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ABSTRACT

Usher syndrome can cause loss of vision, hearing and balance. There are four clinical subtypes, USH1 through
4, which are associated with mutations in genes important for structure, function and survival of photoreceptor
cells in the retina and sensory hair cells in the inner ear. Genetic mutations in the USH2A gene, which encodes
usherin protein, are the most common cause of Usher syndrome worldwide, with ¢.2299delG (p.Glu767Serfs*21)
being the most frequent pathogenic variant. An investigational antisense oligonucleotide (ASO) for USH2A
€.2299delG, QR-421a, designed to bypass the mutation, has already shown promise in Phase 1/2 clinical trials
(Dulla et al., 2021). While recently developed chemistry provides longer ASO half-lives, repeated injection of
ASOs may be required to provide long-term efficiency. To overcome this limitation, we screened novel USH2A
exon 13 skippers and 20 AAV capsids with the goal of developing a vectorized ASO exon skipping strategy.
Optimized vectors and skippers were evaluated in inner ear and retinal organoids derived from human stem cell
lines bearing the USH2A ¢.2299delG mutation. The data revealed enhanced skipping of the pathogenic exon,
offering an alternative strategy for treatment of USH2A patients using a single local injection which may prevent

progression of vision and hearing loss.



INTRODUCTION

Usher (USH) syndrome is associated with combined loss of vision and hearing. Clinically, USH syndrome is
divided into four clinical subtypes according to the onset and severity of the symptoms (Velde et al., 2022). Each
subtype is associated with mutations in different sets of genes, all expressed in sensory hair cells of the inner
ear, and the photoreceptor cells of the retina. USH genes encode distinct proteins that play structural and
functional roles essential for development, maturation, maintenance and sensory function in hair cells and
photoreceptors as well as synaptogenesis between sensory cells and afferent neurons. The most common form
of USH in the United States, Europe, and Asia is USH2A (Bonnet et al., 2011; Besnard et al., 2012; Aparisi et
al., 2014; Karali et al., 2022; Li et al., 2022). USH2A is associated with disruptions in expression of a large protein
called Usherin. While its precise role in hair cells and photoreceptor cells remains unclear, Usherin appears to
be essential for the development or maintenance of these sensory cells. There are two Usherin transcripts: a
short isoform (isoform A, 170 kDa), which is secreted and encoded by 21 exons, and a long isoform (isoform B,
580 kDa), which includes a transmembrane domain and is encoded by 72 exons. The most common ancestral
mutation in USH2A is a point deletion in exon 13 (c.2299delG), resulting in a frameshift and stop codon

(p.Glu767Serfs*21) (Yan et al., 2009; Carss et al., 2017; Dreyer et al 2000, Meunier et al 2022).

While adeno-associated viral (AAV) gene replacement therapies have been successfully developed to target
USH genes associated with hearing, balance, and vision loss (Pan et al., 2017; Isgrig et al., 2017; Dulon et al.,
2018; Lau et al., 2023; Riaz et al., 2023), this approach is not feasible for USH2A, as its coding sequence
exceeds 15.6 kb — significantly larger than the 4.7 kb capacity of AAV vectors. Alternatively, RNA therapies that
modify RNA splicing using small antisense oligonucleotides (ASOs) may offer a viable treatment option. ASOs
are short, typically 15-25 nucleotides in length, single-stranded oligonucleotides that are chemically modified to
increase resistance to degradation and to enhance cellular uptake. They can be designed to alter splicing at the
pre-mRNA level, an approach recently validated for USH2A ¢.2299delG (Dulla et al., 2021). Specifically, Dulla
et al. (2021) developed ASOs targeting exon 13 to induce exon skipping, yielding a shorter but functional protein.

This approach was subsequently brough to the clinic as Ultevursen (QR-421a) in a Phase 1/2 trial by ProQR



Therapeutics. The trial was a randomized, sham-controlled, single ascending dose study, which involved multiple
centers over 24 months. Ultevursen was shown to be well-tolerated and led to improvements in visual acuity,
visual field, and optical coherence. While there were plans to advance the product to a Phase 2/3 trial, the study
was terminated in 2022. The study has recently restarted under a different umbrella (Thea Pharma) as a Phase
2b trial in a multicenter, double masked, randomized and sham-controlled study which aims to enroll 81 subjects

(NCT06627179).

ASOs offer many other advantages: they are easily manufactured, with many already FDA-approved. They are
also relatively inexpensive, capable of targeting genes of any size and lipophilic for a rapid distribution. However,
ASOs are degraded by endo- and exonucleases and require repeated injections for sustained expression, which
can potentially lead to toxicity over time. To address this challenge, we took advantage of U7 small nuclear RNA
(snRNA). Unlike other U-rich snRNA complexes involved in pre-mRNA splicing, U7 snRNA mediates the
processing of the 3' end of histone pre-mRNAs. U7 snRNA contains three distinct functional domains: (1) the &'
region, which includes the histone downstream element (HDE) sequence that specifically binds histone pre-
MRNAs; (2) the Sm binding site, located just downstream of the 5’ region, which recruits Sm proteins essential
for histone pre-mRNA processing; and (3) a 3' stem-loop that stabilizes the structure against nuclease activity.
By replacing the endogenous HDE sequence by the ASO sequence of interest and by modifying the Sm binding
site to an optimized version (SmOPT) to avoid interfere with the endogenous function of the U7 snRNA, we
developed an effective gene therapy tool. In addition to reducing degradation, when delivered by a viral vector,
the modified U7 snRNA accumulates in the nucleus and ensures long-term expression of the ASOs, allowing for
sustained clinical outcomes (Gadgil and Raczynska, 2021). This approach has been used to induce exon
skipping or inclusion (Suarez-Herrera et al., 2024) and has demonstrated promising outcomes in preclinical and

clinical trials for multiple diseases (reviewed in Gadgil and Raczynska, 2021).

Although, challenges related to delivery methods and toxicity may limit clinical translation of ASO therapies,
Viral-based delivery methods, specifically AAV vectors, may circumvent these limitations allowing treatment of

various diseases. AAVs can effectively target specific cell types, such as post-mitotic hair cells and photoreceptor



cells affected in USH syndrome. Consequently, hair cells and photoreceptors transduced by AAV vectors may
express the therapeutic payload for extended periods, potentially lasting a lifetime. In this study, we report an
enhanced ASO strategy combined with U7 snRNA and delivered by AAV vectors. The goal is to enhance

sustained protection of hearing and vision in USH2A patients by skipping pathogenic mutations in exon 13.

RESULTS

Development of Ush2a mouse models

Two novel Ush2a mouse models were generated using CRISPR/Cas9 and three gRNAs to alter exon 12 se-
guence (equivalent to exon 13 in human) and mimic the most common frame shift mutation described in USH2A

patients, i.e., ¢.2299delG.

The first mouse line, B6-Ush2atm1BCH, referred to as Ush2ak%-1, has one base pair (bp) insertion leading to a
premature stop codon in exon 12, followed by two large deletions (11 bp and 86 bp) in the same exon (Figure
1A). This indel is predicted to lead to expression of a truncated Ush2a protein (usherin) containing 772 amino
acids (AA) instead of 5193 AA for the full-length wild-type (WT) protein. The second mouse line, B6-
Ush2atm6BCH, named as Ush2aX®-2 in our manuscript, presents a large deletion (331 bp) in exon 12. Similarly,
this out-of-frame mutation leads to a premature stop codon and the synthesis of a truncated Ush2a protein (758
AA) (Figure S1A). Since C57BL6 mice typically carry the Ahl allele (Cdh237534>€), which is associated with pro-
gressive hearing loss (Johnson et al., 2017), both Ush2a knockout mouse lines were backcrossed to C57BL6J

mice that were homozygous for the WT Cdh23 allele.

No hearing phenotype in Ush2a knockout mouse lines

We evaluated the auditory function in Ush2ak%! mice with analysis of broad-band click-evoked auditory
brainstem responses (ABRs) between 4 and 42 weeks of age (Figure 1B-D, Table S1). At early time point (4
weeks), we found ABR thresholds similar to WT mice in heterozygous control (Ush2a*°-1) and homozygous

mutant mice (Ush2ak0-Vko-1) - Similar results were obtained at 16 and 42 weeks of age (Table S1). Auditory tests
4



were also performed in response to pure tones, at frequencies ranging from 5.6 to 32.0 kHz (Figure 1E-G, Table
S1). At all timepoints assessed, no statistically significant differences were observed between the control and
mutant mice. Outer hair cell (OHC) function was assessed by recording distortion products otoacoustic
emissions (DPOAESs) and also was not altered in homozygous Ush2ak%-! mice compared to controls (Figure 1H-
J, Table S2). To determine if afferent fibers innervating the inner hair cells (IHCs) were altered in the Ush2ako-!
mutants, we analyzed the amplitude and latency of the wave 1 response at 4 and 16 weeks of age from control
and Ush2ak®-! mice (Figure 1K-M, Table S3). No statistically significant changes were observed between the
Ush2a k1 and control mice. In addition, mechanosensory transduction currents were recorded in neonatal
homozygous Ush2ak®! mice (Figure S2, Table S5), with no deficits identified. Similar results were obtained

from the second mutant line, Ush2aX®-2, with no detectable hearing phenotype (Figure S1B-G, Table S4).

To analyze the morphology and the organization of the inner ear epithelia in Ush2a k%1 mice, the organ of Corti
was dissected, fixed, and stained with phalloidin. No gross abnormality was observed in the homozygous Ush2a
KO-1 compared to the controls. There was no hair cell loss, no disorganization of the sensory epithelium, and hair
cell stereocilia appeared well-preserved at 16 weeks of age (Figure 2A). A similar result was obtained in Ush2a
KO-2mice (data not shown). As such, we conclude, based on data from two different Ush2aX® mouse lines, that
disruption of exon 12 in the mouse Ush2a gene does not alter auditory function, a surprising result given the

prominent hearing loss phenotype of human USH2A patients bearing the similar mutations in exon 13.

Endogenous exon skipping in Ush2a mice, human inner ear (IEOs) and human retinal organoids (ROs)

To explain the lack of phenotype in Ush2a mouse models, we hypothesized that there may be endogenous in-
frame exon 12-skipping that maintains usherin expression and normal auditory function. To evaluate this possi-
bility, we analyzed RNA transcripts in inner ears and eyes of Ush2aX%! mice. We harvested and snap froze
cochleas and eye bulbs of mutant and WT control mice at post-natal day (P) 5-6. After extraction of total RNA,
RT-PCR was used to amplify the region between exons 10 and 15. Analysis of inner ear tissue from WT control
mice showed that two of the three harvested samples expressed the full-length form of Ush2a, as well as an

alternative splice form corresponding to total skipping of exon 12. In one of three samples, a partial deletion of
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the exon 12 was present, along with the full-length form of Ush2a (Figure 2B). The same analysis performed on
cochlear tissues from Ush2aX®-! mice identified total exon 12 skipping in one out of three samples and partial
exon 12 skipping in another sample (Figure 2B). In the eye tissues, no exon 12 skipping was detected in four
WT mice, whereas exon 12 skipping was observed in two out of three Ush2aX®! mice (Figure 2C). Despite
variability in endogenous exon 12 skipping in both inner ears and eyes, a portion of the Ush2a transcripts from
Ush2aX%-! mice remained in-frame. A similar result was observed in Ush2ak®2 mice that carry a larger deletion

of exon 12 (data not shown).

To explore this further, we utilized organoid models derived from human induced pluripotent stem cells (iPSCs)
to evaluate whether endogenous exon 13 skipping also occurred in this context. For this purpose, we used the
SOX2-GFP iPSC line (Roberts et al., 2017) as the control and introduced the USH2A mutation (c.2299delG) into
exon 13 using CRISPR/Cas9 (Synthego). Using these cell lines, we generated human inner ear organoids (IEOs)
and retinal organoids (ROs) from both the healthy control (IEOS®*?/ROS%X?) and c¢.2299delG mutant
(IEOC2%/ROC2%) iPSC lines. Notably, prior studies have established that hair cells in IEOs and photoreceptors in
ROs express USH2A. Hair cells can be identified in IEOs around D40 (Koehler et. al., 2017, Steinhart et.al.,
2023, van de Valk et.al., 2023). In ROs, the photoreceptor outer segment, containing precursor photoreceptor
cells, becomes visible after D120 (Afanasyeva et al. 2021). Functional photoreceptors are typically identified by
D220 (Figure 3A). We assessed exon skipping at three different time points in both organoid models: D106,
D118 and D141 in IEOs, and D128, D162 and D183 in ROs. In IEOS%*? alternative splicing was detectable only
at the latest time point (D141), showing in-frame endogenous exon 13 skipping and out-of-frame dual exon 12
& 13 skipping (Figure 3B, left). Additionally, we also observed alternative splicing at early stages, with variability
between samples from the same culture (Figure S3), similar to what was previously noted in mouse tissue. In
mutant IEO®2°, both endogenous exon 13 and dual exon 12 & 13 skipping were observed at D141 (Figure 3B,
right). In control ROs, different results were obtained, with no exon 13 skipping detected; however, dual exon 12
& 13 skipped transcripts were observed in most control ROS©*? samples at all stages (Figure 3C, left). In contrast,
mutant RO®?° samples contained USH2A transcripts with in-frame exon 13 skipping and out-of-frame dual exon

12 & 13 skipping across all tested samples (Figure 3C, right). We observed an increase in alternative transcripts



as the organoids matured and an increase in exon 13 skipping associated with the presence of the single base
pair deletion. These findings suggest that the single base pair deletion in USH2A promotes endogenous exon

13 skipping in mutant cells lines.

Generation of USH2A reporter and screening of exon 13 skippers

Given the level of endogenous exon skipping in mouse inner ear and retina and in human organoids, we sought
to develop an USH2A reporter construct to facilitate screening ASOs that may further enhance exon 13 skipping.
We generated an eGFP reporter construct containing human USH2A exons 12-14, along with their respective
introns, incorporating the human exon 13 c¢.2299delG mutation (USH2A exon 12 - intron 12 - exon 13
(c.2299delG) - intron 13 - exon 14 - P2A - eGFP). The construct was designed so that GFP would only be
expressed when the reading frame is restored, i.e., when USH2A exon 13 is skipped (Figure 4A). Next, we
generated a stable cell line by transfecting HEK293 cells with the USH2A-eGFP reporter plasmid and selected
for increased eGFP signal after transiently transfecting the U7 snRNA skipper construct encoding QR-421a

antisense sequence from Dulla et al. (2021; pU7-USH2A-Ex13-snRNA-QR-421a).

To screen ASO sequences we generated more than 600 U7 snRNA skippers targeting the entire region of exon
13 and its intron-exon boundaries (Table 1). As a positive control we also used the U7 snRNA skipper construct
encoding the QR-42l1a antisense sequence (pU7-USH2A-Ex13-snRNA-QR-421a) and we used a non-

hybridizing sequence as a negative control.

Cells expressing the USH2A-eGFP reporter construct were plated in 96 well plates and transiently transfected
with the U7 snRNA skippers specific to exon 13. eGFP signal was measured with ImageXpress Micro Confocal
high content imager (Figure 4B). The skipper efficiency was assessed based on the increase in GFP signal.
GFP signal values from USH2A exon 13 U7 snRNA skippers were normalized to the GFP signal of the positive
control, U7 snRNA QR-421a. Approximately 100 U7 snRNA skippers showed higher GFP signals (>1.5-fold)
compared to U7 snRNA QR-421a. Notably, several U7 snRNA skippers outperformed U7 snRNA QR-421a for

more than 2.5-fold increase in GFP signal (Figure 4C).



Combinations of several efficient skipper sequences were linked in tandem and delivered by a single U7 shnRNA
molecule (U7 snRNA dual skipper) and were evaluated relative to the efficiency of individual antisense skippers.
Some U7 snRNA dual skippers showed greater efficacy than individual antisense sequences. For example, dual
skipper 4+7 performed much better than individual skipper 4 or skipper 7 (Figure 4D). The dual skipper sequence

with strongest GFP expression (4+7) was packaged into AAV vectors for further testing.

Assessment of AAV capsids for targeting inner ear tissue

We previously demonstrated that the AAV9-PHP.B capsid exhibits high efficiency in targeting inner ear tissue
(Lee et al., 2020; Wu et al., 2021). To investigate whether new capsids across related as well as diverse clades
could enhance gene expression, we tested twenty distinct AAV capsids encoding GFP under a CMV promoter.
For testing, we injected the vectors into the inner ears of WT mice between P1 and P2 (Figure 5A). Ten days
post injection, the injected inner ears were harvested and processed for confocal imaging. The percentage of
GFP-positive cells was quantified by blinded investigators to compare the efficiency of each capsid. Of the twenty
capsids examined, only eight (capsids 1, 5, 12, 13, 14, 17, 18, and 20) exhibited GFP expression in cochlear
hair cells, albeit with lower expression levels compared to AAV9-PHP.B (Figure 5B-C & Figures S4-5). Notably,
five capsids primarily targeted supporting cells (capsids 2, 3, 4, 5 and 6), while four capsids predominantly tar-
geted spiral ganglion neurons (capsids 3, 4, 6, and 9). Most of the tested capsids either did not infect the inner
ear tissue or did so at a very low level (capsids 7, 8, 10, 11, 15, 16, and 19) (Figure 5B-C & Figures S4-5).
Although some novel capsids showed noteworthy properties for targeting neurons and supporting cells. AAV9-
PHP.B (capsid 1) remained the most efficient capsid for targeting auditory hair cells, infecting an average of 91%
of inner hair cells (IHCs) and 54% of outer hair cells (OHCs) along the tonotopic axis (Figure 5B-C & Figure 6).
Additionally, AAV9-PHP.eB (capsid 20) and Bpo.394 (capsid 17) demonstrated notable efficiency, infecting ap-
proximately 61% and 45% of IHCs and around 30% and 25% of OHCs, respectively, along the tonotopic axis
(Figure 5B-C & Figure 6). Interestingly, for these two capsids, an inverse gradient was observed along the tono-

topic axis, with more IHCs infected at the apex and more OHCs infected at the base.



Assessment of vectorized antisense skippers in organoids

We packaged the most promising U7-skippers (dual skipper 4+7) into AAV9-PHP.B capsids along with the cod-
ing sequence for the transfection marker, mKate, driven by a CMV promoter (AAV9-PHP.B-skipper-mKate). The
efficiency of the validated AAV9-PHP.B-skipper-mKate was first tested on IEOs (Figure 7A-C). To enhance viral
uptake, organoids were sliced and splayed open to expose hair cells and the virus was bath-applied. After 14-
16 days of incubation, we confirmed the specific viral infection of organoid hair cells through immunostaining and
live-cell imaging (Figure 7C, Video S1-2). Total RNA was extracted from each condition, followed by tran-
scriptomic analysis through RT-PCR. First, we tested the efficiency of the skipper in early (D 79-87) control IEOs
(IEOS©*X?), Consistent with prior data, endogenous exon 13 skipping was detected in IEOS®*? samples that were
not exposed to the skipper (Figure 7D, S3). However, endogenous skipping was only present in some samples
and at a low level. On the other hand, in organoids exposed to AAV9-PHP.B-skipper-mKate, the level of exon
13 skipping increased (Figure 7D, S3). Similarly, an increase of dual exon 12 & 13 skipping, which leads to an

out of frame transcript and a truncated protein, was also present in all conditions that received the virus.

Encouraged by these results, we decided to target organoids at different developmental stages in both control
(IEOQS©X?) and mutant (IEQ®?%) organoids. As controls, we used AAV9-PHP.B-mKate without skippers (AAV9-
PHP.B-mKate-empty). In the same way, we applied the virus directly into the culture media, and after 14-16 days
of incubation, we performed the transcript analysis. In control organoids (IEOS®*?), across all ages tested (from
D106 to D141), a substantial increase in exon 13 skipping was observed in response to the AAV9-PHP.B-skip-
per-mKate (Figure 7E-F). Little exon 13 skipping was detected in both control conditions (AAV9-PHP.B-mKate-
empty and no virus), except at older stages (D141), where it was similar to the level of endogenous exon 13
skipping. The level of exon 13 skipping in IEOSO*? treated with the AAV9-PHP.B-skipper-mKate was elevated by
5.6-fold and 10.9-fold (n = 3) compared to the control condition (AAV9-PHP.B-mKate-empty) and untreated con-
dition, respectively (Table S6). Similarly, IEO®?° showed an 8.2-fold and 8.7-fold (n = 3) higher level of exon 13
skipping in response to the AAV9-PHP.B-skipper-mKate versus the control condition (AAV9-PHP.B-mKate-
empty) and untreated condition, respectively (Table S6). Together, the data demonstrate that the application of

AAV9-PHP.B-skipper-mKate substantially increased exon 13 skipping in IEOs.



Motivated by reports that showed efficient viral transduction in the inner ear and retina using AAV2-7m8 capsids
(Dalkara et al., 2013; Isgrig et al., 2019; Lee et al., 2020), we package the U7-skippers (dual skipper 4+7) into
the AAV2-7Tm8 capsids along with the coding sequence for the transfection marker, mKate driven by a CMV
promoter (AAV2-7m8-skipper-mKate). As controls, we used AAV2-7m8-GFP without skippers (AAV2-7m8-GFP-
empty). As with the previous experiments, the AAV2-7m8 vectors were applied directly into the culture media,
and after 14-16 days of incubation, we performed the transcript analysis. In control organoids (IEOS®X?), at D67
and D73, a significant increase in exon 13 skipping was observed in response to the AAV2-7m8-skipper-mKate
(Figure 7G-H). Exon 13 skipping in IEOS®*? treated with the AAV2-7m8-skipper-mKate was elevated by 17.9-
fold and 24.8-fold (n = 4) compared to organoids exposed to AAV2-7m8-GFP-empty and untreated condition,
respectively (Table S6). Similarly, mutant IEO®?° showed a 40.6-fold and 12.9-fold (n = 4) higher level of exon
13 skipping in response to the AAV2-7m8-skipper-mKate versus the control condition (AAV2-7m8-GFP-empty)
and untreated condition, respectively (Table S6). These results show that AAV2-7m8-skipper-mKate efficiently
enhanced exon 13 skipping in IEOs. By using AAV2-7m8 capsid, we efficiently targeted organoid hair cells as
evident from mKate and GFP expression (Figure 71). Overall, the AAV2-7m8 capsid led to greater exon 13 skip-

ping efficiency than the AAV9-PHP.B capsid.

Unlike IEOs, endogenous dual exon 12 & 13 skipping was present in most all RO conditions and cell lines tested
(ROS%%2 and RO?9) (Figure 3C). Additionally, no obvious change in exon 13 skipping was observed in ROS©*?
and RO treated with AAV9-PHP.B-skipper-mKate (Figure 8A-E, Table S7). We attributed this result to differ-
ences in endogenous exon skipping and insufficient viral transduction of photoreceptor cells using this vector.
Indeed, we observed little mKate expression in ROs, suggesting that the AAV9-PHP.B viral capsid was less
effective in transducing these organoids (Figure 8C, S7, Video S1-2). We therefore decided to assess exon
skipping efficacy using a different viral vector. Previous reports have shown that the AAV2-7m8 capsid can
efficiently transduce retinal cells (Dalkara et al., 2013) and retinal organoids (Garita-Hernandez et al., 2020). As
such we used U7-skippers (dual skipper 4+7) packaged into AAV2-7m8 capsids. Using the protocol used previ-
ously, we applied the AAV2-7m8 vectors directly into culture media bathing ROs, and after 14-16 days of incu-

bation, we performed the transcript analysis. At D105, control organoids (ROS%*?) showed a significant increase
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in exon 13 skipping in response to the AAV2-7m8-skipper-mKate (Figure 8F-H, Table S7, n = 6). No exon 13
skipping was detected in both control conditions (AAV2-7m8-GFP-empty and no virus). In mutant organoids
(ROC2%), we observed a significant increase in exon 13 skipping in response to the AAV2-7m8-skipper-mKate
(Figure 8F-H, Table S7). The level of exon 13 skipping in RO treated with the AAV2-7m8-skipper-mKate was
elevated 92-fold and 71-fold (n = 6) compared to the control condition (AAV2-7m8-GFP-empty) and untreated
condition, respectively (Table S7). In summary, we found that the AAV2-7m8 skippers were able to transduce

organoid photoreceptor cells (Figure 8H, Table S7) and yielded high skipping efficiency.

DISCUSSION

Viral gene replacement therapies have been developed for several genetic disorders of the retina, and recently,
for hearing loss due to mutations in otoferlin (OTOF), which has a coding sequence too large to be delivered by
single AAV vectors. Clinical trials evaluating dual vector OTOF gene replacement are currently ongoing in the
U.S., Europe and China with encouraging preliminary data, demonstrating both safety and efficacy (Wang et al.,
2024; Qi et al., 2024). Moreover, the eye and the ear are unigue in that they provide immune-privileged environ-
ments, are accessible for local injection, and possess mature, post-mitotic sensory cells, making them attractive
targets for viral gene replacement therapies. However, the large size of some coding sequences, such as
USH2A (>15 kB), poses a major challenge for gene replacement therapies, as they exceed the capacity of AAV

(~4.7 kB) and lentiviral vectors (~8 kB), making viral-based gene delivery impractical.

Alternate strategies for treating USH2A mutations have been developed based on antisense oligonucleotides
(ASOs). Over the past decade, ASO therapies have been designed that target mutations in several USH genes,
including USH1C (Lentz et al., 2013; Lentz et al., 2020), USH3A (CLRN1; Panagiotopoulos et al., 2020), and
USH2A (Slijkerman et al., 2016; Dulla et al., 2021). These ASO therapies have targeted cryptic splice sites,
intronic mutations, and mutated exons. Pendse et al. (2019) validated functional preservation after exon 12 de-
letion in a novel Ush2a knock-in mouse model, while Dulla et al. (2021) validated this approach in Ush2a

zebrafish models. These reports have provided a solid foundation for developing ASO strategies to treat
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prevalent USH2A mutations. Unfortunately, ASO therapies also face a major challenge: limited durability, be-
cause they are susceptible to degradation by endo- and exonucleases. As such, ASOs may necessitate re-

peated injections to maintain therapeutic efficacy.

To circumvent the limited durability of ASOs and the limited capacity of viral gene replacement, we designed a
novel strategy that merges efficient AAV viral delivery with targeted ASO sequences into a single therapeutic
strategy, designed to restore USH2A expression. U7 snRNAs can be modified to encode ASO sequences, and
when packaged into viral vectors, can provide prolonged expression of the ASO, thereby enabling long-term
therapeutic benefit. While this approach has not been applied in the field of hearing and vision restoration, the
U7 snRNA antisense system has been validated for treatment of other human diseases, including Duchenne
muscular dystrophy (DMD) and spinal muscular atrophy (SMA) (reviewed in Lesman et al., 2021). Another im-
portant advantage of this approach is that AAV vectors can be used to deliver multiple ASO sequences thereby

allowing multiple splicing defects to be targeted in one or more genes.

As such, we screened 20 AAV capsids and identified efficient AAV vectors for targeting sensory hair cells. In
parallel we screened over 600 ASO sequences and identified a dual ASO combination that maximized exon 13
skipping, which carries the most common pathogenic USH2A mutation (c.2299delG). The dual skipper se-
guences were packaged as U7 snRNAs into AAV9-PHP.B and AAV2-7m8 capsids. The goal of this approach
was to restore expression of an in-frame USH2A transcript that lacks exon 13. We demonstrated improved
skipping efficiency with novel antisense sequences and validated the application of vectorized ASOs in vitro in

IEOs and ROs derived from human iPSCs bearing the ¢.2299delG mutation in exon 13 of USH2A.

Unfortunately, the development of effective therapies for USH2A patients has been hampered by the lack of
mouse models that replicate the human phenotype. Several research teams developed Ush2a mouse models
that failed to mimic USH2A patient phenotypes. Disruption in Ush2a expression in mice is associated with pho-
toreceptor degeneration and decline in retinal function (Liu et al., 2007; Tebbe et al., 2023). However, most of

these models fail to recapitulate the hearing phenotype of USH2A patients. The mouse models show little to no
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hearing loss depending on the genetic background. One recently developed mouse model (Crane et al., 2023)
demonstrated mild hearing loss at low frequencies, which differs from the hearing profile of USH2A patients, who
typically have hearing loss that progresses over time beginning at the high frequency end of the auditory spec-
trum (Liu et al., 2007; Zou et al., 2015). Consistent with prior reports, the two novel Ush2a mouse models devel-
oped for this project (Ush2ak®-! and Ush2ak®-?) also had normal auditory thresholds. We hypothesize that the
lack of phenotype in Ush2a exon 12 mouse models (equivalent to exon 13 in humans) may be due to the pres-
ence of endogenous in-frame exon 12 skipping that preserves the function Usherin protein. We further speculate
that similar endogenous skipping may contribute to variability among USH2A patients harboring the equivalent
exon 13 mutation. Endogenous skipping may also contribute to variability in the progression of the disease be-
tween ears and eyes, with vision loss progressing more slowly than hearing loss in human USH2A patients. This
hypothesis is supported by the presence of alternative transcripts identified in nasal epithelial cells from USH2A
patients carrying the ¢.2299delG mutation (Lenassi et al., 2014). Using RT-PCR, Lenassi et al. (2014) demon-
strated expression of USH2A transcripts lacking exon 13 (exon 12 in mouse) or exon 12 and 13 (exons 11 and
12 in mouse). Bioinformatic analysis suggests that the single base pair deletion in exon 13 (¢.2299delG) disrupts
cis-regulatory elements, leading to the generation of new alternative splicing patterns. Consequently, the muta-
tion has been shown to result in altered RNA splicing, particularly exon 13 skipping. Interestingly, and consistent
with our findings in mouse tissue and human organoids, this effect was variable and observed in some, but not
all, patients harboring the same mutation. In contrast to human nasal epithelial cells, we found that some WT
control mice and some control human organoids also had in-frame transcripts lacking exon 12 or 13, respectively.
The mechanisms and factors that contribute to the variability of endogenous exon skipping are not clear but are
worthy of further investigation. If the native splicing mechanisms can be manipulated to induce greater levels

and greater consistency of exon 13 skipping, they may provide a novel strategy for therapeutic development.

Although other USH2A animal models, such as zebrafish and rabbits, have visual and hearing impairment phe-
notypes, more similar to those of USH2A patients (Dona et al., 2018; Dulla et al. 2021; Nguyen et al., 2023), we
opted to focus on 3D organoids derived from human iPSCs, which provide a robust platform for testing sequence-

specific therapeutic approaches for USH2A patients (Sanjurjo-Soriano et al., 2023). Protocols have been
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developed that enable generation of both IEOs and ROs (Koehler et. al., 2017; Steinhart et.al., 2023; van de
Valk et.al., 2023). These organoids can be generated from control human iPSC lines, patient-derived iPSCs, or
genetically modified iPSC lines. For this project, we generated human IEOs and ROs from control iPSCs and
iPSCs that were genetically edited to carry the human ¢.2299delG USH2A mutation. We determined use of exon
13 in these organoids with and without vectorized ASO treatment. While the organoid models provided a pow-
erful platform for evaluating the efficacy of vectorized ASOs, they did not allow for physiological assays for res-
toration cellular function because no functional deficits were apparent in the mutant organoids. In human USH2A
patients and in Ush2a mouse models, hearing and vision deficits do not develop until postnatal and adult stages,
respectively, whereas the organoids used for this study were aged to day 183 in vitro, equivalent to late 2"
trimester of human fetal development. However, because organoid hair cells and photoreceptors expressed

USH2A at early stages, they were useful models for evaluating vector targeting and exon skipping.

As such, we used both inner ear and retinal organoids to investigate U7 snRNA technology to vectorize potent
ASO sequences to target sensory hair cells and photoreceptors. Through a systematic walk-through technique
along exon 13 of USH2A, we identified ASO sequences with high efficiency. Testing this vector-based construct
on human IEOs and ROs carrying the common human USH2A exon 13 mutation, ¢.2299delG, resulted in a
significant increase in exon 13 skipping in IEOs and ROs. The endogenous exon 12 / 13 skipping in mouse and
human, respectively, bodes well for the therapeutic exon skipping approach. Since the native tissue may be
predisposed to exon 12 / 13 skipping, introduction of antisense sequences that target USH2A splice sites in this

region may further enhance exon skipping, thereby increasing the therapeutic benefit.

We did not see evidence of enhanced skipping of exon 13 in ROs using AAV9-PHP.B-skipper-mKate. We sus-
pect this was a consequence of limited viral transduction of RO photoreceptor cells. While we performed a large
capsid screen that identified AAV9-PHP.B as an effective capsid targeting sensory hair cells in the mouse inner
ear, we observed little mKate expression in ROs, suggesting that our batch of AAV9-PHP.B-skipper-mKate was
less efficient at targeting RO photoreceptors. However, a publication from lvanchenko et al. (2023) demonstrated

efficient transduction of human RO photoreceptor cells using the AAV9-PHP.B capsid. In addition, Muller et al.

14



(2025) recently showed that the AAV9-PHP.B capsid efficiently targets photoreceptors of native human retinas

as well, suggesting the AAV9-PHP.B capsid may be well-suited for clinical application.

Alternatively, we found that the AAV2-7m8 capsid allowed efficient targeting of human organoid hair cells and
photoreceptors and promoted a substantial increase in exon 13 skipping in both control and mutant organoids.
Use of a vectorized ASO with a viral capsid that transduces native human hair cells and photoreceptors would
be advantageous as it would support local delivery of a single therapeutic construct into both sets of sensory
tissues. One time delivery of a single therapy that preserves or restores function in both eyes and ears would
provide meaningful improvement in quality of life for USH2A patients. Given the normal auditory function in our
mouse lines harboring Ush2a exon 12 mutations, the endogenous exon 12 skipping in mice, endogenous exon
13 skipping human organoids and the Dulla et al. (2021) data showing normal auditory and visual function in
zebrafish lacking exon 13, strong evidence now supports that the corresponding region of the USH2A protein is
dispensable, increasing the therapeutic potential of the exon 13 skipping strategy to treat the most common
Usher syndrome mutation, USH2A ¢.2299delG. Lastly, we suggest that vectorized delivery of ASO sequences
could be developed to target other mutations in USH2A, other large USH genes, such as ADGRV1 (USH2C)
and MYO7A (USH1B) and could include multiple ASO sequences, to promote skipping of multiple exons and

restoration of protein function.

MATERIALS and METHODS

Mice

All animal experiments were performed in accordance with the NIH guidelines and were approved by the Insti-
tutional Animal Care and Use Committee (protocols #20-02-4149R and #00001240) at Boston Children’s Hos-
pital. C57BI/6J mice from Jackson Laboratories (Bar Harbor, ME, USA) were used for our experiments. Addi-
tionally, two Ush2a mouse models for the human exon 13 mutation were generated by the BCH Gene Manipu-
lation Core facility using CRISPR/Cas9 and a combination of three guide RNAs. The first line was created with

two different guide RNA targeting Ush2a exon 12 (5- TAAGGTGTGACAAGTCAACC GGG -3 and 5'-
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CAACTCTGTGATCCGCTTTC TGG -3’). Ush2ak®-1 possess 1 base pair (bp) insertion and 2 large deletions (11
and 86 bp) into exon 12. The second line Ush2aX®-2 presents a large deletion (331bp) into the exon 12 of Ush2a
generated by the Cas9 with two guide RNAs (gRNAS) that specifically target the exon 12 of Ush2a gene (5'-
GGACAATCCTCAAGGTTGTC AGG-3’ and 5'- CAACTCTGTGATCCGCTTTC TGG -3’). The mutant mouse
lines were backcrossed to Cadherin 23 (Ahl) corrected lines to remove the mutation (c.753A>G) that is associ-
ated with progressive hearing loss. For the manuscript, we report work performed on Ush2aX®-2 in the supple-

mentary material, as this mouse line mimicked Ush2ak®-1,

Genotyping was performed on genomic DNA (gDNA) extracted from toes or tail clips using DirectPCR lysis
reagent (ear) (Viagen Biotech, #402E, Los Angeles, CA, USA) supplemented with proteinase K (New England
Biolabs, #P8107S, Ipswich, MA, USA). Polymerase Chain Reaction (PCR) were performed using GoTag® Master
Mix (Promega, #M7122, Madison, WI, USA) and primer sets included in Table S8. For the Ush2a genotyping,
the PCR reaction was run in a thermocycler programmed for 95 °C for 5 min, [95 °C for 30 sec, 50 °C for 1 min,
72 °C for 2 min] x 35 cycles, 72 °C for 5 min, and then maintained at 4 °C until further analysis. For the Ahl
genotyping, the PCR reaction was run in a thermocycler programmed for 94 °C for 5 min [94 °C for 15 sec, 64
°C for 30 sec, 72 °C for 30 sec] x 30 cycles, 72 °C for 7 min, and then maintained at 4 °C until further analysis.
The iBright CL1500 imaging system (Invitrogen) was used to visualize amplicon bands on 1-2% agarose gel.
The band of interest was extracted and purified from the agarose gel using Monarch® DNA gel extraction kit
(New England Biolabs, #T1020S, Ipswich, MA, USA). The mutation was confirmed by Sanger sequencing using

Genewiz platform.

Mice of both sexes were used in equal proportion. All mice were kept in a 12 hr light/12 hr dark cycle with

accessibility to food and water ad libitum. Tissue collection was performed immediately post-mortem. At least

three animals per group were used for each experiment.
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Auditory Brainstem Responses (ABR) and Distortion Product Otoacoustic Emissions (DPOAE)

ABRs and DPOAEs recordings were performed on heterozygotes Ush2a*k%-1and Ush2a**°-2, used as controls,
and homozygotes Ush2ak®-1K0-1 and Ush2ak©-2k0-2mice at 4, 16, and 42 weeks old. Mice were anesthetized by
intraperitoneal injection with a mix of ketamine (100 mg/kg) and xylazine (15 mg/kg) diluted into saline solution.
Mice were maintained anesthetized on a heating pad inside a sound-proof chamber. Three electrodes were
inserted subcutaneously, (1) the reference electrode is inserted at the vertex of the skull between the two ears,
(2) the recording electrode were inserted behind the left pinna, and the ground electrode were inserted along the
rear left leg. To expose the ear canal, the meatus at the base of the pinna was resected. Then, the speaker/mi-
crophone apparatus was inserted at the entrance of the ear canal. To validate the proper positioning of the

apparatus, the system was calibrated for each mouse prior to any recording.

For ABRs, acoustic stimuli of 5.6, 8.0, 11.3, 16.0, 22.6 and 32.0 kHz consisted of 5 ms tone bursts and were
presented to the mice at 5 decibels (dB) steps from 10 to 90 dB sound-pressure level (SPL). ABR responses
were amplified (10,000 times), filtered (0.1 to 3 kHz), averaged (at least 512 times) with stimuli polarity alternated
after ‘artefact rejection’ and digitized on EPL software (EPL Acoustic system, Mass Eye and Ear, Boston, MA,
USA). The auditory threshold was visually determined and corresponds to the lowest intensity of sound leading

to a detectable wave form.

For DPOAES, the data were collected during the same session and under the same conditions. DPOAE re-
sponses were generated when the cochlea was presented to two distinct pure tones (f1 and f2). The ratio 1:2 of
pure tones (f2/f1) was presented to the mouse. 2 varied between 5.6 to 42.5 kHz in half-octaves steps and a 5
dB f2 steps from 10 to 80 dB SPL for the generation of DPOAEs at 2f1-f2. DPOAE thresholds were visually
determined as the f2 level required to produce DPOAESs above 0 dB. Data were plotted on GraphPad version 9

software as mean * standard deviation (S.D.).
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Electrophysiological recordings and mechanical stimulation

Recordings of mechanotransduction currents were performed as previously described (Pan et al., 2017).
Briefly, whole-cell voltage-clamp recordings were performed in standard perilymph solution with borosilicate
recording pipettes filled with standard high potassium intracellular solution. Mechanical stimuli were provided
by a stiff glass probe mounted on a piezoelectrical actuator (Physik Instruments, Waldbronn, Germany). Data

were analyzed offline with Origin (OriginPro 2021b, Origin lab corporation).

Generation of USH2A-eGFP reporter construct

A fragment of the human USH2A gene (NG_009497.2) containing USH2A exon 12 — intron 12 — exon 13
(c.2299delG mutation) — intron 13 — exon 14 was synthesized (Azenta, Burlington, MA) and cloned into a plasmid
containing a eGFP coding sequence and a CMV promoter to create a fusion construct comprising the USH2A
gene fragment (with ¢.2299delG mutation) in frame with eGFP-coding sequence (pCMV-USH2A-exon 13 skip

eGFP reporter).

Generation of stable USH2A-eGFP reporter cell line

HEK293T cells were transfected with the pCMV-USH2A-exon 13 skip eGFP reporter plasmid. PElpro
transfection reagent (Polyplus, 115-0015, France) was used to transfect AAVPro® 293T cell line (TaKaRa,
California USA). Cells were cultured for 2 weeks under puromycin selection (Mirus, MIR 5940, Wisconsin USA).
to achieve a stable pool. Clonal selection was then performed by limiting dilution into 96-well plates (Corning,
3596, Arizona USA) to isolate individual stable cell clones. Stable USH2A-eFGP reporter cell clones were
screened for increased GFP signal following transient transfection with 50 ng of U7 snRNA skipper construct
encoding the QR-421a antisense sequence (Dulla et al. 2021). GFP signal was measured three days post-
transfection in 96-well plates (Greiner Bio-One International GmbH, 655090, North Carolina USA) in 1X DPBS
buffer (Corning, 21-031-CV, Arizona USA). All wells were imaged using the FITC fluorescence channel (475/34
nm) on an ImageXpress Micro Confocal high-content imager (Molecular Devices, California USA), and pixel
intensity in the FITC channel was captured and quantified. The USH2A-eGFP reporter stable cell clones with

the highest increased GFP signal after transfection were selected.
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U7 snRNA skipper constructs

U7 snRNA skipper constructs were engineered based on the previously described U7 smOPT-SD23/BP22 con-
struct (modified murine U7 snRNA gene) (Goyenvalle et al., 2004). The original Sm domain sequence (AATTT-
GTCTAG) was replaced with the optimized smOPT sequence (AATTTTTGGAG), and the native histone pre-
MRNA pairing region was substituted with 619 antisense sequences specifically targeting human USH2A exon
13. The following skipper sequences were selected for further analysis: QR-421a: AGCTTCGGA-
GAAATTTAAATC (Dulla et al., 2020). Skipper 4: AGAATTTGTTCACTGAGCCATGGAGGTTAC; Skipper 7:
ATTACACCTTCTTCCTTGACGATTAGGCAC; Dual skipper 4+7: AGAATTGTTCATGAGCCATGGAGGTTACA-
TTACACCTTCTTCCTTGACGATTAGGCAC. The modified U7 snRNA skipper fragments were synthesized and

subsequently cloned into the pAAYV plasmid (Azenta, Burlington, MA) for packaging into viral vectors.

AAV production

All AAV vectors, with the exception of AAV2-7m8, were produced by SAB Tech Inc. by co-transfecting HEK293T
cells with three plasmids: the pAAV plasmid encoding the transgene flanked by AAV inverted terminal repeats
(ITRs), a rep-cap expression construct encoding the specific AAV serotype capsid, and a helper plasmid
expressing adenoviral elements E2a, VA, and E4-orf6. Forty-eight hours post transfection, AAV vector particles
were purified from cell lysates using cesium chloride gradient centrifugation. AAV2-7m8 vectors were generated
by the Vector Core at Boston Children’s Hospital, using a helper virus free system and a double transfection
method. Titers were calculated by qPCR to be 1.25E+13gc/mL for the AAV2-7m8-CMV-mKate-skipper and
6.24E+12gc/ml for the AAV2-7Tm8-CMV-GFP-empty vectors. AAV2-7m8 vectors were purified using an iodixanol
step gradient followed by ion exchange chromatography. All virus aliquots were stored at —80°C and thawed just

before use.

In vivo surgery

Inner ear injections were performed according to the Institutional Animal Care and Use Committee at Boston
Children’s Hospital (protocols #20-02-4149R and #00001240). Wild-type (WT, C57BL6) mice were obtained from

The Jackson Laboratory. Neonatal mice, at postnatal day 1 (P1) or 2 (P2), were anesthetized by hypothermia,
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achieved by placing them on crushed ice for 3 min and then transferring them onto an ice pad to maintain the
anestesia throughout the surgery (~10-15 min). A post-auricular incision was made to expose the semicircular
canals, and a stereomicroscope (Stemi 2000, Zeiss, Germany) was used for visualization. The injection was
administered through the utricle using a glass micropipette filled with 1 uL of the desired virus. Upon wound
closure with sutures, mice are transferred onto a heating pad for recovery. Standard post-operative care was

provided for the following 5 days.

Tissue preparation, imaging and hair cell quantification

Temporal bones were harvested at P10 and immediately fixed in 4% paraformaldehyde (PFA, #15713-S,
Electron Microscopy Science, Hatfield, PA, USA) at room temperature (RT) with agitation for 1 hr. Prior to
dissection, tissues were decalcified in 120 mM ethylenediaminetetraacetic acid (EDTA) for 12 to 24 hrs. The full
turns of the cochlea, along with the utricle, saccule, and ampullas, were dissected. Tissues were then
permeabilized with 0.5% Triton-X 100 (Sigma Aldrich, #X100-5ML, Saint Louis, MO, USA) for 1 hr at RT,
followed by immunostaining with phalloidin 405 (1:500, Thermo Fisher Scientific, #A30104, Waltham, MA, USA)
for 2 hrs at RT. After PBS washes, samples were mounted with Vectashield antifade mounting medium

containing DAPI (Vector laboratories, #H-1200-10, Newark, CA, USA).

Images were acquired using a confocal microscope (LSM800, Zeiss, Germany), with Z-stacks captured at 0.3
um intervals. Three-dimensional projection images were generated from Z-stacks using the open-source
software Fiji. The ‘Cell Counter’ plugin in Fiji was used to quantify the total number of hair cells, identified based

on phalloidin staining, as well as the total number of virus-infected, GFP-positive hair cells.

RNA extraction, Reverse Transcriptase Polymerase Chain Reaction and Quantitative RT-PCR

Temporal bones and eye bulbs were harvested from euthanized mice and immediately flash-frozen in liquid

nitrogen. Total RNA was isolated using a combined Trizol/chloroform extraction protocol with PureLink RNA mini
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kit (Thermo Fisher Scientific, #12183018A, Waltham, MA, USA). Similarly, retinal and inner ear organoids

derived from hiPSCs were quickly harvested and flash-frozen in liquid nitrogen prior to total RNA isolation.

A Two-Step RT-PCR was performed on temporal bones and eye bulbs. According to the manufacturer’s protocol,
cDNA was generated by reverse transcription using the iScript™ Advanced cDNA Synthesis Kit (Qiagen,
#1725037, Germany). PCR was subsequently performed with 50 ng of cDNA using the Q5® Hot Start High-
Fidelity DNA Polymerase (New England Bioloabs, #M0493, Ipswich, MA, USA). The region between exons 10
and 15 of the murine Ush2a gene was amplified using primer sets listed in Table S9, with the following PCR
program: 98 °C for 5 min [98 °C for 10 sec, 60 °C for 10 sec, 62 °C for 30 sec, 72 °C for 45 sec] x 40 cycles,
72 °C for 5 min, and then held at 4 °C until further analysis. PCR products (20-40 uL) were run on a 2% agarose
gel. The iBright CL1500 imaging system (Invitrogen, Waltham, MA, USA) was used to visualize amplicon bands.
Bands containing the gene of interest were extracted and purified from the agarose gel using the Monarch® DNA
Gel Extraction Kit (New England Bioloabs, #T1020S, Ipswich, MA, USA). Sanger sequencing was performed
on the extracted DNAs using the Genewiz from Azenta life sciences (South Plainfield, NJ, USA) platform to

confirm sequence accuracy.

A One-Step RT-PCR was performed on inner ear organoids (IEOs) and retinal organoids (ROs) generated from
human induced pluripotent stem cells (hiPSCs) using the SuperScript™ [V One-Step RT-PCR System (Thermo
Fisher Scientific, #12594100, Waltham, MA, USA). The region between exons 10 and 16 of human USH2A
(gene was amplified using primer sets listed in Table S9. The following PCR program was used: 50 °C for 10
min, 98 °C for 2 min [98 °C for 10 sec, 59 °C for 10 sec, 72 °C for 1 min] x 35 cycles, 72 °C for 5 min, and then
held at 4 °C until further analysis. PCR products (20-40 pL) were ran on a 2% agarose gel. The iBright CL1500
imaging system (Invitrogen,Waltham, MA, USA) was used to visualize amplicon bands. Bands containing gene
of interest was extracted and purified from the agarose gel using the Monarch® DNA Gel Extraction Kit (New
England Bioloabs, #T1020S, Ipswich, MA, USA). The mutation was confirmed by Sanger sequencing using the

Genewiz from Azenta life sciences (South Plainfield, NJ, USA) platform to confirm sequence accuracy.
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For semi-quantitative data, each band was quantified using the ‘Analyze > Gel’ function on Fiji software. Each
band of USH2A exon 13 skip was normalized to USH2A full-length level. Each experiment was carried out in

triplicate.

Human pluripotent stem cell lines and culture
a. Cell lines. Human IEOs and ROs were derived from SOX2-GFP (parental line WTC-11) hiPSC line
that has been purchased from Allen Institute for Cell Science and the Coriell Institute. This cell line
was used in previous publications to generate IEOs successfully (figure 4A) (Steinhart et al., 2023;
Valk et al., 2023). The cell line was tested negative for mycoplasma contamination and genetic
abnormalities (karyotyping) prior to experimentation. Detailed information of the cell line validation

and testing is available at https://www.allencell.org/cell-catalog.htm. USH2A mutant cell line (C20)

generation has been outsourced to Synthego Corporation (now EditCo). Briefly, a gene variant in
exon 13 (¢.2299delG) of USH2A (Transcript ID: ENST00000307340.8) was introduced to SOX2-GFP
(control) cell line using specially designed CRISPR/Cas9 ¢gRNA (sequence:
AAUUCUGCAAUCCUCACUCU) and a ssODN donor sequence (TGCCAGTGTAACCTCCATGGC-
TCAGTGAACAAATTCTGCAATCCTCATTCTGGGCAGTGTAGTGCAAAAAAGAAGCCAAAGGACT
TCAGTGTGACACCTGCAGAGAAAACTTTTATGGGTTA, see figure S6A-B). All edited clones were
tested for mycoplasma (InvivoGen, MycoStrip-Mycoplasma Detection Kit, #rep-mysnc-50, San Diego,
CA, USA), normal karyotype (figure S6C, Thermo Fisher Scientific, KaryoStat+ Genetic Stability

Assay Service, #A52849, Waltham, MA, USA), and pluripotency (figure S6D), prior to differentiation.

b. Cell culture and maintenance. Medium needs to be pre-warmed at RT for 15-20 min before use.

Thawing: The cryopreserved hiPSC lines were thawed in Essential 8™ Flex medium (hereafter, ES;

Thermo Fisher Scientific, Gibco™, #A2858501, Waltham, MA, USA) containing 100 pg/mL

Normocin® (antibiotics, InvivoGen, #ant-nr-1, San Diego, CA, USA) and 10 uM Stemolecule™

Y27632 (hereafter, Y; Reprocell, Stemgent, #04-0012-02, Beltsville, MD, USA), a Rho-associated

kinase inhibitor that prevents cells undergoing apoptosis and increase cell viability. The thawed cells

22



were cultured on a vitronectin-coated (0.5 pg/cm?, Thermo Fisher Scientific, Gibco™, #A14700,
Waltham, MA, USA) 6-well culture plate. After 24 hrs of thawing, the Y containing spent medium was
replenished with fresh E8 medium containing 100 pg/mL Normocin®, without Y. Maintenance: The
spent medium was replenished every other day or daily, depending on hiPSC confluency, with 2-3
mL of fresh E8 medium containing 100 pug/mL Normocin® per well. The hiPSCs were passaged when
they have reached at 80% of confluency, typically 4-5 days post thawing or passaging. Passaging:
Spent medium was aspirated out and the hiPSCs were rinsed twice with 1X DPBS. Using StemPro™

Accutase™ Cell Dissociation Reagent (hereafter, Accutase; Thermo Fisher Scientific, Gibco™,

#A1110501, Waltham, MA, USA), the hiPSCs were passaged in small clusters (5-6 cells per cluster)
in E8 medium containing 100 pug/mL Normocin® and 10 uM Y. The Y containing medium was

replenished and the cells were further maintained as described in thawing and maintenance.

. Human IEQ differentiation. To initiate IEO differentiation, the hiPSC colonies in maintenance culture
were detached and dissociated into single cells using Accutase. The dissociate single cells were
resuspended in E8 medium containing 100 ug/mL Normocin®and 20 uM Y. The number of live cells
in the cell suspension was determined, and the cells were seeded at a density of 3,500 cells in a 100
pL per well in a Nunclon™ Sphera™ 96-well Nunclon Sphera-Treated U-Shaped-Bottom Microplate
(hereafter, 96-well plate; Thermo Fisher Scientific, #174927, Waltham, MA, USA). After the cells were

seeded, the 96-well plate was centrifuged at 110 g for 6 min, followed by incubation in a 37 °C

incubator with 5% CO.. This cell pre-aggregation timepoint was designated as day -2. Twenty-four
hours after pre-aggregation (day -1), 100 pL of fresh E8 medium containing 100 pg/mL Normocin®,

without Y, was added to each well using a multi-channel pipette to dilute Y and promote normal cell

proliferation. After another 24 hours (day 0), differentiation was initiated. Each aggregate in the 96-
well plate was collected and individually transferred into a new 96-well plate, with 100 puL per well of

day 0 differentiation medium. The medium consisted of ice-cold Essential 6™ medium (hereafter, E6;

Thermo Fisher Scientific, Gibco™, #A1516401, Waltham, MA, USA) supplemented with 2%
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Matrigel™ Growth Factor Reduced Basement Membrane Matrix (hereafter, Matrigel; Corning,
#356231, Corning, NY, USA), 10 uM Stemolecule™ SB431542 (a TGFg inhibitor; Reprocell,

Stemgent, #04-0010-05, Beltsville, MD, USA), 4 ng/mL Human FGF-basic (154aa) Recombinant
Protein (fibroblast growth factor, hereafter, bFGF; Thermo Fisher Scientific, PeproTech, #100-18B-
50UG, Waltham, MA, USA), 1.25 ng/mL Human BMP-4 Recombinant Protein (bone morphogenetic

protein 4, hereafter, BMP4; Thermo Fisher Scientific, PeproTech, #120-05-5UG, Waltham, MA, USA),
and 100 pg/mL Normocin®. This procedure can be performed by transferring all aggregates to a 100

mm Petri-dish using a multi-channel pipette with wide-orifice p200 tips. The aggregates are then
collected in a 2 mL round-bottom tube using a wide-orifice p1000 tip, washed three times with E6
medium, resuspended in ice-cold day 0 differentiation medium, and transferred into a 100 mm Petri-
dish containing ice-cold day 0 differentiation medium, kept on ice. Using a wide-orifice p200 tip on a
pipette, transfer individual aggregate into each well of a new 96-well plate. Then, incubate the
aggregate containing plate in a 37 °C incubator with 5% CO; for three days. On day 3 of differentiation,
the aggregates were treated with Stemolecule™ LDN-193189 (a BMP inhibitor, hereafter, LDN;

Reprocell, Stemgent, #04-0074-02, Beltsville, MD, USA) and bFGF at final concentrations of 200 nM

and 50 ng/mL, respectively, in E6 medium containing 100 ng/mL Normocin®. To achieve these final
concentrations, 25 pL of E6 medium containing LDN and bFGF at 5x concentrations (1 uM and 250
ng/mL, respectively) was added per well, resulting in a total volume of 125 uL per well. On day 6, 75
uL of fresh E6 medium containing 100 pg/mL Normocin® was added to each well, resulting in a final

volume of 200 uL per well. The plate was gently tapped to mix the medium and incubated in a 37 °C
incubator with 5% CO, for two days. On day 8 of differentiation, otic induction was initiated. Using a
multi-channel pipette, 100 uL of spent medium was removed from each well and replaced with 100
uL of fresh E6 medium containing 100 pg/mL Normocin® and 6 uM Stemolecule™ CHIR99021
(hereafter, CHIR; Reprocell, Stemgent, #04-0004-02, Beltsville, MD, USA) at 2x concentration. This

results in a final volume of 200 pL per well, with CHIR at a final concentration of 3 uM (1x). Otic

induction continued on day 10 by replenishing half of the medium (100 pL) in each well with 100 pL
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of freshly prepared E6 medium containing 100 ug/mL Normocin® and 3 uM CHIR, followed by a 2-
day incubation at 37 °C in a 5% CO-incubator. On day 12, the aggregates were transitioned to self-
assembly stage in a floating culture. All aggregates in 96-well U-bottom plates are individually picked
and collected in a 100 mm petri-dish using a wide-orifice p1000 tip. All aggregates were centered by
gentle swirl of the dish and collected and transferred to a 2 mL round-bottom tube using a wide-orifice
p1000 tip. The aggregates were carefully rinsed for three times in 1 mL of Advanced DMEM/F12
medium (Thermo Fisher Scientific, Gibco™, #12634010, Waltham, MA, USA) per rinse and
transferred into organoid maturation medium (OMM) containing 1% Matrigel and 3 pM CHIR
(hereafter, OMM1%M-CH) prepared and placed on ice. OMM is composed of Advanced DMEM/F12
and Neurobasal™ (Thermo Fisher Scientific, Gibco™, #21103049, Waltham, MA, USA) media at 1:1
ratio, supplemented with 0.5x N2 Supplement (100x; Thermo Fisher Scientific, Gibco™, #17502048,
Waltham, MA, USA), 0.5x B-27™ Supplement minus vitamin A (50x; Thermo Fisher Scientific,
Gibco™, #12587010, Waltham, MA, USA), 1x GlutaMAX™ (Thermo Fisher Scientific, Gibco™,
#35050061, Waltham, MA, USA), 0.1 mM 2-Mercaptoethanol (Thermo Fisher Scientific, Gibco™,
#21985023, Waltham, MA, USA), and 100 pug/mL Normocin®. Using a wide-orifice p1000 tip,
individual organoid was transferred into each well on Nunclon™ Sphera™ 24-well low-attachment
plates (Thermo Fisher Scientific, #174930, Waltham, MA, USA) in 500 pL of OMM1%M-CH per well,
followed by 72 hrs incubation in a 37 °C incubator with 5% CO,. Starting from day 12, the plates were

incubated on an orbital shaker placed in an incubator. On day 15, half of the spent medium (250 uL)

was replenished with 250 uL of freshly prepared OMM 1% M-CH to continue otic vesicle induction.

Gently swirled the plates to mix medium and cultured in the incubator for 72 hrs. On day 18 of
differentiation, half of the medium was replaced with fresh OMM to dilute Matrigel and CHIR while

providing nutrients. Starting from day 21 of differentiation, a full-medium change was performed once
a week by carefully aspirating out all medium from each well and adding 500 uL of freshly prepared

OMM. Within this one-week period, half-medium change was performed every three days until day

45. After day 45, the half-medium change was performed every other day, with the necessity of
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increasing the medium volume to 1-1.5 mL per well as the aggregate size grew larger and medium

color turns yellow more quickly.

d. Human RO differentiation.

Protocol 1: For RO differentiation, the hiPSCs were maintained in mTeSR™ Plus medium
(STEMCELL Technologies, #100-0276, Vancouver, BC, Canada). When the iPSC
colonies reached 80% confluency, the cells were detached and dissociated into single

cells using Accutase as described in the IEO differentiation section. The cells were
collected, centrifuged, and resuspended in mTeSR™ Plus containing 20 uM Y (hereatfter,
mTeSR™ Plus + Y). After determining live cell numbers in the single cell suspension, the
cells were seeded at 3,000 cells per 100 uL of mTeSR™ Plus +Y per well in a 96-well
plate and centrifuged prior to incubation in a 37 °C incubator with 5% CO. for 24 hrs. This
step was referred to as day -1. On day 0, 100 uL of a medium mixture of mTeSR™ Plus
and neural induction medium (NIM), mixed at a 1:1 ratio, was added to each well, resulting
in a final volume of 200 uL per well and a final media ratio of 3:1 (mTeSR™ Plus:NIM).

The NIM is based on DMEM/F12, HEPES medium (Thermo Fisher Scientific, Gibco™,
#11330032, Waltham, MA, USA) supplemented with 1x N2, 1x MEM Non-Essential Amino
Acids (NEAA, 100x; Thermo Fisher Scientific, Gibco™, #11140050, Waltham, MA, USA),

1x penicillin-streptomycin (10,000 U/mL; Sigma-Aldrich, #P4333-100ML, St. Louis, MO,
USA), and 2 pug/mL Heparin (Sigma-Aldrich, #H43149-50KU, St. Louis, MO, USA). From
day 0 to day 2 of differentiation, the proportion of mTeSR™ Plus is gradually decreased,
transitioning fully to NIM by day 3; i.e., the ratio of mTeSR™ Plus:NIM changes from 3:1
(day 0), to 1:1 (day 1), and to 1:3 (day 2). On day 1, all the aggregates were collected,
rinsed, and transferred to 100 pL of 1:1 mTeSR™ Plus:NIM medium per well in a 96-well
plate. On day 2, 100 uL of NIM was added to each well, resulting in a total volume of 200

puL per well and a final media ratio of 1:3 (mTeSR™ Plus:NIM). On day 3, all aggregates
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from the 96-well plate were collected into a 100 mm Petri-dish, transferred to a 2 mL round-
bottom tube using a wide-orifice p1000 tip, and carefully rinsed twice with 1 mL of NIM per
wash. After the last wash, 1 mL of NIM was added to the tube containing the aggregates,
which were then transferred to new 100 mm Petri-dishes containing 10 mL of NIM, with
30-45 aggregates per dish. The dishes were gently swirled and shaken to evenly distribute
the aggregates and prevent aggregate-to-aggregate merging. The dishes were incubated
in a 37°C incubator with 5% CO;, for three days. On day 6 of differentiation, the aggregates
were collected, rinsed once with NIM, and resuspended in NIM containing 1.5 nM BMP4

(hereafter, NIM+B). To a non-tissue culture-treated (or low-attachment) 6-well plate
containing 2 mL of NIM+B, 10-15 aggregates were added per well in 500 uL NIM+B,

resulting in a final volume of 2.5 mL NIM+B per well. The plate was gently swirled and

shaken to evenly distribute the aggregates, then incubated in a 37°C incubator with 5%
CO, for two days. On day 8, 500 pL of fetal bovine serum (FBS; Thermo Fisher Scientific,

Gibco™, #16140071, Waltham, MA, USA) was added to a tissue culture-treated 6-well
plate, ensuring the surface of each well was evenly coated. Then, aggregates cultured in
NIM+B were transferred to the FBS containing wells along with 2 mL of the spent NIM+B.
The aggregates were evenly distributed within each well and incubated in a 37 °C
incubator with 5% CO: for 24 hrs. On days 9 and 12, half of the spent medium (1 mL) was
removed and replaced with 1 mL of fresh NIM without FBS. On day 15, the entire medium
was aspirated, and 2 mL of fresh NIM was added. On day 16, adhering aggregates on the
plate surface were detached using the tip of a p200 pipette tip and transferred to a 15 mL
conical tube. The aggregates were rinsed three times and resuspended in retinal
differentiation medium (RDM) containing 1% FBS. RDM is composed of DMEM/F12 and
DMEM-high glucose (Thermo Fisher Scientific, Gibco™, #12430054, Waltham, MA, USA)
media mixed at a 1:1 ratio, supplemented with 1x B-27™ Supplement with vitamin A,
serum free (50x; Thermo Fisher Scientific, Gibco™, #17504044, Waltham, MA, USA), 1x

MEM NEAA, and 1x penicillin-streptomycin. Then, the aggregates were transferred to a
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100 mm Petri-dish containing 10 mL of RDM supplemented with 1% FBS. On days 18 and
20, the spent medium was carefully replenished with 10 mL of RDM supplemented with
3% and 5% FBS, respectively. On day 22 of differentiation, the spent medium was
replenished with 2 mL of RDM containing 10% FBS and 1x GlutaMAX™. From day 25 to
day 50 of differentiation, the medium was replenished with retinal maturation medium
(RMM) every 2-3 days. RMM is based on RDM, supplemented with 10% FBS, 1x

GlutaMAX™, and 100 uM Taurine (Sigma-Aldrich, #T0625-10G, St. Louis, MO, USA).

Note that Taurine should be freshly added at each medium change. On day 50, the
medium was switched to advanced retinal maturation medium (ARMM), which based on
RMM and supplemented with 1 uM All-trans-Retinoic Acid (RA; Thermo Fisher Scientific,
Acros Organics™, #207341000, Waltham, MA, USA) and 20 ng/mL brain-derived
neurotrophic factor (BDNF; Thermo Fisher Scientific, PeproTech, #450-02-50UG,
Waltham, MA, USA). From day 50 to day 90, the spent medium was replenished every 2-
3 days with fresh ARMM. From day 90 and onward, the spent medium was replenished

every 2-3 days with fresh ARMM without RA.

Protocol 2: This protocol was adapted from Capowski et al. (2019). Detailed steps are
briefly described below. On day 0, hiPSC colonies in maintenance culture at approximately
80% confluency were detached from the plate into small cell pellets (5—-20 cells per pellet)
using 0.5 mM EDTA (Thermo Fisher Scientific, Invitrogen™, #15575020, Waltham, MA,
USA). The cell pellets were collected in E8 medium supplemented with 20 mM Y-27632
(hereafter, E8 + Y) and then transferred into a T75 flask (Thermo Fisher Scientific,
#156800, Waltham, MA, USA) pre-treated with Anti-Adherence Rinsing Solution (Stemcell
Technologies, #07010, Waltham, MA, USA), or into other ultra-low attachment T75 flasks
without additional anti-adherence treatment. The flasks were incubated statically and
horizontally in a 3711°C incubator with 5% CO, overnight. During this period, cell pellets

self-assembled into embryoid bodies (EBs). From day 1 to day 4 of differentiation, the
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proportion of E8 was gradually decreased, transitioning fully to neural induction medium
(NIM) by day 4. Specifically, the ratio of E8:NIM was adjusted as follows: 2:1 (day 1), 1:1
(day 2), and 1:2 (day 3). NIM was based on DMEM/F12 (Thermo Fisher Scientific,
Gibco™, #11330032, Waltham, MA, USA), supplemented with 1% N2 Supplement
(Thermo Fisher Scientific, Gibco™, #17502048, Waltham, MA, USA), 1x MEM Non-
Essential Amino Acids (100x; Thermo Fisher Scientific, Gibco™, #11140076, Waltham,
MA, USA), 1x GlutaMAX (100x; Thermo Fisher Scientific, Gibco™, #35050079, Waltham,
MA, USA), 2 mg/mL Heparin (Sigma-Aldrich, #H3149-50KU, St. Louis, MO, USA), and
Sodium Pyruvate (Thermo Fisher Scientific, Gibco™, #11360070, Waltham, MA, USA).
On day 6, 10-25 ng/mL of human bone morphogenetic protein 4 (BMP4, PeproTech,
#120-05-100UG) was added to fresh NIM. The concentration of BMP4 varied by cell line
and needed to be titrated for each new line. On day 7, EBs were collected and distributed
into 6-well plates pre-coated with 9.5 mg/mL Matrigel. The plates were gently swirled and
shaken to evenly distribute the EBs, then incubated in a 371°C incubator with 5% CO,, for
two days. On days 9, 12, and 15, half of the media was replaced with fresh NIM to
progressively decrease the BMP4 concentration. On day 16, the medium was replaced
with retinal differentiation medium containing retinoic acid (hereafter, RDM), composed of
a 3:1 mixture of High Glucose DMEM (Thermo Fisher Scientific, Gibco™, #11965092,
Waltham, MA, USA) and Ham'’s F-12 Nutrient Mix (Thermo Fisher Scientific, Gibco™,
#11765054, Waltham, MA, USA) (hereafter, HG-DMEM/F12 3:1), supplemented with 1x
penicillin-streptomycin (Sigma-Aldrich, #A5955-20M, St. Louis, MO, USA) and 2% B27
Supplement with retinoic acid (50x; Thermo Fisher Scientific, Gibco™, #17505044). From
day 16 to day 25, the 6-well plates were replenished with fresh RDM. Between days 25—
30, 3D optic vesicles (OVs) became apparent and were manually lifted using a stab knife
(Ambler Surgical, #7536, Exton, PA, USA). The floating OVs were collected and
transferred into ultra-low attachment T25 flasks (Thermo Fisher Scientific, Gibco™,

#174951) containing fresh 3D medium. This medium was composed of HG-DMEM/F12
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3:1, 2% B27 Supplement, 5% FBS, 1x MEM-NEAA, 1x GlutaMAX, 100 puM Taurine
(Sigma-Aldrich, #T0625-10G), 1x penicillin-streptomycin, and chemically defined lipid
supplement (Thermo Fisher Scientific, Gibco™, #11905031). From this point forward, the

medium was replenished with fresh 3D medium every 2-3 days.

Immunohistochemistry

Sample preparation: Fixation. IEOs and ROs that reached the timepoints of interest were collected in 2 mL
round-bottom tubes using a wide-orifice p1000 tip cut to an appropriate diameter that kept organoids intact.
Collected organoids were rinsed twice with 1 mL of 1x Phosphate Buffered Saline (PBS, Thermo Fisher
Scientific, Gibco™, #10010023, Waltham, MA, USA) per rinse and fixed in 4% paraformaldehyde (PFA, Electron
microscopy sciences, #15710, Hatfield, PA, USA) overnight at 4 °C on a rocking shaker. Fixed organoids were
washed three times with 1 mL of 1X PBS, 10 min per wash, on a rocking shaker at RT. After the final wash, the

solution was replenished with fresh 1x PBS, and the samples were processed for next steps or stored at 4 °C.

Cryo-embedding and preservation. The fixed and washed samples were introduced to 15% sucrose and
incubated at RT on a rocking shaker for 30 min or until all aggregates sank to the bottom of the tubes. Then, the
solution was switched to 30% sucrose and incubated on a rocking shaker at RT for ~1 hr or until all aggregates
sank to the bottom. Once the aggregates were adapted to sucrose, using a wide-orifice tip or a perforated spoon,
we transfered them to a Tissue-Tek® cryo-mold (Sakura Finetek, #4565 or #4566, Torrance, CA, USA). Under a
stereomicroscope, we carefully removed residual sucrose from the mold using a blunt-end needle and 1 mL
syringe and oriented the organoids to a desired orientation. Then, gently added Tissue-Tek® O.C.T. Compound
(hereafter, OCT freezing medium; SAKURA, #4583, Torrance, CA, USA) to the cry-mold, ensuring the organoids
remain in the same position and orientation. In case of organoids floating in the OCT freezing medium or change
in their orientation, we used a blunt-end needle to gently reposition them at the bottom of the mold in the correct
orientation, performed slow and cautiously as the OCT freezing medium was viscous. Next, we snap-froze the
mold on dry-ice until the OCT freezing medium turned opaque. The frozen cryo-mold was then stored in a sealed

container at -80 °C or used for cry-sectioning after freezing at least 1 hr longer in -80 °C. Cryo-sectioning: We
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pre-adapted the temperature of the cryo-mold to match that inside a cryostat, typically -23 °C, by leaving the
block inside the cryostat for at least 20 min. Sections were cut at 12 um thickness onto slide glasses, with an

average of three sections per slide. The slide glasses with sections were labeled, placed in a box, and desiccated
in a desiccator for one hour with the box lid open. After desiccation, the box lid was closed, and the slides were

stored at -80 °C until use.

Immunostaining: The slides that were stored in -80 °C were thawed and dried at RT, drew outline surrounding
the section area using a PAP pen (Electron Microscopy Sciences, #71310, Hatfield, PA, USA), and dried PAP
pen for 1-2 min. Hydrate the sections by placing the slides in a Coplin jar containing 1x PBS and incubating for
10 min. Then, take out the slides, remove excess solution outside of PAP pen-outline, and place on a humidified

staining chamber containing MilliQ water. Carefully add 150 uL of blocking solution per slide in a drop-wise

manner. The blocking solution is based on 1x PBS-T (0.1% Triton X-100) supplemented with 10% Normal Goat
Serum Blocking Solution (hereafter, NGS; Vector Laboratories, #S-1000-20, Newark, CA, USA) or Normal Horse
Serum Blocking Solution (hereafter, NHS; Vector Laboratories, #S-2000-20, Newark, CA, USA), depending on
the hosts of antibodies. Close the lid of the chamber and incubate at RT for 1 hr. After blocking, remove the
solution by gently tilting the slide glass at an angle from one corner and place it back in the chamber. Gently add

primary antibody mixture prepared in 3% NGS or NHS in 1x PBS-T, in a drop-wise manner. A 100 uL volume is

sufficient to cover the sections on one slide. Antibodies information is listed in Table S11. Incubate the primary
antibodies for 1 hr and 15 min at RT with the chamber lid closed. Then, tilt the slide at an angle from one corner
to remove primary antibodies-mixture and place it in a Coplin jar containing 1x PBS for washing. Wash in 1x
PBS for three times, 10 min per wash, on an orbital shaker at RT. After the last wash, remove residual PBS

outside the PAP pen-outline, and place the slides in the chamber. Gently add 150 uL of the appropriate

secondary antibody mixture, including DAPI or Hoechst, prepared in 3% NGS or NHS in 1x PBS-T, to each slide
in a drop-wise manner. After 1 hr incubation with the secondary antibodies, remove the solution and wash the
slides three times with 1x PBS in a Coplin jar, allowing 10 min per wash. In the meantime, discard the MilliQ
water from the humidified chamber and dry it. After the final wash, remove excess PBS on the slide glass and

place the slide in the dried chamber. Be cautious not to let the sample sections dry out. Then, very gently, in a
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drop-wise manner and avoiding bubble formation, add 3 drops of ProLong™ Gold Antifade Mountant (Thermo
Fisher Scientific, Invitrogen™, #P36930 or #P36931, Waltham, MA, USA) to the sections. Carefully cover the
sections with a coverslip. Place the chamber containing the slides in dark with the lid off for overnight, allowing
the mounting solution to dry and stabilize. The next day, seal any potential gaps between the slide glass and
coverslip using transparent nail polish. Once the nail polish is dry, the slides are ready for imaging. Microscopy

was performed using Nikon A1R confocal microscope.

Live organoid vibratome sectioning

Sample preparation: A 2% Low Melting Point Agarose (LMPA) solution was prepared by dissolving 2 g of
UltraPure LMPA powder (Invitrogen) in 100 mL of double-distilled water in a Schott media bottle using a
microwave, heating in 10-15 sec pulses with intermittent swirling. A magnetic stir bar was added to the bottle
and the dissolved LMPA was then placed on a hot plate set 41 °C with stirring at 75 rpm and allowed to cool to
41 °C. Organoids were collected in a 2 mL U-bottom tube, rinsed three times with 1mL of 1X DPBS, and
transferred to a cryomold using a cut wide-orifice p1000 tip. Excess DPBS was removed from the mold using a
syringe fitted with a blunt-end needle. The cooled LMPA was added to the mold, and the organoids were
arranged in the desired orientation and allowed to settle at the bottom of the mold. If necessary, a blunt-end
needle or p20 tip was used for positioning. The mold was then placed on ice on a flat surface to allow the agarose

to polymerize.

Vibratome sectioning. The LPMA-organoid block was carefully dislodged from the mold, and excess moisture
was gently blotted with a Kimwipe. The block was flipped so that the organoids faced upward and was placed
on the mold holder of a metal buffer tray, secured with superglue. The buffer tray was then inserted into the
vibratome (Leica, VT1000S), and ice-cold, sterile 1X DPBS was added to cover the top surface of the LMPA-
organoid block, with the outer tray filled with ice. The LMPA-organoid block was sectioned with a speed 4 and
frequency of 4 either at 200 um thickness for multiple slices to be produced, or at 500 um thickness to cut the
organoid approximately in half. Each slice was collected as it floated off using a flat metal spoon (precision

instruments) and transferred to a non-tissue-treated 6-well culture plate filled with ice-cold 1X DPBS onice. In a
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biosafety cabinet, slices were transferred to pre-warmed OMM in a 100 mm petri-dish to recover. Using sterile
forceps, organoids were carefully dislodged from LMPA. Isolated organoid slices were then transferred to a

glass-bottom 24-well plate for AAV transduction and imaging.

AAV/ASO transduction in organoids

To evaluate virus titration and transduction efficiency of selected capsids, human IEOs derived from control
(IEOS®X2) and USH2A mutant (IEO®?°) iPSC lines, at differentiation days (D) 46, 52, 91, 118, and 125, were
vibratome-sectioned into 2-6 slices per organoid, depending on their age and size, to optimize hair cell exposure
for transduction, followed by a day of recovery. ROs derived from the same cell lines (ROS°*? and RO®?0), at
differentiation days D90, 112, 148, and 168, were used without vibratome sectioning, as photoreceptors are
developed in the outer layer of organoids, making them readily accessible for transduction. Both sliced IEOs and
intact ROs were transduced with AAV9-PHP.B-CMV-Skipper-mKate, AAV9-PHP.B-CMV-mKate-empty, AAV2-
7m8-CMV-Skipper-mKate, AAV2-7Tm8-CMV-GFP-empty, or left untransduced as controls. An AAV titer of 5 x

viral genomes (vg) in 500 uL of OMM per well in a 24-well plate was used for all conditions. Following
transduction, organoids were cultured at 37 °C in a 5.0% CO: incubator for 3 days (72 hrs). Three days post-
transduction, the virus-containing medium was replaced with fresh OMM, and organoids were subsequently
maintained for an additional 11-13 days (14-16 days post-initial AAV transduction) before collection. On
differentiation days 67, 73, 79, 87 106, 118, and 141 for IEOs and days 105, 128, 162, and 183 for ROs, the
organoids were harvested for RNA extraction, processed for confocal live-cell imaging, or fixed for
immunostaining. AAV9-PHP.B and AAV2-7m8 capsids were tested using the same viral concentration and the

incubation time.

Statistical analyses

Data were analyzed with GraphPad version 9 software (Boston, MA, USA) as mean * standard deviation (S.D.).
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FIGURE CAPTIONS

Figure 1: Generation and characterization of Ush2aX°! mice . (A) Schematic of the Ush2a*®-! mice model;
(B-D) Click ABR recordings on WT (black) and Ush2ak®1 (magenta) mice at 4 weeks old (mean + S.D. control:
46.43 £ 5.56 dB SPL (n = 7) and Ush2ak%1: 44,50 + 3.69 dB SPL (n = 10), ns p = 0.5193, Mann-Whitney test)
(B), 16 weeks old (mean * S.D. control: 45.00 + 6.33 dB SPL (n = 6); Ush2ak%-1: 46.82 + 3.37 dB SPL (n = 11)
ns p = 0.7353, Mann—-Whitney test) (C); 42 weeks old (mean + S.D. control: 40.00 + 0.00 dB SPL (n = 3);
Ush2aX©-1: 40.00 £ 5.00 dB SPL (n = 3), ns p > 0.9999, Mann—Whitney test) (D); (E-G) Pure-tone ABR recordings
as a function of frequencies (kHz) on WT (black) and Ush2aX®-! (magenta) mice at 4 weeks (mean + S.D. 5.6
kHz: ns p > 0.9999, 8.0 kHz: ns p = 0.6130, 11.3 kHz: ns p = 0.6736, 16.0 kHz: ns p > 0.9999, 22.6 kHz: ns p =
0.0801, 32.0 kHz: ns p = 0.7804; 2-way ANOVA Bonferroni’'s multi-comparison test) (E), 16 weeks old (mean *
S.D. 5.6 kHz: ns p > 0.9999, 8.0 kHz: ns p > 0.9999, 11.3 kHz: ns p > 0.9999, 16.0 kHz: ns p > 0.9999, 22.6
kHz: ns p > 0.9999, 32.0 kHz: ns p > 0.9999, 2-way ANOVA Bonferroni’s multi-comparison test) (F), 42 weeks
old (mean + S.D. 5.6 kHz: ns p > 0.9999, 8.0 kHz: ns p = 0.8695, 11.3 kHz: ns p > 0.9999, 16.0 kHz: ns p >
0.9999, 22.6 kHz: ns p = 0.1465, 32.0 kHz: ns p = 0.1465, 2-way ANOVA Bonferroni’s multi-comparison test)
(G); (H-J) Distortion-product otoacoustic emissions (DPOAES) recordings as a function of frequencies (kHz)
on WT (black) and Ush2aX®-1 (magenta) mice at 4 weeks old (mean + S.D. 5.6 kHz: ns p > 0.9999, 8.0 kHz: ns p
> 0.9999, 11.3 kHz: ns p = 0.6787, 16.0 kHz: ns p > 0.9999, 22.6 kHz: ns p > 0.9999, 32.0 kHz: ns p > 0.9999,
45.2 kHz: *** p = 0.0005, 2-way ANOVA Bonferroni’s multi-comparison test) (H), 16 weeks old (mean = S.D. 5.6
kHz: ns p > 0.9999, 8.0 kHz: ns p > 0.9999, 11.3 kHz: ns p > 0.9999, 16.0 kHz: ns p > 0.9999, 22.6 kHz: ns p >
0.9999, 32.0 kHz: ns p > 0.9999, 45.2 kHz: * p = 0.0160; 2-way ANOVA Bonferroni’s multi-comparison test) (1),
and 42 weeks old (mean £ S.D. 5.6 kHz: ns p > 0.9999, 8.0 kHz: ns p > 0.9999, 11.3 kHz: ns p > 0.9999, 16.0
kHz: ns p > 0.9999, 22.6 kHz: ns p > 0.9999, 32.0 kHz: ns p > 0.9999, 45.2 kHz: ns p = 0.0502, 2-way ANOVA
Bonferroni’s multi-comparison test) (J - K) Average of individual click ABR wave 1 traces of highest intensity
tested (90, 80, and 70 dB SPL) in WT (black) and Ush2aX®1 (magenta) mice at 4 and 16 weeks old. The black
arrowhead indicates the positive peak of wave 1 (P1), and the red arrowhead indicates the negative peak of

wave 1 (N1); (L) Measurement of wave 1 amplitude (N1-P1) at the highest intensities tested (90, 80, and 70 dB
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SPL) during click recordings in WT (black) and Ush2ak®! (magenta) mice at 4 and 16 weeks old (mean + S.D.
4 weeks old: control: 2.77 + 0.77 puV (n = 7); Ush2aX®1:3.17 + 0.84 pV (n = 11); ns p = 0.3283, Mann—-Whitney
test, and 16 weeks old control: 1.68 + 0.39 uV (n = 6); Ush2ak®%1: 2.06 + 0.84 pV (n = 6); ns p =0.6667, Mann—
Whitney test); (M) Measurement of wave 1 latency (N1-P1) at the highest intensities tested (90, 80, and 70 dB
SPL) during click recordings in WT (black) and Ush2ak®-! (magenta) mice at 4 and 16 weeks old (mean = S.D.
4 weeks old: control: 1.40 £ 0.27 ms (n = 7); Ush2aX®-1: 1.27 + 0.09 ms (n = 11); ns p = 0.6430, Mann-Whitney
test; 16 weeks old : control: 1.19 £ 0.05 ms (n = 6); Ush2aX®1: 1.26 + 0.07 ms (n = 6); ns p = 0.1299, Mann—

Whitney test).

Figure 2: Morphological and Molecular Characterization of Ush2a°* mice. (A) Confocal images of the
organ of Corti at the apex, mid, and base in control mice (Ush2a*%°-1) and Ush2aX®-1 mice at 16 weeks old.
Phalloidin (grey). Orange squares highlight zoomed-in views of OHC bundles (upper right panels) and IHCs
bundles (lower right panels). Scale bars: 5 um (overview) and 1 pm (zoomed-in); (B-C) RT-PCR performed on
inner ears (B) or eyes (C) harvested from WT and Ush2ak®! mice between post-natal stages 5 (P) and P6.
Red dotted boxes indicate exon 12 skipping. Size bands: control: full-length = 1301 bp, Exon 12 skip = 659 bp,
partial Exon 12 skip = 869 bp; Ush2ak®-%: full-length = 1205 bp, Exon 12 skip = 659 bp, partial Exon 12 skip =

869 bp.

Figure 3: Endogenous USH2A exon 13 skipping in inner ear organoid (IEOs) and retinal organoid (ROs)
(A) Schematic overview of inner ear and retinal organoid generation. The initial activation of BMP4 signaling
determines the developmental trajectory, directing cells toward a non-neural ectoderm fate for inner ear differ-
entiation or a neural ectoderm fate for retinal differentiation. IEOs achieve basic structural maturity around D35
of differentiation and beyond, and ROs reach this stage around D120 and beyond. Representative live-cell im-
ages of a D100 IEO and a D135 RO derived from SOX2-GFP hiPSCs show SOX2* IEOs embedded within a
large aggregate and the retinal neuroepithelium in the ROs. Scale bars, 300 um; (B) RT-PCR performed on
human control (IEOS°*?) and ¢.2299delG USH2A IEOs (IEQ®?°) at different stages, from D106 to D141; (C) RT-

PCR performed on human control (ROS%*?) and ¢.2299delG USH2A (RO?°) ROs at different stages, from D128

41



to D183. Red dotted boxes indicate exon 13 skipping, and yellow dotted-boxes indicate dual skipping of exons

12 & 13. Size bands: full-length = 1301 bp, Exon 13 skip = 902 bp, Exon 12 & 13 skip = 706 bp.

Figure 4: Screening of human USH2A exon 13 U7 snRNA skippers. (A) eGFP reporter construct containing
human USH2A exon 12 - intron 12 - exon 13 (¢.2299delG) - intron 13 - exon 14 - eGFP. The construct was
designed to express eGFP only when USH2A exon 13 skipping occured; (B) Quantification of skipper efficiency
for 619 U7 snRNA skippers. eGFP signal values for U7 snRNA skipper antisense sequences were normalized
to the GFP signal of the QR-421a antisense sequence and are plotted as fold increase vs skipper number; (C)
Representative example of a 96-well plate from which eGFP signal quantified in panel B was measured with
ImageXpress Micro Confocal high content imager. Upper left: QR-AS (positive control, green box): U7 snRNA
skipper construct encoding QR-421a antisense sequence; Non-specific skipper (hegative control, red box): U7
snRNA skipper construct encoding non-hybridizing sequence. Mock (white box) corresponds to untreated con-
dition; (D) Quantification eGFP intensity for single antisense snRNA skippers and dual antisense snRNA skip-

pers.

Figure 5: Capsid screening in WT mice. (A) Schematic of the utricle injection procedure for virus delivery. At
postnatal days (P) 1-2, 1 yL of each virus was injected through the utricle. Twenty AAV capsids were tested,
each containing CMV promoter and encoding GFP; (B) Percentage of IHCs expressing eGFP. The values rep-
resent the infection efficiency of each capsid, assessed by the percentage of GFP-expressing cells, in the apex
(A), mid (M), and base (B) of the cochleas of WT mice; (C) Same quantification as in panel B but for OHCs. Red
boxes highlight the most efficient capsids, i.e. AAV9-PHP.B (1), Bpo.394 (17) and AAV9-PHP.eB (20); Capsid

numbers and corresponding names are listed in Figure S6.

Figure 6: Representative images of mouse cochleas and vestibular organs exposed to AAV vectors.

Three different regions of the cochlea (apex, mid, and base) and the vestibular organs (utricle, saccule, and

ampullas) imaged 10 days after virus injection. The cyan signal indicates GFP expression resulting from the viral
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injection. The top rows of each capsid group (number 1, 20, and 17 from the Figure S5) show inner ear tissue at

low magnification (x10), and the middle and bottom rows display the inner ear tissues at high magnification (x63).

Figure 7: AAV9-PHP.B and AAV2-7m8 induce exon skipping in IEOs. (A) Representative brightfield images
showing early differentiation stages during control (IEOS®*?) and mutant ¢.2299delG USH2A (IEOQ®?) IEO gen-
eration. Aggregates develop multiple otic vesicles within a single large structure, as highlighted with SOX2 ex-
pression in representative immunostaining images on D35 of differentiation. Scale bars: 100 um (DO and D35
IEOs) and 250 um; (B) Representative immunostaining images of IEOs on D35 of differentiation, confirming the
development of ECAD* SOX2* otic epithelium. This epithelium comprises PCP4* POU4F3* sensory hair cells
and SOX2* supporting cells, with TUJ1* neurons innervating the sensory epithelium and hair cells. Scale bars,
50 um (bottom panel) and 100 um; (C) Representative confocal images of a D118 IEO at 15 days-post trans-
ductions with AAV9-PHP.B-skipper-mKate (red), shown at low (x4, left panel) and high (x20, right panels) mag-
nification. Incorporation of SiR-Actin (magenta) visualizes hair bundles. The white dotted-box indicates the area
magnified in the right panels. Scale bars, 10 um (right panels) and 500 um (left panel); (D) RT-PCR performed
on D79-87 IEOS9*? (control) organoids harvested after being untreated (no virus) or transduced with the AAV9-
PHP.B-skipper-mKate. The region between exons 10 and 16 was amplified. The full-length band is 1544bp, the
band excluding exon 13 is 902 bp, and the band excluding both exons 12 and 13 is 706 bp; (E) RT-PCR
performed on D106, D118, and D141 IEOS°*? and IEOQ®?° harvested after being untreated (no virus) or treated
with either the AAV9-PHP.B-skipper-mKate or AAV9-PHP.B-mKate-empty viruses. The region between exons
10 and 16 was amplified. The full-length band is 1544 bp, the band excluding exon 13 is 902 bp, and the band
excluding both exons 12 and 13 is 706 bp. Control D141 IEQ®?° untreated gel reprinted from Fig. 3B to facilitate
comparison; (F) Semi-quantitative measurement performed on RT-PCR agarose gels of IEOs treated with either
AAV9-PHP.B-skipper-mKate, AAV9-PHP.B-mKate-empty viruses, or left untreated for 14-16 days in culture. The
age of IEOs was between D106 and D141. Bar graphs depict percent change in band intensity (from panel E)
for USH2A exon 13 skip relative to full-length USH2A (mean £ S.D.); (G) RT-PCR performed on D73 IEQSO*X?
and IEO®? harvested after being untreated (no virus) or treated with either the AAV2-7m8-skipper-mKate or

AAV2-Tm8-GFP-empty viruses. The region between exons 10 and 16 was amplified. The full-length band is
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1544 bp, the band excluding exon 13 is 902 bp, and the band excluding both exons 12 and 13 is 706 bp; (H)
Semi-quantitative measurement performed on RT-PCR agarose gels of IEOs treated with either AAV2-7m8-
skipper-mKate, AAV2-7m8-GFP-empty viruses, or left untreated for 14-16 days in culture. The age of IEOs is
comprised between D67-73. Bar graphs depict percent change in band intensity (from panel G) for USH2A exon
13 skip relative to full-length USH2A (mean + S.D.); (I) Representative confocal images of D63 IEOS®*? and
IEOC2° organoids that were untreated (no virus) or transduced with either the AAV2-7m8-skipper-mKate or AAV2-
7m8-GFP-empty viruses. Incorporation of SiR-Actin illuminates putative otic vesicle (pOtV). The white dotted-

lines indicate the area of a pOtV. Scale bars, 100 ym.

Figure 8: AAV9-PHP.B and AAV2-7Tm8 induce exon skipping in ROs. (A) Representative brightfield images
showing early differentiation stages of ROS°*? (control) and RO®?° (c.2299delG USH2A) generation. Developing
retinal neuroepithelium (RN) is observed starting around D25 of differentiation. Representative SOX2 live-cell
images on D12 highlights the presence of retinal progenitor cells. Scale bars, 100 um; (B) Representative
immunostaining images of D60 ROS%*? and RO at early differentiation stages. SOX2* PAX6* developing RN
regions contain CHX10"* retinal progenitor cells, which are expected to further differentiate into bipolar cells at
later stages (e.g., D120+). TUJ1* developing neuronal cells, including retinal ganglion cells, are also present.
Scale bars, 100 um; (C) Representative live-cell images of D196 ROSC*? transduced with AAV9-PHP.B-mKate-
empty. Transduction efficiency is relatively low with the AAV9-PHP.B capsid (red). See Video S3 and Figure S7
for additional supporting data. Scale bars, 100 um; (D) RT-PCR performed on D128, D162, and D183 ROS®X?
and ROC?° harvested after being untreated (no virus) or transduced with either AAV-PHP.B-skipper-mKate or
AAV-PHP.B-mKate-empty viruses for 14-16 days in culture. The region between exons 10 and 16 was amplified.
The full-length band is 1544 bp, the band excluding exon 13 is 902 bp, and the band excluding exons 12 & 13 is
706 bp. Control untreated gels at D162 and D183 reprinted from Fig. 3C to facilitate comparison; (E) Semi-
guantitative measurement performed on RT-PCR agarose gels of ROs transduced with either AAV9-PHP.B-
skipper-mKate or AAV9-PHP.B-mKate-empty viruses or left untreated for 14-16 days in culture. The age of ROs
was between D128-183. Bar graphs depict percent change in band intensity (from panel D) for USH2A exon 13

skip relative to full-length USH2A (mean = S.D.); (F) RT-PCR performed on D105 ROS®*? and RO®?° harvested
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after being untreated (no virus) or treated with either AAV2-7m8-skipper-mKate or AAV2-7m8-GFP-empty
viruses for 14-16 days in culture. The region between exons 10 and 16 was amplified. The full-length band is
1544 bp, the band excluding exon 13 is 902 bp, and the band excluding both exons 12 and 13 is 706 bp; (G)
Semi-quantitative measurement performed on RT-PCR agarose gels of ROs transduced with either AAV2-7m8-
skipper-mKate or AAV2-7Tm8-GFP-empty viruses or left untreated for 14-16 days in culture. The age of ROs is
D105. Bar graphs depict percent change in band intensity (from panel F) for USH2A exon 13 skip relative to full-
length USH2A (mean = S.D.); (H) Representative confocal images of D112 ROS%%2 and RO that were either
untreated (no virus) or transduced with either the AAV2-7m8-skipper-mKate or AAV2-7Tm8-GFP-empty viruses.

Scale bars, 200 uym. See Figure S7 for additional data.
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Géléoc and colleagues generated vectorized ASOs to enhance exon skipping. The
ASOs were designed to bypass the most common Usher syndrome mutation, USH2A
€.2299delG. Vectorized ASOs were tested in inner ear and retinal organoids harboring
the ¢.2299delG mutation. Géléoc et al. report robust exon skipping in organoid hair
cells and photoreceptors.



