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USHZ2A variants causing retinitis pigmentosa
or Usher syndrome provoke differential
retinal phenotypes in disease-specific organoids
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Summary

There is an emblematic clinical and genetic heterogeneity associated with inherited retinal diseases (IRDs). The most common form is
retinitis pigmentosa (RP), a rod-cone dystrophy caused by pathogenic variants in over 80 different genes. Further complexifying diag-
nosis, different variants in individual RP genes can also alter the clinical phenotype. USH2A is the most prevalent gene for autosomal-
recessive RP and one of the most challenging because of its large size and, hence, large number of variants. Moreover, USH2A variants
give rise to non-syndromic and syndromic RP, known as Usher syndrome (USH) type 2, which is associated with vision and hearing loss.
The lack of a clear genotype-phenotype correlation or prognostic models renders diagnosis highly challenging. We report here a long-
awaited differential non-syndromic RP and USH phenotype in three human disease-specific models: fibroblasts, induced pluripotent
stem cells (iPSCs), and mature iPSC-derived retinal organoids. Moreover, we identified distinct retinal phenotypes in organoids from
multiple RP and USH individuals, which were validated by isogenic-corrected controls. Non-syndromic RP organoids showed compro-
mised photoreceptor differentiation, whereas USH organoids showed a striking and unexpected cone phenotype. Furthermore,
complementary clinical investigations identified macular atrophy in a high proportion of USH compared with RP individuals, further
validating our observations that USH2A variants differentially affect cones. Overall, identification of distinct non-syndromic RP and USH
phenotypes in multiple models provides valuable and robust readouts for testing the pathogenicity of USH2A variants as well as the
efficacy of therapeutic approaches in complementary cell types.

Introduction

Retinitis pigmentosa (RP; MIM: 268000; http://www.
omim.org), with a prevalence of 1 in 4,000 individuals,
is the most common inherited retinal disease (IRD) causing
visual impairment in adults.” Pathogenic RP variants have
been identified in more than 80 different genes (https://
web.sph.uth.edu/RetNet/), which gives rise to a wide clin-
ical landscape.” The most common form is autosomal-
recessive RP, which is characterized by night vision
difficulties in childhood or adolescence and onset of mid-
peripheral vision loss in adulthood.* Furthermore, syn-
dromic forms exist, and Usher syndrome (USH), with a
prevalence of 1 in 6,000 individuals,S is the most common.
USH individuals present with congenital sensorineural
hearing loss in addition to progressive RP. Depending on
the clinical signs, USH can be classified into three main
subtypes. USH type 2 (MIM: 276901) is the most prevalent,
and up to 85% of cases are due to variants in the gene
USH2A (MIM: 608400).° In addition, USH2A variants
account for 8%-22% of non-syndromic RP cases (MIM:

276901),”® rendering USH2A the most prevalent gene for
autosomal-recessive RP.”**

USH2A comprises 72 exons,'' and over 2,000 different
variants have been reported (www.LOVD.nl/USH2A).
Although a genotype-phenotype correlation has been pro-
posed for USH2A variants,'? it has not been definitively es-
tablished. The most prominent example is two variants in
exon 13, ¢.2299delG, p.Glu767Serfs*21 and c.2276G>T,
p-Cys759Phe, which are frequently seen in affected indi-
viduals'®'? and together represent approximately 30% of
all pathogenic USH2A alleles.'* The variant ¢.2299delG is
commonly associated with USH, whereas ¢.2276G>T has
been described as a “retina-specific” allele that leads to
RP in the absence of hearing anomalies in childhood.'®
However, the reason behind this phenomenon is currently
unknown.

USH2A encodes usherin, which belongs to a protein
complex known as the USH interactome.'® This complex
is located at the periciliary membrane that is wrapped
around the connecting cilium (CC) of photoreceptors.'”
To date, the exact function of the USH proteins in the
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retina is not well understood. Furthermore, none of the
murine USH models show retinal degeneration,'® except
for the Ush2a mutant mice, which show only a mild and
late-onset degeneration phenotype.'’ This is most likely
due to anatomical differences in photoreceptor structures
between humans and rodents.”’ The zebrafish ush2a
knockout and/or mutant lines more closely mimic the
retinal degeneration of affected individuals but with varia-
tions in onset and severity.”'*° However, the evolutionary
distance between zebrafish and humans, as well as the
regenerative capacities of the zebrafish, renders patho-
physiological studies of this progressive disorder highly
challenging. Therefore, there is a need for development
of a human retinal model to further decipher USH2A-asso-
ciated disease phenotypes.

Over recent years, induced pluripotent stem cell (iPSC)-
derived retinal organoids containing features of mature
photoreceptors”®~*® have proven their worth for disease
modeling of diverse IRDs and for testing the efficacy of
potential therapies.””"**~** We previously reported genera-
tion of iPSC lines from two individuals carrying the most
prevalent exon 13 USH2A mutations: a non-syndromic RP
individual compound heterozygous for ¢.2299delG and
€.2276G>T alleles*® and an USH individual homozygous
for the ¢.2299delG allele.*® We further reported aberrantly
increased USH2A mRNA levels in USH2A-USH iPSCs
compared with control or USH2A-RP lines, which were
rescued following CRISPR-Cas-mediated correction of
the ¢.2299delG variant.?” This differential mRNA expres-
sion profile was a molecular glimpse into the putative
genotype-phenotype correlation for USHZA mutations.

We hence extended our efforts to further decipher the
genotype-phenotype relationship of USH2A mutations by
studying fibroblasts, iPSCs, and iPSC-derived retinal orga-
noids of affected individuals with different USH2A vari-
ants. Here, we report differential non-syndromic RP and
USH phenotypes in all models investigated. Moreover,
we report a mature human retinal organoid model system
of USH2A-specific mutations, allowing us to detect
usherin expression at the CC of human photoreceptors.
Furthermore, phenotypic reversion and restored usherin
expression in retinal organoids was demonstrated using
CRISPR-Cas-mediated gene-corrected isogenic controls.
Last, by performing additional tailored clinical investiga-
tions, the unexpected differential retinal phenotype of
the human organoids was confirmed at the clinical level
in RP and USH individuals. Together, these data provide
long-awaited direct evidence of a genotype-phenotype
correlation associated with USH2A mutations.

Material and methods

Clinical investigations

Informed consent for clinical examination and genetic analyses
was obtained and signed by each individual. All methods were car-
ried out in accordance with approved protocols of Montpellier

University Hospital, Montpellier, France (ID IRB-MTP_2021_
11_202100959) and the Declaration of Helsinki for medical
research. Individuals underwent a comprehensive ophthalmolog-
ical examination, including best corrected visual acuity and multi-
modal imaging. Color fundus photography was performed using
an automated, non-mydriatic fundus camera (AFC 330, Nidek).
Short-wave fundus autofluorescence imaging was performed
with a Spectralis combined retinal angiography and spectral
domain optical coherence tomography device (Heidelberg
Engineering).

Fibroblast culture

Skin biopsies of the USH2A volunteers were performed under
sterile conditions at the Center of Reference for Inherited Sensory
Diseases (CHU Montpellier) following informed consent as part of
the registered clinical trial NCT03853252. Ethics approval was pro-
vided by the local institutional review board and the French Na-
tional Agency for the Safety of Medicines and Health Products
(ID 2014-A00549-38). The biopsies and emerging fibroblasts
were cultured in AmnioMAX C100 basal medium supplemented
with GlutaMAX (Gibco), 10% decomplemented fetal calf serum
(FCS; Gibco), 1% penicillin-streptomycin-amphotericin B (Gibco),
and 2% AmnioMax C100 supplement (Gibco), as described
previously.*®

iPSC reprogramming and culture

The iPSCs were reprogrammed from USHZ2A fibroblasts under
feeder-free conditions using the integration-free CytoTune iPSC
2.0 Sendai Reprogramming Kit (Thermo Fisher Scientific), cultured
in Essential 8 (Gibco) or mTeSR Plus (STEMCELL Technologies) me-
dium, and passaged weekly using 0.48 mM Versene solution
(Gibco).** We previously reported the generation and characteriza-
tion of the USH2A-RP-1,>° USH2A-USH-1,%® USH2A-RP-2,*° and
control*” iPSC lines. We also reported the CRISPR-Cas9-mediated
genome-edited USH2A-RP-1 and USH2A-USH-1 lines that were cor-
rected for the ¢.2276G>T and C.2299delG alleles, respectively.®’
The iPSC lines USH2A-RP-3 and USH2A-USH-3 were newly gener-
ated in the framework of this study. The genome stability of the
generated iPSC lines was analyzed by karyotype analysis (Chromos-
tem, CHU Montpellier), as described previously.>’ Pluripotency
was determined using reverse-transcriptase PCR (RT-PCR), quanti-
tative PCR (qPCR), immunofluorescence, and embryoid body
assays as described previously without modification.*’

DNA sequencing

Genomic DNA was isolated from USH2A-RP-3 and USH2A-USH-3
lines using the DNeasy Blood & Tissue Kit (QIAGEN) and PCR
amplified using USH2A-specific primers (Table S1). Extra dNTPs
were removed from the PCR reaction using the ExoSAP-IT PCR
Clean-up Kit (GE Healthcare), and sequencing was performed us-
ing the BigDye Terminator Cycle Sequencing Ready Reaction Kit
V3.1. The reaction was run on an Applied Biosystems 3130xL
genetic analyzer.

iPSC-derived retinal organoid differentiation

Retinal organoids were differentiated from adherent iPSC cultures
and, following excision, cultured as free-floating structures in
DMEM/F12+GlutaMAX (Gibco) supplemented with taurine and
retinoic acid, as described previously.”® A minimum of 5 differen-
tiations were performed per line, and for each differentiation,
retinal organoids were monitored using an Olympus CKXS53
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microscope. For analysis of brush border length, 5 measurements
were performed and averaged per organoid.

qPCR studies

For the USH2A expression studies, RNA was extracted from iPSCs
using the QIAShredder and RNeasy Mini Kits (QIAGEN) and
treated with RNase-Free DNase (QIAGEN), and 500 ng was reverse
transcribed using the Superscript III Reverse Transcriptase Kit
(Thermo Fisher Scientific). qPCR amplification was performed us-
ing a 1/10 dilution of cDNA per reaction. Two individual clones
per iPSC line were assayed in triplicate and the results averaged;
three individual experiments were performed. For the iPSC-
derived retinal organoids, RNA was extracted from either individ-
ual organoids or pools of 2 organoids using the NucleoSpin RNA
Plus XS Kit (Macherey Nagel), and 200 ng was reverse transcribed.
qPCR amplifications were performed using a 1/20 dilution of
cDNA per reaction in triplicate. For all experiments, reactions
were performed with the SensiFAST SYBR No-ROX (Meridian
Bioscience) mix on a Roche LightCycler 480 II. Results were
normalized to GAPDH expression levels.

Immunofluorescence studies

Human fibroblasts were seeded on glass coverslips at a density of
75,000 cells per 1.88 cm? in supplemented AmnioMAX medium.
The day after seeding, fetal bovine serum (FBS) was removed
from the medium for 48 h, and the coverslips were fixed in ice-
cold methanol at —20°C for 15 min. The fibroblasts were permea-
bilized using 0.1% Triton X-100 for 15 min at room temperature
and blocked in 10% donkey serum (Millipore) and 1% bovine
serum albumin (BSA; Sigma-Aldrich) at room temperature for 1
h. Generally, the iPSC-derived retinal organoids were fixed in 4%
paraformaldehyde (PFA) at 4°C for 20 min, incubated in 30% su-
crose in PBS at 4°C overnight, and embedded in Tissue-Tek
O.C.T. compound (Sakura). 10-pm cryosections were blocked
and permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) in
10% donkey serum and 5% BSA at room temperature for 1 h. Pri-
mary antibodies (Table S2) were incubated at 4°C overnight in 1%
donkey serum and 1% BSA (fibroblasts) or in 2% donkey serum,
1% BSA, and 0.1% Triton X-100 (retinal organoids). For CC anti-
bodies, organoids were fixed in 0.5% methanol-free PFA (Pierce,
Thermo Fisher Scientific) for 20 min at 4°C and incubated sequen-
tially in 7.5%, 15%, and 30% sucrose in PBS prior to embedding.
For all CC antibodies except ADGRV1, cryosections were permea-
bilized for 20 min with 1% Tween 20 in PBS and blocked for 1 h
with blocking buffer (0.1% ovalbumin, 0.5% fish gelatine, and
1% Tween 20 in PBS). For ADGRV1, cryosections were permeabi-
lized for 20 min with 0.01% Tween 20 in PBS and blocked for
1 h with blocking buffer (0.1% ovalbumin and 0.5% fish gelatine
in PBS). Primary antibodies were diluted in blocking buffer and
incubated overnight at 4°C. Secondary antibodies (Table S2) and
0.2 pg/mL Hoechst 33258 solution (Sigma-Aldrich) were incu-
bated at room temperature for 1 h in their respective blocking
buffers. All samples were mounted in fluorescent mounting
medium (Dako, France). For antibodies against ciliary proteins
except ADGRV1, sections were post fixed with 4% methanol-free
PFA at room temperature for 10 min prior to mounting. For
ADGRV1,*"#? the post-fixation step was performed in 1% meth-
anol-free PFA at room temperature for 10 min prior to secondary
antibody incubation. Samples processed without primary anti-
bodies were used as negative controls. All samples were imaged us-
ing a Carl Zeiss ApoTome 2 upright wide-field microscope or a Carl

Zeiss confocal LSM700 microscope. At least three different organo-
ids from different differentiations were assayed for each antibody.
For the quantification studies, one image was analyzed per orga-
noid unless divergent phenotypes within an organoid were
observed, in which case two images were analyzed.

Transmission electron microscopy

The iPSC-derived retinal organoids were processed and embedded
as described previously without modification.”® Counterstained
70-nm sections were observed using a Tecnai F20 transmission
electron microscope at 200 kV in the in-house CoMET facility.

Image quantification and statistical analyses
Quantification of primary cilium length in human fibroblasts and
brush border length in retinal organoids was performed using Im-
ageJ software (https://imagej.nih.gov/ij/). Quantification of the
area of fluorescence in retinal organoids was performed using
Imaris software (Bitplane). Quantification of fluorescent cones
was performed using QuPath software.** All data are presented
as dot plots with bars to indicate the mean, and the sample size
for each condition is shown in the bar or stated in the correspond-
ing legend. Statistical analyses were performed using GraphPad
Prism 8.3 software. Comparisons of 2 groups of data were per-
formed using an unpaired Student’s t test.

Results

USH2A variants differentially affect ciliogenesis in non-
syndromic RP and USH fibroblasts
Either previously or as part of this study, we performed skin
biopsies (Table S3) and isolated fibroblasts of three non-
syndromic RP and three USH individuals carrying USH2A
variants (Figure 1). The three RP individuals carried the
recurrent exon 13 ¢.2276G>T missense variant in the het-
erozygous state with either ¢.2299delG (USH2A-RP-1%°) or
the missense variant c.7352T>C in exon 39 (USH2A-RP-
2%%), or in the homozygous state (USH2A-RP-3). By
contrast, all the USH individuals carried loss-of-function
variants. Two of the individuals (USH2A-USH-1°¢ and
USH2A-USH-2) carried the recurrent exon 13 ¢.2299delG
variant in the homozygous state, whereas USH2A-USH-3
was compound heterozygous for two nonsense mutations,
€.4429G>T in exon 21 and ¢.11864G>A in exon 61.
Because usherin is thought to be localized at the pericili-
ary membrane of photoreceptors,'” we first investigated
whether USH2A mutations affected ciliogenesis in serum-
starved fibroblasts. Using immunofluorescence studies,
we assayed the classic ciliary markers ARL13B, polygluta-
mylated tubulin (GT335), acetylated a-tubulin, and peri-
centrin (PCN). We observed a similar spatial distribution
of the ciliary proteins between control and USH2A-RP
and USH2A-USH cells; ARL13B (Figures 2A and 2B)
extended the length of the ciliary shaft, GT335 (Figure
2B) and acetylated a-tubulin (Figure S1) labeled the
axoneme, and PCN was found in the basal body (Figure
2A). We also assayed the localization of intraflagellar trans-
port (IFT) particles using the marker IFT88 and observed a
correct distribution that extended beyond acetylated
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Figure 1.

Usherin protein structure and position of the variants in this study

Shown is a graphic representation of the usherin protein structure as determined using the SMART prediction tool (smart.embl-heidel-
berg.de). The signal peptide (gray), laminin G-like domain (red), laminin N-terminal domain (light blue), and the first four fibronectin
type 3 domains (yellow) are encoded by USH2A exons 2-21. The laminin G domains (royal blue), the remainder of the fibronectin type 3
domains, the transmembrane domain (pink), and the C-terminal PDZ1 binding domain (orange) are encoded by exons 22-72. The
USH2A variants carried by the individuals recruited for this study are indicated, along with their corresponding exonic position in black.
The protein change for each mutation is also indicated. It is also stated whether the variants are carried in the compound heterozygous
(htz) or homozygous (hmz) state by RP (blue) and USH (red) individuals. The genotypes of the non-syndromic RP and USH CRISPR-cor-

rected iPSC clones are also indicated in black.

a-tubulin at the apical and basal ends in control and
USHZ2A cells (Figure S1).

We then quantified the length of the ARL13B-labeled pri-
mary cilium in control and USH2A-RP and USH2A-USH
cells. Overall, the ciliary length of the fibroblasts from each
USH2A individual was significantly longer than that of the
control cells (Figure 2C). On average, the length of the pri-
mary cilium of the combined USH2A-RP fibroblasts (4.5 =+
0.05 pum) was significantly (1.2-fold) longer than that of
controls (3.7 + 0.09 um) (Figure 2D). Furthermore, the com-
bined USH2A-USH fibroblasts displayed an even more pro-
nounced elongated cilium (5.44 = 0.066 pm), which was
significantly (1.55-fold and 1.2-fold) longer than that of con-
trol and USH2A-RP fibroblasts, respectively.

Taken together, these results suggest defective ciliogenesis
associated with USH2A mutations that is more pronounced
in fibroblasts from USH than non-syndromic RP individuals.

USH2A variants differentially affect USH2A expression in
non-syndromic RP and USH iPSCs

To validate our previous observations concerning differen-
tial USH2A mRNA levels in RP and USH iPSCs,”” we gener-
ated pluripotent and genetically stable iPSC lines for
the additional individuals USH2A-RP-2,*" USH2A-RP-3
(Figure S2), and USH2A-USH-3 (Figure S3); we did not
reprogram the fibroblasts of USH2A-USH-2 into iPSCs
because they had a genotype identical to USH2A-USH-1

(Figure 1). We then assayed USH2A expression in two
clones of each iPSC line and observed slightly increased
levels in USH2A-RP-1 iPSC clones compared with controls
(Figure 3A). The USH2A levels in USH2A-RP-2 and USH2A-
RP-3 clones were not significantly different from controls.
Between the RP lines, the USH2A levels in USH2A-RP-1 and
USH2A-RP-3 iPSCs were significantly higher than that of
USH2A-RP-2. Consistent with our previous data, USH2A
expression levels in USH2A-USH-1 clones were signifi-
cantly (6-fold) higher than that of controls. Similarly,
USH2A expression levels in USH2A-USH-3 clones were
significantly (4-fold) higher than that of controls. No sig-
nificant differences were detected between the USH lines.
More globally, when grouped by disease phenotype, the
USHZ2A levels in the iPSC lines of non-syndromic RP indi-
viduals were not significantly different from controls,
whereas those of USH individuals were significantly (5-
and 3.5-fold) higher than those of the control and
USH2A-RP lines, respectively (Figure 3B).

In conclusion, these data confirm our previous observa-
tions that USH2A expression levels are elevated in iPSC
lines from USH but not RP individuals.

USH2A variants differentially affect outer segment
elongation in RP and USH retinal organoids

Having observed a genotype-phenotype correlation for
USH2A variants linked with non-syndromic RP or USH in
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fibroblasts and iPSCs, we differentiated iPSC-derived
retinal organoids from the USH2A-RP-1 and USH2A-USH-
1 lines. In parallel, we differentiated their isogenic control
iPSC lines (Figure 1), which we generated previously.>” We
obtained retinal organoids for all lines; however, effi-
ciencies varied depending on the cell line, as has been
well documented.***¢

We first looked at brush border formation, which repre-
sents the inner segment (IS)- and outer segment (OS)-like
structures of rod and cone photoreceptors,”® in mid-stage

--

.
£
/7

Figure 2. Ciliogenesis in human USH2A-
RP and USH2A-USH fibroblasts

(A-C) IF staining of primary cilia and
maximume-intensity plane confocal imaging
of control, USH2A-RP, and USH2A-USH fibro-
blasts using antibodies against (A) PCN
(green) and ARL13B (red) and (B) GT335
(green) and ARL13B (red). Scale bars, 5 pm.
(C) Length of the primary cilium of control
(white) and individual USH2A-RP (light
gray) and USH2A-USH (dark gray) fibroblasts.
Data are represented as mean = SEM, and the
number of cells analyzed per group is indi-
cated in the bars. ns, non-significant,
*p < 0.05, ***p < 0.001, ****p < 0.0001, Stu-
dent’s t-test.

(D) Cilium length of combined USH2A-RP
(light gray) and USH2A-USH (dark gray)
values in comparison with controls (white).
Data are represented as mean + SEM, and
sample sizes are indicated in the bars.
****p < 0.0001, Student’s t-test.

USH2A-RP-3

USH2A-USH-3

USH2A-RP-3

organoids on day 150 of differentia-
tion (Figures 4A, 4B, and 4E). We
observed a shorter or sometimes ab-
sent brush border in USH2A-RP-1 orga-
noids (Figure 4A), which was signifi-
cantly (3-fold) shorter (7.2 + 1 um)
compared with control (22.1 *= 1
um) organoids (Figure 4E). Moreover,
the brush border of USH2A-RP-1 orga-
noids was also significantly (2.4-fold)
shorter than that of USH2A-RP-1
CRISPR-corrected organoids (17 =+
1.7 pm). Although, at first glance, we
did not observe a clear difference in
brush border formation in USH2A-
USH-1 organoids compared with
control organoids (Figure 4A), the
USH2A-USH-1 brush border was sig-
nificantly (1.2-fold) shorter (17.8 =
0.7 pm). By contrast, it was not signif-
icantly different from that of isogenic
USH2A-USH-1 CRISPR-corrected orga-
noids (21.5 + 2.4 pm) (Figure 4E). To
confirm these differences, we perfor-
med immunofluorescence (IF) staining
with the pan-photoreceptor marker
rhodopsin kinase (RK) and the outer limiting membrane
(OLM) marker ZO-1 (Figure 4B). RK and ZO-1 expression
was observed for all retinal organoids, but differences in
the extension of RK staining beyond the OLM of the devel-
oping IS- and OS-like structures were exclusively visible for
USH2A-RP-1 organoids, consistent with the brush border
measurements.

We then assayed the brush border in retinal organoids on
day 225 (Figures 4C, 4D, and 4F) and observed an increase in
length for all organoids (Figure 4C) compared with day 150

USH2A-USH-3
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Figure 3. USHZ2A levels in USH2A-RP and
USH2A-USH iPSC lines

(A) gPCR analysis of USH2A expression
levels in control, USH2A-RP, and USH2A-
USH iPSCs using primers specific to exon
39. Data are represented as mean * SEM;
n = 3 independent experiments. ns, non-
significant, *p < 0.05, **p < 0.01,
***p < 0.001, Student’s t-test.

(B) Mean USH2A levels of combined
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(dark gray) values in comparison with
controls (white). Data are represented as
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(Figure 4A). However, the brush border of control organoids
(68.6 = 1.9 pm) was significantly longer (on average
1.4-fold) than that of USH2A-RP-1 (44.8 = 3 um), USH2A-
RP-1 CRISPR-corrected (50.7 = 3.5 um), and USH2A-USH-
1 (56.1 = 1.2 pm) organoids (Figure 4F). By contrast, no
significant difference was observed with the USH2A-USH-
CRISPR organoids (56.4 = 4.5 um). IF studies for expression
of the IS marker ATP synthase and the pan-photoreceptor
marker recoverin (RCVRN) again revealed a notable differ-
ence in the extension of IS- and OS-like structures in
USH2A-RP-1 organoids compared with the other organoids
(Figure 4D). In addition, although we did not observe a com-
plete distinction in IS and OS staining with each marker in
USH2A-RP-1 CRISPR-corrected organoids, as could be seen
with controls, we did observe an improvement in OS forma-
tion compared with USH2A-RP-1 organoids. No clear differ-
ences in the staining profiles were observed between control,
USH2A-USH-1, and USH2A-USH-1 corrected organoids.

To further investigate the differences in formation of IS-
and OS-like structures, we analyzed the ultrastructure of
photoreceptors in RP and USH organoids on day 225 using
transmission electron microscopy (TEM) (Figure 4G). The
control organoids had IS- and OS-like structures that
extended well beyond the OLM, whereas USH2A-RP-1 orga-
noids had small IS protrusions but no evident OS-like struc-
tures. By comparison, USH2A-USH-1 organoids presented
with IS- and OS-like structures extending beyond the
OLM, although not as far as those of control organoids.
These observations were further confirmed quantitatively
by measuring the distance from the OLM to the end of
the farthest detectable IS (in the case of USH2A-RP-1) or
OS-like (control and USH2A-USH-1) structures in all orga-
noids (Figure 4H). In control organoids, this distance was,
on average, 15.7 = 0.7 pm, whereas it was significantly (4-
fold) shorter in USH2A-RP-1 (4 = 0.2 um) and 1.5-fold
shorter in USH2A-USH-1 (10.6 + 0.4 pm) organoids.
Furthermore, there was also a significant 2.7-fold difference
between USH2A-RP-1 and USH2A-USH-1 organoids.

Taken together, the USH2A-mutant organoids present
differences in IS/OS formation and/or elongation that are

o F

T T T mean = SEM, and sample sizes are
Qg 62‘ indicated in the bars. ns, non-significant,
g ?"\) *p < 0.001, ***p < 0.0001, Student’s t
Qﬂ’ test.

)
00"9

more pronounced in organoids from RP than USH
individuals.

USHZ2A variants preferentially affect rod photoreceptors
in non-syndromic RP organoids

Because we observed differences in photoreceptor 1S/OS
formation and/or elongation in USHZ2A organoids, we
next specifically examined the rod photoreceptor markers
rhodopsin (Figure 5A), PDE6B (Figure 5B), and PRPH2
(Figure 5C) in day 225 retinal organoids. By IF of control
organoids, rhodopsin staining could be seen throughout
photoreceptor cells but primarily in the surrounding brush
border (Figure 5A). We observed a similarly distributed but
less homogeneous rhodopsin profile in USH2A-RP-1 orga-
noids. Importantly, in CRISPR-corrected USH2A-RP-1 orga-
noids, this phenotype was reversed, and more regular
rhodopsin staining was observed. To validate these obser-
vations, we measured the area of rhodopsin staining as a
function of Hoechst staining in the outer nuclear
layer (ONL) and observed a significantly smaller (3- and
2-fold) area of rhodopsin staining in USH2A-RP-1 organo-
ids compared with control and CRISPR-corrected organo-
ids, respectively (Figure 5D). Interestingly, the area of
rhodopsin staining in isogenic USH2A-RP-1 CRISPR-cor-
rected organoids was also significantly smaller (1.5-fold)
than in control organoids. By comparison, the rhodopsin
staining of USH2A-USH-1 and isogenic CRISPR-corrected
organoids was more homogeneous than that of USH2A-
RP-1 organoids (Figure 5A), but the area was significantly
smaller (1.3- and 1.2-fold) than in control organoids,
respectively (Figure 5D).

We then specifically studied rod photoreceptor OS-like
structures using PDE6B as a marker. We detected specific
PDE6p staining of the brush border of control organoids
that appeared similar to that in USH2A-RP-1 CRISPR-cor-
rected, USH2A-USH-1, and USH2A-USH-1 CRISPR-corrected
organoids. PDE6p staining, however, was visibly reduced in
USH2A-RP-1 organoids (Figure 5B), similar to the observa-
tions for rhodopsin. Quantification of the area of PDE6
staining as a function of Hoechst staining further confirmed
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Figure 4. Morphological characteristics of human USH2A-RP and USH2A-USH iPSC-derived retinal organoids
(A) Bright-field microscopy of control, affected (USH2A-RP-1 and USH2A-USH-1), and isogenic CRISPR-corrected (USH2A-RP-1 CRISPR
and USH2A-USH-1 CRISPR) retinal organoids on day 150 (D150) of differentiation. Scale bars, 100 pm.

(B) IF of day 150 retinal organoids using antibodies directed to thodopsin kinase (RK; green) and ZO1 (red). Insets: higher magnifications.
Scale bars, 30 pm.

(C) Bright-field microscopy of control, affected, and isogenic CRISPR-corrected retinal organoids on day 225. Scale bars 100 um.

(legend continued on next page)
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these results. Only USH2A-RP-1 organoids showed a signifi-
cantly lower (3.7- and 3.2-fold) level of PDE6P staining
compared with control and isogenic-corrected organoids,
respectively (Figure SE). By contrast, PDE6f staining in
USH2A-USH-1 and USH2A-USH-1 CRISPR-corrected orga-
noids was again at levels similar to that of the USH2A-RP-1
CRISPR-corrected organoids and not significantly different
from controls. Although less striking, a similar profile was
observed for the rod OS PRPH2 (Figure 5C), where a signifi-
cant difference in the area of PRPH2 staining was only
detected for USH2A-RP-1 organoids compared with control
organoids (Figure 5F).

Taken together, organoids from a non-syndromic RP in-
dividual showed an altered rod photoreceptor phenotype,
which was improved upon CRISPR correction, whereas
those from an USH individual had a phenotype that was
relatively similar to that of controls.

USHZ2A variants preferentially affect cone
photoreceptors in USH organoids
Because of the differential rod phenotype in USH2A mutant
organoids, we then specifically analyzed cone photorecep-
tors. We first tested day 225 retinal organoids by IF for
expression of two transcription factors partners regulating
cone/rod fate: the neural retina-specific leucine zipper pro-
tein (NRL), which is restricted to rod nuclei, and the cone-
rod homeobox protein (CRX), which labels cone and rod
nuclei. Analysis of control organoids demonstrates clear la-
beling of a structured ONL at the outer edge (Figure 6A). A
similar structure was seen for all affected and isogenic
control organoids except for USH2A-RP-1 organoids.
Furthermore, in all organoids, we could distinguish that
the majority of the nuclei were co-labeled for CRX and
NRL, identifying them as rods, except for some nuclei at
the outer edge that were exclusively labeled by CRX, identi-
fying them as cones. Interestingly, a well-defined outer rim
of exclusively CRX-positive nuclei was noted in USH2A-
RP-1 and USH2A-USH-1 organoids, which was absent in
control or the CRISPR-corrected organoids. We therefore
quantified the number of CRX-positive/NRL-negative
nuclei per number of Hoechst-stained nuclei in the ONL
and observed a significantly increased number of cones in
USH2A-RP-1 and USH2A-USH-1 organoids compared with
control or CRISPR-corrected organoids (Figure S4A).

We therefore further analyzed retinal organoids for the
cone-specific markers cone arrestin-3 (ARR3) and red/green
(RG) opsin) on day 150 (Figure 6B) and day 225 (Figure

6C). On day 150 in control organoids, we clearly observed
ARR3-positive cones with IS/OS-like structures extending
beyond the ONL (Figure 6B). Only a small number ex-
pressed the more mature marker RG opsin. Cones were
barely detectable in USH2A-RP-1 organoids; however,
following CRISPR correction, ARR3-positive and ARR3-
positive/RG opsin-positive cones were again clearly visible
throughout the ONL in these isogenic controls. Unexpect-
edly, for USH2A-USH-1 organoids, we observed an exces-
sive amount of cone photoreceptors in the ONL compared
with control or CRISPR-corrected isogenic organoids, and
many were also labeled for RG opsin. This tendency was
further confirmed on day 225, where the ONL of USH2A-
USH-1 organoids contained a large quantity of highly
structured cones compared with control or CRISPR-cor-
rected organoids (Figure 6C). Furthermore, the majority
of these cones were also positive for RG opsin, suggesting
a higher degree of maturation. Surprisingly, on day 225,
there was a striking increase in the amount of cones for
USH2A-RP-1 organoids compared with control and
CRISPR-corrected organoids, although only a small propor-
tion was co-labeled with RG opsin. However, neither the
ONL nor the cones were as nicely structured as in the con-
trol, CRISPR-corrected, or even USH2A-USH-1 organoids.
To validate these observations, we quantified the area of
ARR3 and RG opsin fluorescence relative to Hoechst staining
in the ONL (Figures 6D-6G). We detected no significant dif-
ferences between control or CRISPR-corrected isogenic orga-
noids regardless of marker or time point. By contrast, on day
150, the area of ARR3 staining was significantly decreased by
2.4-fold in USH2A-RP-1 organoids and significantly
increased by 3.2-fold in USH2A-USH-1 organoids compared
with controls (Figure 6D). Similarly, the area of RG opsin
staining was significantly decreased by 2.3-fold in USH2A-
RP-1 and significantly increased by 4-fold in USH2A-USH-
1 organoids compared with controls (Figure 6E). On day
225, the tendency for USH2A-RP-1 organoids had reversed,
as suggested by IF images. The area of ARR3 staining was
significantly increased by 2- and 2.3-fold in USH2A-RP-1
and USH2A-USH-1 organoids, respectively (Figure 6F). Simi-
larly, the area of RG opsin staining was significantly
increased by 2- and 3.9-fold (Figure 6G) in USH2A-RP-1
and USH2A-USH-1 organoids, respectively. We further
confirmed these observations by counting the number of
ARR3-positive or RG opsin-positive cones per number of
Hoechst-stained nuclei in the ONL at both time points
and observed identical profiles (Figures S4B-S4E). Last, we

(D) IF of day 225 (D225) retinal organoids using antibodies directed to ATP synthase (ATP Syn; green) and recoverin (RCVRN; red). Insets:

higher magnifications. Scale bars, 50 um.

(E and F) Brush border length of control, affected (USH2A-RP-1 and USH2A-USH-1), and isogenic CRISPR-corrected (USH2A-RP-1 CRISPR
and USH2A-USH-1 CRISPR) retinal organoids on day 150 (E) and day 225 (F). Data are represented as mean = SEM, and the number of
organoids analyzed is indicated in the bars. ns, non-significant, *p < 0.05, ***p < 0.001, ****p < 0.0001, Student’s t test.

(G) TEM images of control and affected organoids on day 225, showing the position of the ONL, OLM, IS-, and/or OS-like structures.
Scale bars, 5 pm (control and USH2A-USH-1) and 10 um (USH2A-RP-1).

(H) Distance measured from the OLM to the farthest IS- (USH2A-RP-1) or OS-like (control and USH2A-USH-1) structure.

Data are represented as mean + SEM. n = 51 (control), 182 (USH2A-RP-1), and 146 (USHA-USH-1) measurement. ****p < 0.0001, Stu-

dent’s t test.
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Figure 5.

Rods in human USH2A-RP and USH2A-USH iPSC-derived retinal organoids

(A-C) IF of the rod markers rhodopsin (A), PDE68 (B), and PRPH2 (C) in control, affected (USH2A-RP-1 and USH2A-USH-1), and isogenic
CRISPR-corrected (USH2A-RP-1 CRISPR and USH2A-USH-1 CRISPR) retinal organoids on day 225 of differentiation. Scale bars, 100 pm

(rhodopsin) and 50 pm (PDE6B and PRPH2).

(D-F) Area of rhodopsin (D), PDE6B (E), and PRPH2 (F) staining in control, affected, and isogenic CRISPR-corrected retinal organoids on

day 225 and normalized to controls.

Data are represented as mean = SEM, and the number of images analyzed is indicated in the bars. ns, non-significant, *p < 0.05,

**p < 0.01, ***p < 0.001, ***p < 0.0001, Student’s t test.

assayed expression of the corresponding genes ARR3
(Figure S4H) and OPNIMW (Figure S4I) on days 150 and
225 by qPCR. In day 150 organoids, a significant increase
in ARR3 expression was observed in USH2A-USH-1 organo-
ids compared with controls. Although a tendency of
increased levels was also detected on day 225, high varia-
tions in expression between organoids made it difficult to
confirm (Figure S4H). By contrast, a significant increase in
OPNIMW expression was observed in USH2A-USH-1 orga-
noids on day 150 and day 225 compared with control and
USH2A-RP-1 organoids (Figure S4I), consistent with the
area of RG opsin staining following IF analysis (Figure 6G).

To conclude, there is a clear differential cone phenotype,
in terms of number and structure, in organoids from non-
syndromic RP and USH individuals.

Differential RP and USH disease phenotypes in
organoids of additional individuals

Because a differential RP or USH phenotype as a result of
USH2A mutations in the retina had not been reported
previously, we wanted to confirm these phenotypes in orga-
noids of additional individuals carrying other variant combi-
nations. We therefore generated retinal organoids from an
additional RP (USH2A-RP-3) and an additional USH

Human Genetics and Genomics Advances 4, 100229, October 12, 2023 9
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Figure 6. Cones in human USH2A-RP and USH2A-USH iPSC-derived retinal organoids

(A) IF of the transcription factors CRX (green) and NRL (red) in control, atfected (USH2A-RP-1 and USH2A-USH-1), and isogenic CRISPR-
corrected (USH2A-RP-1 CRISPR and USH2A-USH-1 CRISPR) retinal organoids on day 225 (D225) of differentiation.

(B and C) IF of ARR3 (green) and RG opsin (red) in day 150 (B) and day 225 (C) retinal organoids. Scale bars, 50 um.

(legend continued on next page)
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(USH2A-USH-3) individual, which were studied on day 225.
Similar to our aforementioned observations, USH2A-RP-3 or-
ganoids showed a shorter and sometimes absent non-homo-
geneous brush border compared with controls, whereas
USH2A-USH-3 organoids showed a similar brush border
length (Figure 7A). Quantification of the brush border length
confirmed a significant (3- and 2.6-fold) decrease in USH2A-
RP-3 organoids (23.3 + 0.9 pm) compared with control
(67.2 = 2 pm) and USH2A-USH-3 (60 = 2.8 um) organoids,
respectively (Figure 7B). We then checked the rod-specific
markers by IF and again observed a reduced area of rhodopsin
(Figure 7C), PDE6B (Figure 7E), and PRPH2 (Figure 7G) stain-
ing in USH2A-RP-3 organoids compared with control and
USH2A-USH-3 organoids. For thodopsin, we detected a sig-
nificant 2.6- and 2.3-fold lower area of staining in USH2A-
RP-3 organoids compared with control and USH2A-USH-3
organoids, respectively (Figure 7D). Similarly, for PDE6B, we
detected significantly (3.6-fold) smaller area of staining in
USH2A-RP-3 organoids compared with control and USH2A-
USH-3 organoids (Figure 7F). Last, for PRPH2, we observed
a significantly (2.9- and 3.2-fold) smaller area of staining in
USH2A-RP-3 organoids compared with control and USH2A-
USH-3 organoids, respectively (Figure 7H).

We then assayed the cone-specific markers by IF and
again observed increased staining of ARR3 in USH2A-RP-
3 and USH2A-USH-3 organoids compared with control
organoids (Figure 7I). Furthermore, in USH2A-USH-3 orga-
noids, many of the ARR3-positive cones appeared to be co-
labeled with RG opsin, whereas, in USH2A-RP-3 organoids,
some co-localization could be seen, but RG opsin seemed
to be mostly mislocalized to the nuclei, suggestive of
immature cones. Quantification demonstrated a 1.7-fold
and 2.3-fold increase in the area of ARR3 and a 1.9- and
2-fold increase in the area of RG opsin staining in
USH2A-RP-3 and USH2A-USH-3 organoids, respectively,
compared with control organoids. These results were again
confirmed by counting cones labeled for ARR3 (Figure S4F)
and RG opsin (Figure S4G) per Hoechst-labeled nuclei in
the ONL as similar profiles were observed.

Thus, taken together, the differential rod and cone
phenotypes associated with non-syndromic RP and USH
organoids are not individual or mutation dependent but
disease dependent.

USH2A variants differentially affect human usherin
expression

In addition to disease modeling, generation of these
mature organoids for USH2A also provided the unique op-
portunity to study usherin expression and localization in
control and diseased human retina. As a first screen, we

analyzed USH2A expression in human retinal organoids
by qPCR on day 150 and day 225 (Figure 8A). On day
150, USH2A levels in the USH2A-RP-1 and USH2A-USH-1
lines were not significantly different from controls,
although USH2A-RP-1 showed a tendency of increased
levels. On day 225, USH2A levels were significantly
increased in the USH2A-RP-1 line compared with controls,
whereas the levels in USH2A-USH-1 were significantly
decreased. Surprisingly, this profile was in contrast to
that observed in the iPSC lines. We therefore assayed ush-
erin in day 225 retinal organoids using an anti-usherin
antibody that was directed to a C-terminal epitope. In con-
trol organoids, we detected punctate usherin staining in
the basal body region. More precisely, the signal was situ-
ated at the tip of the ciliary rootlet, which projects into
the IS and was labeled by an anti-ARL13B antibody (Figure
8B). It should be noted that the staining of ARL13B co-
localized with that of the well-defined ciliary rootlet
marker rootletin®’ (Figure S5A). In USH2A-RP-1 organoids,
less usherin staining was detectable at the tip of the ciliary
rootlet, whereas mislocalized usherin could be detected
near the ONL (Figure 8C). By contrast, in isogenic
CRISPR-corrected organoids, we observed correct usherin
localization at the tip of the ciliary rootlet. Consistent
with the decreased USH2A expression in the qPCR data,
usherin was not detectable in USH2A-USH-1 organoids,
whereas usherin was restored to the tip of the ciliary rootlet
in the isogenic controls (Figure 8D). Last, we tested the
localization of usherin in parallel to CEP290, which is pre-
sent in the basal body region, and consistently observed
adjacent usherin and CEP290 signals in wild-type and
CRISPR-corrected RP and USH organoids, whereas in
USH2A-RP-1 and USH2A-USH-1 organoids, CEP290 stain-
ing was isolated (Figure S5B).

To further validate these results, we assayed the expres-
sion of an usherin partner, ADGRV1 (USH2C; MIM:
602851), by gPCR. Interestingly, ADGRV1 levels in the
USH2A-RP-1 and USH2A-USH1 lines showed the same pro-
files as for USH2A in day 150 and day 225 organoids, but
because of higher variability in expression between orga-
noids, the differences were not significant (Figure 8E). We
thus assayed the localization of the protein ADGRV1 in
day 225 organoids by IF studies. In control organoids,
ADGRV1 was localized to the tip of the ciliary rootlet
labeled by an anti-rootletin antibody (Figure 8F), similar
to usherin. Furthermore, ADGRV1 was again detectable
but mislocalized in USH2A-RP-1 organoids (Figure 8G)
compared with isogenic CRISPR-corrected organoids.
Interestingly, ADGRV1 was not detectable in USH2A-
USH-1 organoids (Figure 8H), whereas it was correctly

(D and E) Area of ARR3 (D) and RG opsin (E) staining in control, affected, and isogenic CRISPR-corrected retinal organoids on day 150
and normalized to controls. Data are represented as mean = SEM, and the number of images analyzed is indicated in the bars. ns, non-
significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, Student’s t test.

(Fand G) Area of ARR3 (F) and RG opsin (G) staining in retinal organoids on day 225 and normalized to controls. Data are represented as
mean + SEM, and the number of images analyzed is indicated in the bars. ns, non-significant, **p < 0.01, ***p < 0.001, ****p < 0.0001,

Student’s t test.
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Figure 7. Phenotype of day 225 USH2A-RP-3 and USH2A-USH-3 iPSC-derived retinal organoids

(A) Bright-field microscopy of control, USH2A-RP-3, and USH2A-USH-3 retinal organoids. Scale bars, 100 pm.

(B) Brush border length of control, USH2A-RP-3, and USH2A-USH-3 organoids. Data are represented as mean + SEM, and the number of
images analyzed is indicated in the bars. ns, non-significant, ****p < 0.0001, Student’s t test.

(C, E, and G) IF of the rod markers rhodopsin (C), PDE6B (E), and PRPH2 (G) in control, USH2A-RP-3, and USH2A-USH-3 retinal organo-
ids. Scale bars, 100 um (rhodopsin) and 50 um (PDE6B and PRPH2).

(legend continued on next page)
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localized to the tip of the ciliary rootlet in the isogenic con-
trols. We further confirmed the presence of a CC by TEM
(Figure 8I), which could be detected linking an IS- to an
OS-like structure in control and USH2A-USH-1 organoids.

To finish, we assayed the localization profiles of ARL13B/
Usherin (Figure 9A), rootletin/ADGRV1 (Figure 9B), and
CEP290/usherin (Figure 9C) in the retinal organoids of
USH2A-RP-3 and USH2A-USH-3. Consistently, we
observed reduced and mislocalized usherin and ADGRV1
staining in USH2A-RP-3 organoids and the absence of
staining in USH2A-USH-3 organoids. Interestingly, the
usherin and ADGRV1 signals at the tip of the ciliary rootlet
for USH2A-RP-3 organoids, which are homozygous for
¢.2276G>T, were more visible than for USH2A-RP-1 orga-
noids, which are compound heterozygous ¢.2276G>T/
€.2299delG, even though they were still less evident than
in control organoids (Figures 8B and 8F).

In conclusion, usherin and its partner ADGRV1 are
partially mislocalized in organoids from non-syndromic
RP individuals but absent in organoids from USH
individuals.

Differential retinal anomalies in RP and USH individuals
Combined, our data strongly suggest that, in retinal
organoids, cones are differentially affected according to
non-syndromic RP versus USH phenotypes. We thus reap-
praised the six affected individuals included in this study
to determine whether this differential cone involvement
translated into a clinical difference in the RP, either iso-
lated or as part of USH type 2. The USH2A-RP-1 (Figures
10A and 10B), USH2A-RP-2 (Figures 10C and 10D), and
USH2A-RP-3 (Figures 10E and 10F) individuals were last
seen at the ages of 73, 39, and 47 years, respectively. All
three showed classic signs of RP, such as alterations in pe-
ripheral pigmentation, thinning of the retinal vessels,
and pallor of the optic nerve on color fundus images
(Figures 10A, 10C, and 10E). Furthermore, a characteristic
hyperautofluorescent ring was detected by short-wave
fundus autofluorescence (Figures 10B, 10D and 10F), a
technique highly sensitive for detecting small areas of atro-
phy. There were no macular hypoautofluorescent (dark or
black) lesions at the inner or outer boundaries of the
hyperautofluorescent ring (white) in any of these three in-
dividuals, indicating that they had not developed macular
atrophy. Consistently, their visual acuity was relatively pre-
served with respect to age (Table S3).

The USH2A-USH-1 (Figures 10G and 10H), USH2A-USH-
2 (Figures 10I and 10J), and USH2A-USH-3 (Figures 10K

and 10L) individuals were seen at the ages of 64, 42, and
48 years, respectively. All three showed signs of a more se-
vere RP on color fundus images (Figures 10G, 10I, and 10K)
than that observed in the non-syndromic RP individuals.
However, in contrast to the RP individuals, all three USH
individuals developed macular atrophy, as documented
by fundus autofluorescence imaging (Figures 10H, 10J
and 10L), which impacted visual acuity (Table S3). The at-
rophy was perifoveal as it began at the external border of
the hyperautofluorescent ring (Figure 10J) and extended
into the fovea in more advanced cases (Figures 10H and
10L). The appearance of the macular atrophy was well
documented for USH2A-USH-2; it was not detected at the
individual’s previous clinical examination at the age of
36 years (Figures S6A and S6B).

We then screened our clinical and genetic database to
identify all individuals with biallelic pathogenic variants
in USH2A in whom macular atrophy could be assessed on
autofluorescence images of sufficient quality. Ninety peo-
ple were retained, of whom 39 had non-syndromic RP
(with the ¢.2276G>T, p.Cys759Phe pathogenic variant;
mean visual acuity 20/30 and age 46 years), and 51 had
USH type 2 (mean visual acuity 20/40 and age 42 years).
In the case of the non-syndromic RP individuals, macular
atrophy was detected in only 8 (20.5%; Figure S6C) and
occurred relatively late, later than 55 years of age. By
contrast, in the USH group, 20 individuals (39.2%) devel-
oped perifoveal macular atrophy. Furthermore, this atro-
phy appeared early, during the fourth decade, as noted
for USH2A-USH-2.

Therefore, the clinical data suggest that cones are
impacted more severely in USH individuals with USH2A
variants than in non-syndromic RP individuals and sup-
port the differential cone phenotype observed in USH
and RP human retinal organoids.

Discussion

We report here a human 3D retinal organoid-based, dis-
ease-modeling study of non-syndromic RP and USH
because of variants in USH2A. Using three different human
cellular models, we describe a clear genotype-phenotype
correlation associated with USH2A mutations in each
model, which is disease dependent. Furthermore, we iden-
tify a differential retinal disease phenotype in non-syn-
dromic RP and USH models, which includes a previously
unsuspected cone defect seen predominantly in USH lines
that is consistent with the clinical data. These data provide

(D, E and H) Area of rhodopsin (D), PDE68 (F), and PRPH2 (H) staining in retinal organoids normalized to controls. Data are represented
as mean *= SEM, and the number of images analyzed is indicated in the bars. ns, non-significant, ***p < 0.001, ****p < 0.0001, Student’s t

test.

(I) IF of the cone markers ARR3 (green) and RG opsin (red) in control, USH2A-RP-3, and USH2A-USH-3 retinal organoids. Scale bars,

50 pm.

(J and K) Area of ARR3 (J) and RG opsin (K) staining in retinal organoids and normalized to controls. Data are represented as mean =+
SEM, and the number of images analyzed id indicated in the bars. ns, non-significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001,

Student’s t test.
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Figure 8. Usherin and ADGRV1 expression in USH2A-USH and USH2A-RP retinal organoids

(A) qPCR analysis of USH2A expression in control, USH2A-RP-1, and USH2A-USH-1 retinal organoids on day 150 and day 225. Data are
represented as mean + SEM, and the number of organoids analyzed is indicated in the bars. ns, non-signficant, *p < 0.05, **p < 0.01,
***p < 0.001, Student’s t test.

(legend continued on next page)
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invaluable information for elaborating a diagnosis, clari-
tying the pathogenicity of novel variants, and testing ther-
apeutic efficiency.

Phenotypic variability in individuals presenting patho-
genic variants in genes associated with USH has been
extensively documented.'”*® In the case of USH2A, a geno-
type-phenotype correlation was suggested by the concept
of retinal disease-specific USH2A alleles."” Individuals pre-
senting with at least one such allele, notably ¢.2276G>T,
had preserved hearing, and thus these variants were pro-
posed to be disease causing exclusively for non-syndromic
RP. In the current study, we go one step further and demon-
strate that the differential phenotype observed in non-syn-
dromic RP or USH individuals with USH2A variants goes
beyond differential hearing impairment because differ-
ences in ciliogenesis, mRNA expression, and molecular
and structural retinal phenotypes were also observed, de-
pending on the disease.

The first genotype-phenotype correlation from this study
is the disease-dependent, and perhaps mutation-depen-
dent, elongated primary cilium in affected fibroblasts. A
similar observation has been reported in fibroblasts of two
individuals with either early onset IRD or congenital blind-
ness homozygous for a nonsense mutation in CEP290.*
The cilia of the individual with congenital blindness were
significantly longer than those of the early-onset IRD coun-
terpart, which were also longer than the control. These
results are reminiscent of our findings; thus, we could spec-
ulate that there is a direct correlation between cilium length
and disease severity associated to USH2A mutations. If
confirmed in a larger number of control and affected sam-
ples, then this would suggest that the study of ciliogenesis
in skin fibroblasts could be used as a rapid screening test
by laboratories to determine the pathogenicity of newly
identified USH2A variants.

The second clear genotype-phenotype correlation
described in the current study is the confirmation of our
previous observations concerning differential USH2A
expression profiles in affected iPSCs.*’ Globally, we
confirm that missense RP-associated variants result in
USH2A mRNA levels similar to control, whereas USH-asso-
ciated variants that lead to premature termination codons
result in significantly increased USH2A mRNA levels, even
when they are localized outside of exon 13. These results
further support our previous hypothesis that mutant
USH2A mRNA transcripts housing premature stop codons

are not degraded by the nonsense-mediated mRNA decay
pathway in iPSCs. Importantly, these observations could
be exploited to differentiate between non-syndromic RP-
or USH-causing USHZ2A variants. It should be noted that
this phenomenon is only observed in iPSCs and that the
USH2A mRNA levels in retinal organoids do not follow
this same pattern, suggesting activation of nonsense-medi-
ated decay. Moreover, by using additional mutant iPSC
lines, we show that not only the USH but also the RP lines
carrying the ¢.2299delG allele have the highest USH2A
expression levels of the USH and RP groups, respectively.
Furthermore, within the non-syndromic RP group, we
show that the iPSC lines carrying biallelic exon 13 variants
have higher USH2A levels than the line carrying a mono-
allelic exon 13 variant. This profile was mirrored in terms
of ciliary length in disease-specific fibroblasts, making it
tempting to speculate that exon 13 variants may exacer-
bate the corresponding phenotypes. This is consistent
with a previous study showing that exon 13 missense
mutations and deletions disrupt disulfide bonds and may
affect local protein folding, thus having consequences for
protein function.*’

The third and most compelling genotype-phenotype
correlation of this study is the differential retinal pheno-
type identified in the iPSC-derived organoids from USH
and non-syndromic RP individuals. To date, there have
been two reports of immature day 86°' or day 180°” retinal
organoids from an RP individual presenting with a recur-
rent USH2A mutation in the Asian population (c.8559-
2A>G). Even though the differentiation protocol used**
was slightly different than that in our study, the reported
RP organoids presented a disorganized presumptive ONL,
consistent with our observations. However, the lack of
isogenic controls prevented validation of the phenotype,
and no conclusions could be drawn concerning USH2A-
associated disease phenotype in more mature photorecep-
tors. Our results suggest differential retinal phenotypes in
organoids on day 225 that are not individual or mutation
dependent but disease dependent and that, importantly,
were validated by parallel differentiation of isogenic con-
trol lines. The RP organoids present a more disorganized
phenotype in terms of IS/OS elongation and formation
compared with USH or control organoids. In addition,
aberrant formation of rod photoreceptors in RP organoids
is much more pronounced than in USH organoids. By
contrast, the cone phenotype is far more striking for USH

(B-D) IF of ARL13B (green) and usherin (red) in control (B), USH2A-RP-1 and CRISPR-corrected isogenic control (C), and USH2A-USH-1
and CRISPR-corrected isogenic control (D) retinal organoids on day 225. Scale bars, 10 pm. Insets: magnification of the cilia, indicated by

arrows, in each type of organoid.

(E) gPCR analysis of ADGRV1 expression in control, USH2A-RP-1, and USH2A-USH-1 retinal organoids on day 150 and day 225. Data are
represented as mean *= SEM, and the number of organoids analyzed is indicated in the bars. ns, non-significant, *p < 0.05, Student’s t-

test.

(F-H) IF studies of Rootletin (green) and ADGRV1 (red) in control (F), USH2A-RP-1 and CRISPR-corrected isogenic control (G), and
USH2A-USH-1 and CRISPR-corrected isogenic control (H) retinal organoids on day 225. Scale bars, 10 pm. Insets: magnification of

the cilia, indicated by arrows, in each type of organoid.

(I) TEM images of the CC linking the IS- and OS-like structures in control, USH2A-RP-1, and USH2A-USH-1 retinal organoids. Scale bars,

1 pm.
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Figure 9. Ciliary markers in day 225 USH2A-RP-3 and USH2A-
USH-3 iPSC-derived retinal organoids

(A-C) IF studies of ARL13B (green) and usherin (red) (A), rootletin
(green) and ADGRV1 (red) (B), and CEP290 (green) and usherin
(red) (C) in USH2A-RP-3 and USH2A-USH-3 retinal organoids.
Scale bars, 10 pm. Insets: magnification of the cilia, indicated by
arrows, in each type of organoid.

organoids than RP organoids. This may be due to the differ-
ences in the structure of photoreceptor cilia in cones and
rods. In cones, the axoneme of the CC extends the length
of the OS, suggesting an important role in disc morpho-
genesis and turnover, whereas in rods, the microtubules
of the axoneme end at a lower level of the 0S.>* Further-
more, human cones also possess more calyceal processes
than rod photoreceptor cells.”’ As cellular protrusions of
the IS, these calyceal processes contain USH proteins and
presumably serve to stabilize the OS against mechanical
forces.>* Therefore, we can speculate that absence of ush-
erin, such as in the case of USH organoids, could have a
more dramatic effect on cone morphology and function.
Several reports have underlined a difference in the
severity of the RP phenotype between USH and non-syn-
dromic RP individuals, with USH individuals being more
severely affected.'>"*°° Similarly, previous observations
in ush2a-mutant zebrafish lines suggested that progression
and onset of retinal degeneration depend on the intro-
duced mutation.>'>° However, there have not been any
studies focusing specifically on cone differences. Our clin-
ical data using short-wave fundus autofluorescence imag-
ing demonstrate that there is perifoveal atrophy more

frequently associated with USH individuals and at a
younger age. This atrophy exacerbates the visual handicap
by perifovealar damage and then impacts visual acuity by
its progression toward the fovea. Similarly, Sengillo
et al.”’ previously noted that perifoveal atrophy was
more frequently observed in USH as opposed to non-syn-
dromic RP cases associated with USHZ2A variants. These
authors further suggested that genotype-phenotype corre-
lation of subjective hearing loss in USH2A individuals may
be predictive of worse cone function and, thus, visual
phenotype. Our retinal organoid data definitively confirm
the cone involvement in USH individuals and furthermore
suggest that this difference is not simply due to more rapid
progression of the rod-cone phenotype but, rather, due to
an autonomous cone defect.

The clinical differences observed between RP and USH
individuals could indeed reflect the cone dissimilarities
observed in the organoid models. The occurrence of peri-
foveal atrophy concerns a zone where cones and rods are
present with an estimated ratio of 1:18.°® This zone is
specifically affected by macular atrophy as a final stage
of cone dystrophy and other genetic or multifactorial
macular diseases. In IRDs specifically, an alteration in
cone density in the area of the hyperautofluorescent peri-
foveal ring was demonstrated by adaptive optics on the
cone mosaic of RP individuals®® and preferential perifo-
veal cone anomalies in early Stargardt’s disease.®® We
have reported previously that our retinal organoid model
presents a rod-cone ratio of 1:3, which is similar to that
described for the parafoveal region of the human
retina.”® The two USH individuals we modeled using
retinal organoids showed the most advanced stages of
perifoveal atrophy, reaching well into the fovea. This
may be why we were able to detect a striking cone
phenotype in the retinal organoids of these patients. It
would now be interesting to generate iPSC-derived
retinal organoids of younger USH individuals with less
advanced or no signs of perifoveal atrophy to see
whether a cone phenotype is still detectable.

Interestingly, and providing further support for our data,
two animal models of USH2A exon 13 mutations were re-
ported during preparation of this manuscript. The first was
a rabbit model carrying a frameshift mutation in the exon
equivalent to human exon 13.°' Similar to our data, this
model showed decreased USH2A expression and absence
of usherin in the retina. Furthermore, from 7 months of
age, USH2A knockout rabbits showed progressive deteriora-
tion of rod and, notably, cone function by electroretinog-
raphy (ERG) recordings, mimicking the reduced cone func-
tion in humans. Interestingly, these USH-related reduced
cone ERGs are also consistent with observations in another
large animal model for USH, the USH1C porcine model.**
The second was a humanized mouse model for the murine
equivalent of the ¢.2299delG mutation.®® Consistent with
our results, full-length usherin (as well as ADGRV1) was
not detected at the base of the CC, although use of a FLAG
tag suggested that the truncated protein accumulates in
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Figure 10. Multimodal imaging of USH2A individuals included in the study

(A, C, and E) Imaging of non-syndromic RP individuals. Shown are color fundus images of USH2A-RP-1 (A) at 73 years, USH2A-RP-2
(C) at 39 years, and (E) USH2A-RP-3 at 47 years of age. Note typical pigmentary changes of the peripheral retina (white arrows).

(B, D, and F) Short-wave fundus autofluorescence images of USH2A-RP-1 (B), USH2A-RP-2 (D), and USH2A-RP-3 (F), showing a large
annular perifoveal ring (white arrows) and peripheral hypoautofluorescent dots (red arrows). Note the absence of macular atrophy.
(G-L) Imaging of USH individuals. (G) Infrared fundus images of USH2A-USH-1 at 64 years of age. (I and K) Color fundus images of
USH2A-USH-2 (I) at 42 years and USH2A-USH-3 (K) at 48 years of age. Note typical pigmentary changes of the peripheral retina (white

arrows).

(H, J, and L) Fundus autofluorescence images of USH2A-USH-1 (H), USH2A-USH-2 (J), and USH2A-USH-3 (L), showing macular atrophy
occurring inside or outside of the perifoveal ring in both eyes (red arrows).

the IS. The knockin mice also showed decreased rod and
cone ERG responses but only at late stages (>3 years of
age). In contrast to our fibroblast and organoid data, this
murine study suggested shortening of the CC of photore-
ceptors in the mutant mice. This discrepancy may stem
from the well-described differences in the structural archi-
tecture between the human and murine ciliary region,”’
further arguing for the pertinence of a human model.
Regardless, an interesting observation in this animal model
was that the CC changes occurred early, preceding photore-
ceptor degeneration and visual loss, which suggested a
developmental defect of the CC structure. These data further
validate the differences we observed on the human retinal
organoids, which were studied on day 225 (32 weeks) and
could thus be considered equivalent to the fetal period.®*
There are some additional noteworthy aspects of this
retinal organoid study. First, the phenotype of the organoids
from USH2A-RP-3 homozygous for the c.2276G>T variant
allows us to confirm the pathogenicity of this variant,
which was recently determined in a zebrafish model.”* Sec-
ond, we determined in a human retinal model that usherin
is present at the tip of the ciliary rootlet. Third, we show that

the mislocalization/absence of usherin in RP/USH organo-
ids, respectively, also results in mislocalization/absence of
its partner ADGRV1, thus suggesting impaired formation
and function of the USH interactome in human cells. The
ciliogenesis defects in the affected fibroblasts therefore raise
the question of whether usherin may have roles in other cili-
ated tissues in addition to the retina or the ear.°” This is in
line with identification of at least two protein isoforms for
USH2A:'! a long transmembrane isoform that is predomi-
nantin the retina'” and a short secreted N-terminal isoform
that is more widely expressed.'' Further studies concerning
actin cytoskeleton assembly are needed to better under-
stand the USH2A-related ciliogenesis defects.

Last, the effect of CRISPR-Cas-mediated correction on the
phenotype of the affected organoids also yielded some inter-
esting observations. Correction of the ¢.2276G>T variant in
the RP organoids markedly improved OS formation and/or
elongation but did not fully restore a control phenotype,
particularly for rods. This is likely due to the presence of
the ¢.2299delG variant on the non-corrected allele in the
isogenic organoids, suggesting that carriers of loss-of-func-
tion USH2A variants may harbor subclinical retinal
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alterations. Interestingly, the cone phenotype was restored
to control after gene correction in the RP and USH organo-
ids, further validating the unexpected phenotype as being
directly due to USHZA variants. Similarly, usherin and
ADGRV1 localization were correctly restored in RP and
USH organoids. Taken together, these data additionally pro-
vide a proof of concept that, in photoreceptors, this USH2A
genome-editing strategy is a viable therapeutic option.

In conclusion, collectively, our data provide long-
awaited evidence of a genotype-phenotype correlation
associated with USH2A variants in a sophisticated human
retinal model. Furthermore, they provide robust readouts
in multiple cellular models for testing the pathogenicity
of variants of uncertain significance as well as the efficacy
of therapeutic approaches.
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