run using a QuantStudio 7 Flex Real-Time PCR
System (Applied Biosystems). The PrimeTime assays used were as follows:

ARLI3B- Hs.PT.58.39963208, ARL3- Hs.PT.56a.40668589 and UNC!1B-
Hs.PT.58.38351751. Expression levels were normalised to the expression of
housekeeping genes HPRT! and GUSB.
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