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Hearing loss is a major health concern affecting millions of
people worldwide with currently limited treatment options.
In clarin-2-deficient Clrn2 '~ mice, used here as a model of
progressive hearing loss, we report synaptic auditory abnor-
malities in addition to the previously demonstrated defects of
hair bundle structure and mechanoelectrical transduction.
We sought an in-depth evaluation of viral-mediated gene deliv-
ery as a therapy for these hearing-impaired mice. Supplementa-
tion with either the murine Clrn2 or human CLRN2 genes pre-
served normal hearing in treated Clrn2~'~ mice. Conversely,
mutated forms of CLRN2, identified in patients with post-
lingual moderate to severe hearing loss, failed to prevent
hearing loss. The ectopic expression of clarin-2 successfully
prevented the loss of stereocilia, maintained normal mechanoe-
lectrical transduction, preserved inner hair cell synaptic func-
tion, and ensured near-normal hearing thresholds over time.
Maximal hearing preservation was observed when Clrn2 was
delivered prior to the loss of transducing stereocilia. Our
findings demonstrate that gene therapy is effective for the treat-
ment of post-lingual hearing impairment and age-related deaf-
ness associated with CLRN2 patient mutations.

INTRODUCTION

Hearing impairment is the most common sensory disorder world-
wide, affecting almost 500 million people globally. Inherited forms
affect approximately 1.3 in 1,000 newborns, and the incidence of
hearing loss increases with age, with 70% of people over the age of
70 years affected.'  Hearing loss can have severe consequences,
including social isolation, communication difficulties, cognitive
decline, and depression.” It also has significant economic implica-
tions, with a global annual cost of unaddressed hearing loss estimated
at over US$981 billion.” Despite the significant societal and economic
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consequences of hearing loss, effective biological treatments for
cochlear dysfunction are still lacking.>” Cochlear implants—elec-
tronic devices that stimulate the auditory nerve conveying the
sensation of sound to the central nervous system—are currently
the primary treatment for severe hearing loss.” They can reduce the
burden of hearing loss but do not restore normal auditory function
and the ability to discriminate speech correctly or appreciate music.
Moreover, they are subject to several limitations, including high costs,
risks of surgical complications, and limited benefit in some patients,
particularly those with residual hearing.

The lack of effective biological treatments for hearing loss has spurred
a growing interest in gene therapy as a potential therapeutic
approach.””” Several promising studies have investigated the poten-
tial application of adeno-associated virus (AAV)-mediated gene ther-
apy in the inner ear.*”'” However, these studies often reported only a
partial recovery of Hring, mostly in the low-frequency range.* '"'*
Indeed, several core challenges still hamper the achievement of full
auditory function recovery. These include efficacy and long-term
stability of the therapeutic agent, the degree of recovery over the
full frequency range, and identification of the optimal therapeutic
window for treatment.
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We addressed these challenges in a model of postnatal severe to pro-
found hearing loss due to defects of a recently identified deafness
gene, CLRN2, encoding a tetraspanin-like protein, clarin-2.">'
Clarin-2 belongs to the clarin family, which has three members,
including CLRN1, whose defect is causal for Usher syndrome type
I (USH3) and clinically manifests as post-lingual progressive
deafness combined with balance and vision deficits of variable onset,
progression, and severity.'® The two clarin genes CLRNI and CLRN2
encode proteins playing crucial roles in auditory hair cell func-
tion.'>">""” In humans, mice, and zebrafish, loss of clarin-2 function
causes hearing deficits, without balance or vision defects, 15.16
ing the evolutionary conservation of this protein function in the co-
chlea. Recent genome-wide studies in large cohorts of patients have
also identified CLRN2 as a potential contributor to hearing problems
in adults.">'® These findings support a key role for clarin-2 in the
maintenance of hearing over time and provide additional support
for CLRNZ as an important target in the development of effective bio-
logical treatments for hearing loss.

reflect-

In this study, we implemented the previously established defects of
auditory hair bundle structure and function in Clrn2™'~ mice. Our
deep phenotyping revealed auditory synapse abnormalities and pro-
vided a complete and robust baseline to assess therapeutics. We
then used a multiscale approach to evaluate and validate potential in-
ner ear treatments for clarin-2-mediated progressive hearing loss.
Gene supplementation in Clrn2™'~ mice, using either the mouse
Clrn2 or human CLRN2 wild-type genes, preserved near-normal
hearing, whereas the transfer of pathogenic CLRN2 variants did
not. The ectopic expression of clarin-2 successfully prevented the
loss of stereocilia involved in mechanoelectrical transduction
(MET), maintained normal MET activity in auditory hair cells, and
preserved inner hair cell (IHC) synaptic function, ensuring a durable
preservation of hearing. These findings provide valuable insight into
the genetic mechanisms underlying hearing loss due to pathogenic
variants of CLRNZ and further highlight the feasibility of virus-medi-
ated gene therapy to preserve hearing function in patients with
CLRN2 mutations.

RESULTS

Deafness in CIrn2™~ mice is associated with hair bundle defects
and synaptic dysfunction

Human hearing relies on two types of cochlear hair cells: IHCs, which
are the genuine auditory sensory cells that transmit their encoded sen-
sory signal, through their ribbon synapses, to afferent auditory nerve
fibers connecting to the central nervous system (CNS); and outer
hair cells (OHCs), which function as fine-tuned mechanical amplifiers
of sound stimuli. We thoroughly characterized Clrp2cirinevclarinet
which bear an exon 1 stop mutation and are hereafter referred to as
Clrn2~'~ mice (Figure 1A), to establish a complete and robust baseline
for potential hearing rescue. We recently showed that Clrn2™'~ mice
develop rapidly progressing severe to profound hearing loss.'”
Morphological and functional analyses of the auditory hair cells of
Clrn2™'~ mice revealed reduced MET activity and a progressive loss
of the shortest row of transducing stereocilia in hair bundles of both

mice,

IHCs and OHCs (Figures 1B and S1A-S1C).">'® Audiometric tests
showed that P30 Clrn2~'~ mice had no detectable auditory brainstem
response (ABR) at any frequency tested (Figure 1C). No apparent
defect in the number or organization of ribbon synapses was found
in Chn2~'~ IHCs.'® However, given the known essential role of
clarin-1 in maintaining efficient Ca®"-dependent IHC synaptic vesicle
exocytosis,'’ we investigated whether the lack of clarin-2 also affected
IHC synaptic features. We used whole-cell time-resolved membrane
capacitance measurements to explore possible IHC presynaptic exocy-
tosis defects in P30 Clrn2~'"mice (Figures 1D-1F). We found that the
resting membrane capacitance (Cm) at a holding membrane potential
of —70 mV was significantly lower in Clrn2~'~ IHCs compared to con-
trol IHCs (Figure 1D; p = 0.0002, t test), reflecting a decrease in cell
membrane surface (cell size) probably due to abnormal membrane traf-
ficking. We then recorded Ca** currents (Ic,”") and exocytosis (DC,)
during 25-ms voltage-step stimulations (Figure 1E) to probe mem-
brane fusion of the readily releasable pool (RRP) of synaptic vesicles
upon voltage-dependent activation of Ca®" channels. Although
Clrn2™'~ THCs had Ca®* current densities similar to that of wild-
type IHCs, their voltage-activation curve displayed a large negative shift
(see V', values in Figure 1F, top left; p < 0.0001, t test). In parallel,
amplitude of synaptic vesicle exocytosis was significantly reduced in
Clrn2~'~ IHCs (Figure 1F, bottom left; p = 0.025, Mann-Whitney
test). Exocytosis kinetics (Figure 1F, top right) indicated a lower rate
of RRP exocytosis in Chrn2~'~ IHCs for brief stimulations (5-40 ms)
(p < 0.05, Kruskal-Wallis test), in contrast with the secondary slow
release of synaptic vesicles (slow-releasing pool [SRP]) measured dur-
ing longer depolarizing steps (60-80 m), which was unchanged. These
findings suggest that clarin-2 is essential for the fast RRP release, but
not for the subsequent SRP recruitment. To see whether this defect is
due to synaptic machinery abnormalities, we performed UV-flash
intracellular Ca®" uncaging experiments to probe exocytosis kinetics
independently of Ca®" channels voltage activation (Figure 1F, bottom
right). In these conditions, Clrn2~’~ THCs displayed a capacitance
jump (DCm) with kinetics and maximum amplitudes similar to
wild-type IHCs, indicating the presence of a normal pool of RRP ves-
icles in the active synaptic zones of Clrn2~'~ THCs. In conclusion, the
progressive hearing loss in Clrn2~'~ mice not only results from a
decrease in MET activity and a regression of the shortest rows of stereo-
cilia of both THCs and OHCs but is also attributable to a defective
spatial organization or abnormal functional coupling of Ca** channels
to synaptic ribbons in Clrn2~'~ IHCs.

Development of a virus-mediated gene replacement therapy
targeting the CIrn2 deafness gene

We previously showed that the intracochlear administration of
AAV8-Clrnl to neonatal mice with a Clrnl constitutive knockout
did not improve their severe hearing loss, presumably because the
lack of Clrnl needed to be corrected earlier in development.'®
Here, we sought to investigate whether virus-mediated transfer of
Clrn2 into hair cells could prevent the structural and functional de-
fects observed in Clrn2™'~ mice, thereby attenuating hearing loss.
We used an AAV9-PHP.eB viral vector and designed a gene therapy
construct containing the cytomegalovirus (CMV) promoter, the

Molecular Therapy Vol. 32 No 3 March 2024 801


http://www.moleculartherapy.org

Molecular Therapy

A Modular structure B Defective hair bundles in the absence of clarin-2 C  Profound hearing loss

. . i
of clarin-2 Wild-type mouse: normal V-shaped OHCs (three stereocilia rows) @ P30 in Cirn2* mice
100+

™

80-

outside

401

ABR thresholds (dB SPL)
(2]
o

5 10 15 20 32
Frequency (kHz)

¢.12G>A: clarinet

«nonsense» mutation

Wl Cirn2 - mice M wild-type mice

D Capacitance measurements E Exocytosisin P30 IHCs F S— wild-type (n=11) CIm2 " (n=8)
in the inner hair cells (IHCs) o it .% 0t "=, Vi e ™ o
£30{ somv [ ] 2 : L= %
g _ -5 £ RRP
£ T~ (8}
Q L a 1ol
a0 5210 )
(2] = < B
‘0 1047 8 & o
g . 2 15 % 54
9 9 ‘© o
(o] 1 O x
Lﬁ -20 w g
104 -80 -60 -40 -20 O 0 20 40 60 80
Membrane potential (mV) Time (ms)
| BEE wild-type (n=11) ~ CIrn2 (n=9) wild-type (n=10) Clrn2-- (n=6)
= —~ 20- —
Q 121 10 & s
‘® £ 154 1.5
=10 —~ 15 5 |
8 L 01 o " a e
= ig < 2 104 1.0
« S 2 £
f 6 ~-10 g %
Q S § 54 805
£ 4 20 ] It
wild-type Clrn2 04 b5 0.0 T
mice Hiie 4 80 -60 -40 -20 0 o 0 20 40 60 80 100

Membrane potential (mV) Time (ms)

Figure 1. Lack of clarin-2 leads to profound hearing loss due to hair bundle defects and synaptic dysfunctions

(A) Structure of clarin-2 protein showing a premature stop codon at position 4 (p.Trp4*) resulting from the c.12G>A variant and leading to complete clarin-2 deficiency in
Clrn2~'~ mice. (B) Scanning electron micrographs of OHC bundles from wild-type and Cir2~'~ mice at P30. Aimost all the shortest stereocilia have disappeared from the first
row of mutant OHC bundles. Scale bar, 1 um. (C) Measurements of ABR thresholds in P30 wild-type (black) and Clr2~/~ (red) mice. ABR threshold elevation in mutant mice
(>90 dB SPL) indicates profound hearing loss affecting all frequencies tested. Data represent mean + SEM from three to six mice per group. (D) Bright-field photomicrograph
of amouse organ of Cortiisolated at P30 for whole-cell patch clamp of IHCs. Lower graph shows significantly reduced IHC resting membrane capacitance (resting cell size) in
Cim2~'~ (red) mice as compared to wild type (black), measured at —70 mV (***p = 0.0002; two-sample t test). (E) Representative examples of exocytosis (DCm) and Ca*
currents (Ic,) evoked upon a 25-ms voltage-step stimulation from —80 to —10 mV. (F) Voltage-dependent activation of Ca* currents (upper left) and exocytosis (lower left) in
mutant and wild-type IHCs (**p < 0.0001, *p = 0.025, unpaired t tests for comparative V4,, and Mann-Whitney test for DCm max at 0 mV). Upper right graph shows
comparative kinetics of exocytosis, measured after a voltage jump from —80 to —10 mV of increasing duration. Note the significant reduction of the RRP exocytosis
component in mutant IHCs (*p < 0.05, Kruskal-Wallis test). Lower right graph shows that exocytosis evoked by intracellular Ca®* uncaging displays normal kinetics (ns, non-
significant delays and amplitude, p = 0.9, two-sample t test). Data represent mean + SEM with n indicating the number of IHCs recorded from four to 11 mice per group.

therapeutic Clrn2 gene, an IRES-GFP sequence, a WPRE sequence,  equivalent vector lacking the Clrn2 sequence (AAV9.eB-GFP) as a
and a 3’ BGH poly(A) sequence (Figure 2A). This construct was  control.

packaged into the AAV9-PHP.eB capsid, referred to hereafter as

AAV9.eB-Clrn2. The expression of the clarin-2 transgene was  We checked the innocuity of our gene replacement strategy by
confirmed following cell transfection (Figure S2A). We used an  administering AAV9.eB-GFP and AAV9.eB-Clrn2 in the inner ears
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Figure 2. Neonatal delivery of CIrn2 leads to successful recovery of hearing

(A) Schematic diagrams of AAV9.eB-GFP and AAV9.eB-Clirn2 vectors used for gene delivery to the cochlea. Note that both vectors carry a GFP cassette. (B) Representative
confocal images of the organ of Corti of a P30 CiIrm2~~ mouse injected at P1 with AAV9.eB-Cirm2, showing widespread GFP transgene expression (green) from apex to
midbase, in Myo7a-positive (magenta) IHCs and OHCs. Scale bars, 100 um (bottom), 50 um (top). Histograms of the percentage (mean + SEM) of GFP-labeled IHCs and
OHGCs quantified from eight to 10 mice. No significative difference, Kruskal-Wallis tests. (C) mRNA expression levels of the Clm2 transgene in organs of Corti of P10 wild-type
mice and Clr2~~ mice injected at P1 with AAV9.eB-GFP or AAV9.eB-Cim2, showing a more than 70-fold increase in organs of Corti upon injection with AAV9.eB-Cirn2.

(legend continued on next page)
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of neonatal (P1) wild-type mice via injection through the cochlear
round window membrane (RWM). These control injections had no
significant impact on hearing thresholds for any of the frequencies
tested 4 weeks after injection (Figure S2B), demonstrating the safety
of our surgical procedure and the innocuity of our AAV vectors.
We also checked that administering AAV9.eB-GFP to the inner
ears of Clrn2~'~ mice did not affect hearing sensitivity (red curves
in Figures S2C and S2D).

We then assessed the efficiency of hair cell transduction with AA-
V9.eB-Clrn2. One month after RWM delivery, the efficiency of IHC
transduction (i.e., the percentage of IHCs expressing GFP) was
83% = 18% at the base of the cochlea, 91% + 10% at the middle
turn, and 94% + 8% at the apex (Figure 2B). The efficiency of OHC
transduction was 72% =+ 22% at the base of the cochlea, 67% + 22%
at the middle turn, and 53% =+ 18% at the apex (Figure 2B), these rates
of OHC transduction being better than those observed with AAVS
vectors.'” In the three ears with the highest transduction rates,
100% of IHCs and 97% of OHCs were GFP positive. We used real-
time RT-qPCR to estimate the levels of Clrn2 transcripts expressed
in the organ of Corti of Clrn2~'~ mice either injected with
AAV9.eB-GFP or with AAV9.eB-Clrn2, compared to wild-type
mice. Ten days after injection, the delivery of AAV9.eB-Clrn2 at P1
led to a 74 + 25-fold increase in Clrn2 transcripts in the hearing organ
(Figure 2C). We also performed in situ hybridization, which revealed
alarge number of Clrn2-positive mRNA dots in both IHCs and OHCs
of AAV9.eB-Clrn2-injected Clrn2~'~ mice (Figure S2E), thus con-
firming the overexpression of Clrn2 in hair cells. All these data indi-
cate that AAV9.eB-Clrn2 can be safely delivered by RWM injections
at P1 to efficiently transduce IHCs and OHCs.

Neonatal delivery of Cirn2 leads to successful and durable
hearing recovery

We assessed the therapeutic potential of Clrn2 delivery in Clrn2~'~
mice, by administering either AAV9.eB-GFP or AAV9.eB-Clrn2 to
mice via RWM injection at P1 and subsequently evaluated their hear-
ing sensitivity via ABRs at P30. As expected, control AAV9.eB-GFP
treatment did not prevent deafness in Clrn2™'~ mice (Figure 2D),
which had no recognizable ABR traces across any of the frequencies
tested (5-32 kHz) even at sound intensities up to 90 dB sound pres-
sure level (SPL). Conversely, P1 injection of AAV9.eB-Clrn2 robustly
improved hearing sensitivity in Clrn2~/~ mice across all frequencies
tested (Figures 2D-2F), with levels approaching those of wild-type
mice (Kruskal-Wallis test). Mean ABR thresholds for AAV9.eB-
Clrn2-injected Clrn2™'~ mice with stimuli at 15 kHz were 35 + 7
dB SPL, whereas corresponding thresholds exceeded 89 + 6 dB SPL
in Clrn2™'~ mice receiving AAV9.eB-GFP injections (Figures 2E
and 2F). An improvement in high-frequency hearing was also
observed, with a threshold of almost 50 dB SPL at 32 kHz in Clrn2 ™'~

Molecular Therapy

mice that received AAV9.eB-Clrn2 injections, whereas profound
hearing loss (90 dB SPL) was observed in the Clrn2™'~ mice receiving
AAV9.eB-GFP injections. Interestingly, seven of the AAV9.eB-Clrn2
injected Clrn2~'~ mice displayed ABR thresholds close to those of
wild-type mice, with levels rescued to wild type in the two best per-
formers (Figure S2C). Hearing was similarly preserved following de-
livery of AAV9.eB coding for human CLRN2, with ABR thresholds at
near-normal values across the 5-32 kHz range (dark green in
Figures 2D-2F). Furthermore, measurement of distortion product
otoacoustic emissions (DPOAEs) to evaluate cochlear amplification
and frequency selectivity showed that all Clrn2™’~ mice receiving
AAV9.eB-Clrn2 had DPOAE thresholds and levels similar to those
of age-matched wild-type mice (Figures 2G-2I) (Kruskal-Wallis
test). These findings are consistent with the robust and efficient viral
transduction of OHCs observed in treated ears (Figure 2B).

We assessed the durability of the therapeutic effect of AAV9.eB-Clrn2
on hearing function by conducting monthly follow-up ABR tests up
to 6 months after treatment (Figure 3). Hearing sensitivity in AA-
V9.eB-Clrn2-treated Clrn2 ™'~ mice was stable over time (Figure 3B).
A sustained improvement in ABR thresholds was observed at all
tested frequencies between P30 and P180 (Figures 3B and 3C)
(Kruskal-Wallis test). Indeed, at the age of six months, the mice in
which the intervention was most successful had ABR thresholds
that remained close to those of wild-type mice for all frequencies
tested in the 5-20 kHz range (Figure S2D). Similarly, longitudinal
DPOAE analyses showed a sustained preservation of cochlear OHC
function, as illustrated by stable DPOAE thresholds (Figures 3D
and 3E) and levels (Figures 3F and 3G) over time.

Together, these findings show that neonatal delivery of AAV9.eB-
Clrn2 durably preserves hearing in Clrn2™'~ mice across all fre-
quencies tested, as demonstrated by near-normal ABR thresholds
and DPOAE measurements obtained up to the age of 6 months.

CIrn2 delivery maintains the structure and function of hair cell
bundles and synapses

We evaluated the morphology of the auditory organ after AAV9.eB-
Clrn2 delivery at P1 by using scanning electron microscopy to assay
the sensory epithelia at P30 and P120. In wild-type mice, the auditory
organ had a typical checkerboard pattern, with well-organized
bundles and visible three rows of stereocilia arranged in staircase for-
mation (Figure S3A). By contrast, at P30, hair bundles in IHCs and
OHCs of GFP-injected Clrn2™'~ mice were absent (asterisks in
Figures S3B and S3C) or presented alterations to the shortest stereo-
cilia (yellow pseudo-colored in Figures 4A, S3B, and S3C), similar to
non-injected Clrn2™'~ mice.'” At P30, IHC and OHC bundles of AA-
V9.eB-Clrn2-injected Clrn2~'~ mice had stereocilia organized in the
classic three-row staircase pattern (Figures 4B and S3D). Stereocilia

Data represent mean + SEM from four to six mice per group. **p < 0.01, Mann-Whitney test. (D-F) Representative ABR waveforms and ABR thresholds of P30 wild-type
(black) and CIr2~'~ mice injected at P1 with control AAV9.eB-GFP (red) or with AAV9.eB vectors coding for murine CIrn2 (light green) or human CLRNZ2 (dark green) genes.
At 15 kHz, ABR thresholds of Clrn2-treated mice are close to normal values. (G-l) DPOAE thresholds and levels of injected control and mutant mice, showing recovery of OHC
function in Clrm2-treated mice. Data represent mean + SEM from 3- 27 mice per group. ***p < 0.0001, **p < 0.01, Kruskal-Wallis tests.
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Figure 3. Neonatal delivery of AAV9.eB-CIrn2 leads to durable preservation of hearing

(A) Schematic design of the longitudinal study. (B-G) Audiometric measurements in P30 wild-type (black), P30 CIm2~/~ mice injected at P1 with control AAV9.eB-GFP (red)
and P30 to P180 CIm2~/~ mice injected at P1 with AAV9.eB-Cim2 (green and blue). ABR (B and C) and DPOAE (D-G) of Clm2-treated mice were measured monthly up to
6 months after injection. Thresholds and levels remain stable with time. Data represent mean + SEM from 3-27 mice per group. No significative difference, Kruskal-Wallis

tests.

rows were organized normally in 55% of OHC bundles in the mid-
cochlear turn, consistent with the rate of OHC transduction observed
during vector testing (Figure 2B). Counting of shortest (row 3) and
tallest (row 1) stereocilia in OHC bundles revealed that the shortest
row was well preserved in Clrn2-treated Clrn2~'~ mice (Figure 4C).

We also assessed the cellular preservation of the hearing organ at an
adult stage (P120). The lack of clarin-2 in Clrn2~'~
marked degeneration of the sensory epithelium, as illustrated by the
loss of almost all hair cells by P120 (Figures 4D and S4A). At this
stage, a layer of supporting cells with irregular contours expanded
to fill the space normally occupied by auditory hair cells, forming a
“flat” epithelium. Only a few occasional hair bundles of IHCs were
observed (Figures 4D and S4A). By contrast, in Clrn2~'~ mice, AA-
V9.eB-Clrn2 neonatal injection not only prevented hair cell loss but
also preserved the integrity of their hair bundles (Figures 4E, S4B,
and S4C), which were similar to those in age-matched wild-type con-

mice caused a

trol mice. Shorter stereocilia were missing from some of the OHC
bundles in Clrn2-treated Clrn2~'~ mice; these cells were presumed
to be non-transduced hair cells lacking Clrn2 (asterisks in
Figures 4E and S4B). However, at P120, most OHC bundles of
Clrn2-treated Clrn2~'~ mice displayed a normal organization of ster-
eocilia rows (Figures 4C, 4F, and S4B).

We investigated functional rescue by using FM1-43 fluorescent dye to
assess hair cell MET channel activity from post-hearing-onset mature
(P30) mice (Figure 5A). FM1-43 was applied away from IHC bundles
by a brief pressure puff oriented to deflect them toward the excitatory
direction. We then continuously imaged the IHC cuticular plate
(where MET channel-bearing stereocilia are anchored) to follow the
dynamics of FM1-43 uptake through open MET channels. Consistent
with the impairment of MET activity previously demonstrated at an
immature postnatal stage (P6),"” mature P30 IHCs from GFP-in-
jected Clrn2~'~ mice had lower rates of FM1-43 uptake than IHCs
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Figure 4. Neonatal CIrn2 delivery successfully preserves the hearing organ architecture and stereocilia integrity at P30 and P120

(A and B) Representative scanning electron micrographs of the sensory epithelium of P30 Cim2~/~ mice injected at P1 with AAV9.eB-GFP (A) or with AAV9.eB-Clm2 (B).
Pseudo-colored images of individual IHC and OHC bundles showing that AAV9.eB-Cim2 preserves the shortest row of stereocilia (yellow pseudo-colored). (C) Quantification
of OHC stereocilia number in wild-type mice (P30, black), Clm2~'~ mice injected at P1 with control AAV9.eB-GFP (P30, red), and Clrm2~"~ mice injected at P1 with AAV.eB-
Clm2 (P30, green; P120, blue). Ratio of shortest (row 3) to longest (row 1) stereocilia per OHC is improved in Clrn2-treated mutant mice. Data represent mean + SEM from
three to six mice per group. **p < 0.001, Kruskal-Wallis test. (D-F) Representative scanning electron micrographs of the sensory epithelium of P120 Clrn2~/~ mice injected at
P1 with AAV9.eB-GFP (D) or with AAV9.eB-Cim2 (E and F). Pseudo-colored images of individual OHC bundles showing that AAV9.eB-Clrn2 durably preserves the shortest
row of stereocilia (yellow pseudo-colored). Asterisks indicate OHCs with non-corrected shortest row of stereocilia. Scale bars, 1 um.

from wild-type mice (Figures 5B-5D) (p = 0.0054, Mann-Whitney
test). Remarkably, P30 IHCs from AAV9.eB-Clrn2-treated Clrn2='~
mice had a rate of FM1-43 uptake similar to that of age-matched
wild-type IHCs (Figures 5B-5D) (Mann-Whitney test). Consistent
with these findings, scanning electron microscopy morphological
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analysis of AAV9.eB-Clrn2-treated Clrn2~'~ mice showed seemingly
normal hair bundles with a preservation of the shortest rows of ster-
eocilia in both IHCs and OHCs (Figure 5E). Preserved tip links were
visible in IHCs from Clrn2-treated Clrn2~'~ mice (Figure 5E).
Furthermore, most IHC and OHC hair bundles had prolate tips,
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Figure 5. CIrn2 delivery successfully preserves structure and function of the hair bundle and the synapse

(A) Confocal fluorescence imaging of GFP-positive (green) IHCs from a P30 Clm2~/~ mouse injected at P1 with AAV9.eB-Clm2. FM1-43 dye (magenta) applied at the apex of
IHCs instantaneously entered inside hair bundle stereocilia through open MET channels. Scale bar, 10 um. (B and C) Comparative kinetics of FM1-43 uptake in wild-type
(black) and CIm2~~ mouse injected at P1 with AAV9.eB-GFP (red) or with AAV9.eB-Cim2 (green). (D) Comparison of the FM1-43 uptake rate after a 0.5-s puff. Data
represent mean + SEM from 29-49 IHCs of three mice per group (ns, p = 0.14; *p = 0.0054, **p = 0.0001 indicates significance values, Mann-Whitney test). (E)
Representative scanning electron micrographs of pseudo-colored OHCs from P30 Clm2~'~ mice injected at P1 with AAV9.eB-GFP (top) or with AAV9.eB-Clm2 (bottom).

(legend continued on next page)
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so-called tenting, a correlate of functional tip links and active MET
channels.'” Moreover, the “step” distance between the tips of middle
(blue pseudo-colored) and tallest (purple pseudo-colored) rows of
stereocilia was maintained at normal values in OHCs (Figures 5E
and 5F) (Kruskal-Wallis test). Conversely, in GFP-injected Clrn27'~
mice, OHC bundles had middle-row stereocilia of irregular height
with oblate apical wedges (Figure 5E) and a larger step distance be-
tween the tips of middle and tallest stereocilia (Figure 5F), indicating
MET impairment.

As Clrn2™"~ mice presented synaptic exocytosis abnormalities associ-
ated with hair bundle defects (Figure 1F), we investigated whether
these synaptic defects were corrected by AAV-Clrn2-mediated gene
replacement. IHCs of AAV9.eB-Clrn2-treated Clrn2™'~ mice had a
resting cell size similar to that of wild-type IHCs (Figure 5G)
(t test). Furthermore, Ca®" currents of IHCs from AAV9.eB-Clrn2-
treated mice had half-voltage activation levels similar to those of
wild-type IHCs (see V1, values in Figure 5I; t test). Moreover, Ca**
exocytosis efficiency and kinetics in AAV9.eB-Clrn2-treated Clrn2 ™'~
IHCs were significantly improved (Figure 5I; t test).

Together, our findings confirm the ability of neonatal AAV9.eB-Clrn2
delivery to compensate effectively for the absence of endogenous
Clrn2, preserving both the function and structural features of
cochlear hair cell transduction and IHC synaptic features.

The therapeutic window: Rescue efficiency varies with the age
of AAV9.eB-Cirn2 delivery

Given the progressive postnatal decline of hearing abilities in
Clrn2™'~ mice,"” we treated mice with the therapeutic vector, AA-
V9.eB-Clrn2, at various postnatal stages to assess the best time win-
dow for effective treatment (Figure 6A). Delivery of AAV9.eB-
Clrn2 at P5 resulted in ABR and DPOAE thresholds (purple curves
in Figures 6B-6G) close to those achieved upon P1 injections. In
the frequency range of 5-20 kHz, Clrn2~'~ mice treated at P5 had
ABR thresholds almost 50 dB SPL lower than those of control GFP-
injected Clrn2~'~ mice (Figures 6B and 6C). DPOAE thresholds of
Clrn2™'~ mice treated at P5 were slightly higher than those of
Clrn2~'~ mice treated at P1, but both P1 and P5 deliveries produced
significant improvements (Figures 6D-6G). By contrast, in Clrn2™/~
mice treated with AAV9.eB-Clrn2 at P10, ABR thresholds at 20 kHz
were only 6 dB lower than those of GFP-injected Clrn2~'~ mice (Fig-
ure 6B) and displayed no significant improvement in DPOAEs

Molecular Therapy

(Figures 6D-6G). Clrn2™'~ mice injected with AAV9.eB-Clrn2 at
P14 had extremely high ABR and DPOAE thresholds (Figure 6), com-
parable to those achieved with AAV9.eB-GFP injections. Morpholog-
ical analyses at P30 showed that P5 injection of AAV9.eB-Clrn2 could
still prevent the loss of the shortest stereocilia rows in most of IHCs
and OHCs (Figure 7B). By contrast, IHCs and OHCs bundle mor-
phologies in Clrn2~'~ mice injected at P10 and P14 with AAV9.eB-
Clrn2 (Figures 7C and 7D) were indistinguishable from those of
mice receiving AAV9.eB-GFP, consistent with the total loss of hearing
sensitivity in these mice (Figure 6).

We investigated whether the differences in hearing structural and
functional rescues could be attributed to variations of hair cell trans-
duction by quantifying the rate of hair cell transduction after delayed
postnatal AAV9.eB-Clrn2 delivery (Figures 7E and 7F). The percent-
age of transduced GFP-positive hair cells decreased strongly with
increasing age at injection, particularly after P5. For IHCs, the rate
of transduction was 90% =+ 12% for P1 injections, 87% + 15% for
P5 injections, 79% =+ 19% for P10 injections, and 56% =+ 26% for
P14 injections (Figure 7F). The decrease in transduction efficiency
was much more severe for OHCs than for IHCs, decreasing rapidly
from 63% + 29% at P5 (similar to P1) to only 9% + 15% at P14
(Figure 7F).

Overall, our results demonstrate that the efficiency of hearing rescue
in Clrn2™'~ mice is dependent on interventions occurring within a
limited therapeutic time window, with the best results for hearing re-
covery observed for interventions between P1 and P5, and an
extremely poor recovery for interventions occurring at P10 or P14.

CLRN2 variants in patients and outcome after delivery in Clrn2™/~
mouse defective ears

A genetic variant in the human CLRN2 gene (DFNB117) was recently
identified in patients from a consanguineous Iranian family of Lurs
ethnicity harboring the c.494C>A variant.'® Continued analyses of
new families with hearing loss allowed us to identify a second unre-
lated family, also of Lurs ethnicity, with the identical homozygous
missense variant (NM_001079827.2: c.494C>A, p.Thrl65Lys) in
CLRN2 (Figures 8A and 8B). The variant falls in a 17.8-Mb run of ho-
mozygosity on chromosome 4 (Figures S5A and S5B). The proband
(IT:5, Figure 8A) reported hearing impairment starting around 9-10
years of age, slowly progressing to moderate to severe sensorineural
hearing loss when tested at 51 years old (Figure 8B) without subjective

Distance between tips of longest and middle stereocilia (white double arrows), which elongates in mutant mice, is shortened in Clrn2-treated mice. Also note the presence of
preserved tip links in Clrn2-treated IHC (E, bottom panel, white arrows). (F) Measurement of the distance between longest (row 1) and middle (row 2) stereocilia tips. Data
represent mean + SEM from three mice per group. *p < 0.1, Kruskal-Wallis test. Scale bars, 1 um. (G) Confocal fluorescence imaging of transduced GFP-positive auditory
hairs cells in a mouse organ of Corti injected at P1 with AAV.eB-Clrnm2 and isolated at P30 for whole-cell patch clamp of IHCs. Lower graph shows comparative mean IHC
resting membrane capacitance (resting cell size) measured at —70 mV, showing reduced size of untreated mutant IHCs (red) and size normalization of Clrn2-treated mutant
IHCs (green) compared to wild-type ones (black) (ns, p = 0.91; **p = 0.0008, two-sample t test). (H) Representative examples of exocytosis (ACm) and Ca?* currents (ICa)
evoked upon a 25-ms voltage-step stimulation from —80 to —10 mV. (l) Voltage-dependent activation of Ca* currents (upper left) and associated exocytosis (upper right), as
well as maximum exocytosis Ca®* efficiency (lower) in Clr2-treated mutant (green) IHCs were rescued as compared to wild-type (black) and untreated mutant (red) IHCs: V4,2
and maximum exocytosis are similar to wild-type mice, and significantly improved as compared to mutant mice (ns, p = 0.16-0.56; ***p = 0.0005-0.0008, two-sample t test).

Data represent mean + SEM from n = 8 to 12 IHCs of three mice per group.
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Figure 6. Preservation of hearing in AAV9.eB-Cirn2-treated Cirn2™ ~ mice is age dependent

(A) Schematic diagram of the experiment design. ABR (B and C) and DPOAE (D-G) of P30 wild-type mice (black), P30 Clrn2~/~ mice injected at P1 with control AAV9.eB-GFP
(red) and P30 CIm2~/~ mice injected at P1 (green), P5 (purple), P10 (orange), and P14 (dark red) with AAV9.eB-Clrm2. Only P1 and P5 injections rescue ABR and DPOAE
thresholds, with P1 being more efficient than P5 on DPOAE levels. Data represent mean + SEM from 3-27 mice per group. **p < 0.01, **p < 0.001, ***p < 0.0001, Kruskal-

Wallis tests.

vestibular or vision impairment. This late onset of hearing impair-
ment in proband II:5 prompted us to revisit the first CLRN2-identi-
fied family. Through interview with the mother, compared to previ-
ous self-reporting,'® we learned that individuals IV:1 and IV:6 had
an onset of hearing impairment at 7 and 10 years, respectively.
Together, our findings indicate that CLRN2 variants are associated
with a post-lingual, progressive hearing loss.

Cell-based minigene assays suggested that the CLRN2 c494C>A
variant could result in two potential transcripts,'® one leading to a
missense substitution in an evolutionary conserved phosphorylation
site, p.Thr165Lys (88% of cases) and the other resulting in an abnor-
mally spliced variant retaining an intron and causing a frameshift
leading to a premature stop codon (p.Glyl46Lysfs*26, hereafter
abbreviated CLRN2M6K65%26 i 129 of cases) (Figure 8C). However,
assessments of the pathogenicity of these transcript variants are
crucial for accurate diagnosis, prognosis, genetic counseling, and
the planning of appropriate interventions. We therefore used our viral
rescue approach in Clrn2™'~ mice and compared therapeutic out-
comes in mice treated with AAV9.eB vectors containing the
wild-type human CLRN2 ¢DNA, AAV9.eB-CLRN2"'%, or AA-
V9.eB-CLRN29MK8426 - We also injected a mix of AAV9.eB-

CLRN2"'%¥ (889%) and AAV9.eB-CLRN2CM40K626 (1204) to deter-
mine whether the combined effect of the two variants was additive.
We found that, unlike AAV9.eB-CLRN?2 injection, which maintained
near-normal hearing sensitivity, delivery of AAV9.eB-CLRN2"'¢°X,
AAV9.eB—CLRN2G146KfS*26, or both, failed to preserve normal hear-
ing thresholds (Figures 8D and 8E). Consistently, scanning electron
microscopy images of OHCs from P30 Clrn2~'~ mice injected with
both mutated forms revealed hair bundles with absent or shortened
stereocilia in the transducing short row (Figure 8F). Together, these
findings provide clear evidence for the pathogenicity of the CLRN2
¢.494C>A variant and confirm the identification of CLRN2 as a deaf-
ness gene associated with postnatal progressive hearing loss in
humans.

DISCUSSION

This study focused on characterizing the Clrn2~'~ mouse as a model
of progressive hearing loss and evaluating the efficacy of gene therapy
for preserving normal hearing. In addition to the previously estab-
lished effects of clarin-2 loss on hair bundle structure and function,'®
we identified novel phenotypic abnormalities affecting cochlear sen-
sory hair cells and their synaptic function. We demonstrated that
neonatal gene supplementation with the murine or human clarin-2
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Figure 7. Delayed delivery of AAV9.eB-Cirn2 fails to preserve hair bundle integrity

(A-D) Representative scanning electron micrographs of IHCs and OHCs from P30 Cir2~/~ mice injected at P1 (A), P5 (B), P10 (C), and P14 (D) with AAV9.eB-Clrn2. Only P1
and P5 injections preserve the shortest row of hair bundle stereocilia. Scale bars, 1 pm. (E) Representative confocal images of CIrm2~/~ organs of Corti upon injection with
AAV9.eB-CIrn2, showing efficient GFP expression (green) in Myo7a-positive (magenta) IHCs at all stages, but absence of GFP expression in OHCs after P10 and P14 in-

jections. Scale bars, 10 um. (F) Percentage (mean + SEM) of GFP-labeled IHCs and

gene preserved normal hearing at all frequencies, whereas treatment
with mutated variants of CLRN2 did not. The ectopic expression of
Clrn2 prevented the loss of transducing stereocilia from hair bundles
and successfully maintained normal MET and synaptic transmission
in auditory hair cells, thereby preserving near-normal hearing over
time. Moreover, we confirmed the pathogenicity of CLRN2 variants
identified in patients with progressive hearing impairment.

Our findings demonstrate that functional clarin-2 is required to main-
tain the well-organized staircase formation of stereocilia in auditory
hair cells and proper IHC-to-neuron synaptic transmission. Unlike
the Clrn1/Ush3A protein, which is crucial during embryonic develop-
ment,'’ Clrn2 seems to be crucial at the postnatal stage, consistent with
our data showing that Clrn2 levels in hair cells peak by P14."> A cross-
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OHCs quantified from 3-10 mice per group. *p < 0.1, Kruskal-Wallis tests.

comparison of synaptic features in the absence of Clrn1'® and Clrn2
(this study) shows that both proteins are essential for normal synaptic
vesicle exocytosis in IHCs. However, unlike in Clrnl~'~ THCs, absence
of Clrn2 only affects the fast release of RRP synaptic vesicles, without
affecting the exocytotic fusion machinery or the maturation of Ca**
channels in synaptic ribbon active zones. These results suggest that, un-
like Clrn1, Clrn2 is not involved in synaptic maturation of Ca**
nels but rather plays an interplay role between Ca*"
and synaptic RRP exocytosis machinery.

chan-
channel complex

Making use of Clrn2™'~ mice, we assessed the potential of Clrn2 gene
supplementation therapy to rescue the above abnormalities.
Multiscale molecular, morphological, functional, and physiological
explorations showed that ectopic neonatal expression of Clrn2 fully
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Figure 8. CLRN2 mutated forms cannot prevent the loss of hearing sensitivity and associated structural deficits

(A) The pedigree of the family confirming CLRNZ2 as a human deafness gene. Sequence electropherograms showing the wild-type sequence (I1:6) and homozygous variant
(I:5) at position ¢.494 are shown in the bottom panel. (B) Bilateral pure-tone audiograms from the proband (II:5) at the age of 51 years. Air-conduction thresholds in dB HL for
the right (red) and left (blue) ears are shown by circles and crosses, respectively. Bone-conduction thresholds are represented by < and > for right and left ears, respectively,
confirming sensorineural hearing loss. (C) Schematic representations of the CLRN2 gene including the missense mutated allele, c.494C>A, and its two protein variants
CLRN2T"6%K and CLRN2G146K18+26 regyiting from normal (88% of cases) and aberrant (12%) splicing. (D and E) Audiometric measurements in P30 wild-type (black) and
Clrm2~'~ mice injected at P1 with control AAV9.eB-GFP (red), AAV9.eB-CLRN2 (dark green), AAV9.eB-CLRN2" 'K (orange), AAVO.eB-CLRN2146K26 (magenta), or an
88:12 mix of these last two vectors (AAV9.eB-CLRN2™®812 cyan). None of the mutated CLARN2 variants can prevent the abnormal elevation of ABR or DPOAE thresholds.
Data represent mean + SEM from 3—-19 mice per group. *p < 0.1, ***p < 0.0001, Kruskal-Wallis tests. (F) Representative scanning electron micrographs showing pseudo-
colored OHCs from P30 CIrn2~'~ mice injected at P1 with AAV9.eB-Cim2, a mix of AAV9.eB-CLRN2™ 8812 or AAVQ.eB-GFP. CLRN2 mutated forms fail to preserve the
shortest row of OHC bundle stereocilia. Scale bars, 1 um.
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preserved the hearing organ integrity, hair cell bundle arrangement in
three stereocilia rows, and normal MET and synaptic IHC functions.
The effective prevention of hearing loss in treated Clrn2™'~ mice con-
trasts with the very limited and partial rescue of hearing reported for
the Clrn1,''" whirlin,” USH1G,® or TMC1" genes. This difference in
therapeutic outcome can be explained by (1) the robust and efficient
delivery of Clrn2 to most target cells using an improved vector, and
(2) gene delivery before irreversible structural abnormalities take
place. The AAV9-PHP.B vector, which was first selected for its ability
to cross the blood-brain barrier and transduce cells throughout the
CNS,*? was subsequently used in the inner ear for its tropism and effi-
cient transduction of auditory hair cells.'">>' The AAV9-PHP.eB sero-
type that we used in the present study is an enhanced variant of
AAV9-PHP.B that also transduces most of CNS neurons, but at lower
viral load.”” The CMV promoter and WPRE post-transcriptional reg-
ulatory element, used to design our AAV9-PHP.eB vectors, are both
known to improve transgene expression in auditory hair cells
in vivo.” Therefore, they likely account for the significant and durable
recovery of hearing in Clrn2-treated ears, as illustrated by preserved
ABRs, DPOAEs, and hearing organ structural integrity for up to
6 months after injection. In terms of safety, a recent study addressed
the biodistribution of various AAV subtypes, including AAV9-PHP.B
and AAV9-PHP.eB, after intracochlear delivery in neonatal mice,
which underscored viral transduction in contralateral inner ear,
brain, heart, and liver.”* Also, intracochlear delivery of AAVY vectors
in non-human primates has been shown to lead to low levels of
plasma-circulating anti-AAV9 neutralizing antibodies (Nabs, 1:20-
1:40), which did not impede gene transfer in inner ear hair cells,
even at doses above 10" vector genomes (VGs).”” Together, these
studies stressed the need to measure and compare antibody titers in
plasma with those in the perilymph, along with investigations of ther-
apeutic vector biodistribution. To enhance precision of AAV9-
PHP.eB vectors, incorporation of specific promoters to govern trans-
gene expression in disease target cells might be pivotal in optimizing
the safety profile for intracochlear applications, ensuring sustained
efficacy, and minimizing potential risks in translational efforts for
hearing restoration.

The lack of clarin-2 led to a severe degeneration of both hair cells and
supporting cells in untreated ears. Cuboidal cells with irregular con-
tours expanded to fill the space freed by degenerating hair cells, result-
ing in the formation of a flat epithelium by P120. Conversely, in
treated ears, even hair cells with only two rows of stereocilia (presum-
ably non-transduced cells) remained viable at P120, probably via the
stability provided by neighboring transduced healthy hair cells. Thus,
even if transduction efficiency is only partial (here about 60% of
OHCs), gene therapy can effectively protect the whole hearing organ
against the degenerative processes ensuing hearing loss. Such protec-
tion could thus be considered to expand further in time the respon-
siveness of the organ to potential late applications of combinatorial
prosthetic and gene therapies.

Unlike neonatal or P5 delivery, which resulted in almost normal hear-
ing by P30, treatment at P10 or P14 failed to prevent Clrn2~'~ hearing

812 Molecular Therapy Vol. 32 No 3 March 2024

Molecular Therapy

loss. Two non-mutually exclusive hypotheses can account for the
gradual loss of therapeutic efficacy upon delayed treatments in
Clrn2~'" mice: (1) the occurrence of irreversible structural/functional
alterations (cf. Figures SIA-S1D;'"), and (2) a failure to express Clrn2
in hair cells, due to inefficient transduction at mature stages (cf.
Figures 7E and 7F). At an ultrastructural level, organs of Corti of
Clrn2™'~ mice injected at P10/P14 showed no preservation of the
short-row stereocilia in both IHCs and OHCs, confirming that treat-
ments beyond P10 are ineffective. Our findings show that, in mice, the
P5-P7 period marks a crucial juncture regarding therapy outcomes
for key components of the hair bundle (cf. Figures SIA-S1D"?).
The loss of plasticity in stereocilia regrowth may in part explain
this critical point of no return. Indeed, hair cells in lower vertebrates
can spontaneously regenerate lost stereocilia or hair bundles at
mature stages, but mammalian cochlear hair cells have lost this abil-
ity.”>*” Moreover, the presence of an extremely stable F-actin core
along the entire stereocilium height**~° is not suitable for cellular re-
modeling, which necessitates cytoskeleton dynamics. During devel-
opment, hundreds of key proteins operate in precise and intricate
choreographed spatiotemporal signaling pathways to enable sequen-
tial stereocilium elongation and formation of staircase-arranged
hair bundles.”' > Impaired MET, such as observed in absence of
clarin-2,"* probably disrupts Ca®* homeostasis, affecting actin poly-

. . 9.33
merization 193

and consequently leading to stereocilia regression.
Such progressive shortening of transducing stereocilia (rows 2 and
3) has been identified as a hallmark of mice with defects in the
MET machinery components (TMC1, TMC2, TMHS/LHFPL5,
TMIE, CIB2, CLRN1) (see Vélez-Ortega and Frolenkov®). Trans-
ducing short-row stereocilia are beginning to regress as early as
P6 in Clrn2~/~ OHCs, while all IHC bundles are normal (see
Figures SIA-SID). These structural changes in stereocilia, evident
in OHCs by P6 but not yet in IHCs, likely explain the near-equal levels
of ABR thresholds in P1- and P5-treated ears, while a slight (though
not yet significant) increase in OHC-related DPOAE thresholds was
observed after P5 delivery of Clrn2 compared to P1 injections. Our
findings confirm that, after stereocilia regression (as seen by P10 in
Clrn2™"~ hearing organ'”), reintroduction of one component of the
MET machinery alone, as shown here through addition of clarin-2,
would be unable to reactivate the genes and pathways involved in ster-
eociliary elongation and hair bundle morphogenesis, thereby preclud-
ing the regrowth of truncated or lost stereocilia. This is consistent
with in vitro studies using gerbil neonatal hearing organs showing
that, after hair bundle ablation, hair cells can survive in culture for
up to 2 weeks, displaying signs of functional maturation, but that
neither IHCs nor OHCs can repair or regenerate lost stereocilia.”

With age, hair cells become refractory to AAV transduction, as at-
tested by the fall in OHCs transduction rate following injection of
AAV9.eB-Clrn2 at P10 and P14, contributing to the poor hearing
rescue. Previous studies in mice have also reported a similar age-
related decline in transduction efficiency of auditory hair cells with
other AAV variants (AAV1, AAV2, Anc80L65, AAV6.2, AAVS,
AAV9, AAV9-PHP.B, rh.39, rh43).”' Collectively, our findings
strongly indicate that two key milestones are crucial for ensuring
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the full recovery of hearing: (1) timely intervention before the hearing
organ undergoes severe, irreversible structural and functional dam-
ages, and (2) the use of vectors with a high rate of transduction
into disease target cells at the time of delivery. Delayed treatment,
on the other hand, necessitates the development of new AAVs adapt-
ed for adult delivery to improve access to mature target cells.

Gene replacement therapy experiments in Clrn2™'~ mice revealed
that, by contrast to what was observed with the wild-type human
CLRN2, neither hearing sensitivity nor hair bundle structure were
preserved after gene supplementation with CLRN2T'®*X, harboring
a missense substitution, or CLRN2G146KfS*26, an abnormally spliced
and truncated variant. These findings provide important information
for genetic diagnosis and counseling for individuals with genetic var-
iants in CLRN2. Thanks to the growing list of disease models, mice
will continue to be instrumental in weighing in vivo the efficacy of in-
ner ear gene therapies. However, careful attention should be paid not
only to interspecies heterochrony but also to differences in disease
onset and progression between mice and humans. The rodent inner
ear continues to develop and mature during postnatal stages, up to
P21, whereas hearing fully develops in utero in humans.” As such,
for most developmental and congenital forms of deafness in humans,
resulting in patients being born with severe to profound hearing loss
such as Usher syndrome type 1"’ the success of potential treat-
ments would probably require in utero delivery, before the early em-
bryonic structural disorganization of the developing hair bundle.
Nevertheless, there is also growing evidence supporting that, for
some deafness causal genes, humans may be more resilient and the
therapeutic window can be broader in humans than in mice, at least
for several genes. For instance, individuals with SYNE4 pathogenic
variants lead to postnatal progressive hearing loss, more gradual
than in Syne47/ ~ mice.'? Likewise, in USH3A individuals with
CLRNI pathogenic variants, hearing impairment is progressive and
post-lingual, with variable onset, mostly during childhood, but
sometimes occurring as late as the age of 35 years."
with the situation in total Clrnl-deficient mice displaying profound
hearing loss, with misaligned hair bundles visible at birth.'®"” For
such cases, to extrapolate treatment potential in patients, we suggest
prioritizing functional disease indicators and the timeline of patient
symptom manifestation (natural history). Functional data (e.g.,
ABR, DPOAE, language acquisition, speech discrimination) can
help infer possible structural correlates, deducing disease stages based
on pathogenic metrics from related animal models (mice or others).
In the context of CLRN2-related disorders, as affected patients all
typically develop speech, and hearing problems are post-lingual,
manifesting on average beyond 7 years of age, we can assume that
hearing is normal during the perinatal period owing to normal me-
chanoelectrical transduction thanks to still-intact hair bundles.
Considering structural-functional correlates, Clrn2 disease in P1-P7
mice aligns with CLRN2 symptoms from years 1-7. Consequently,
we anticipate that interventions initiated before the loss of mechanoe-
lectrical transduction and the ensuing regression of transducing ster-
eocilia would likely be effective to prevent occurrence of hearing loss.
Establishing Clrn2 models in large animal models (e.g., pig or rabbit),

This contrasts

similar to the recent creation of rabbit models with CLRN1/Y176X
nonsense or N48K missense variants,*' could better replicate the pro-
gressive hearing loss seen in CLRN-affected patients. This approach
might help confirm the broader therapeutic window and effective
outcomes of human-compatible CLRN2 gene therapies to accelerate
clinical translation. Additional data provide further support and
expand the potential applicability of CLRN2-targeted therapies for
age-related hearing impairments. Indeed, with advances in genome
analysis techniques and access to large cohorts of participants,
such as the UK Biobank, CLRN2 has been identified among the
top-ranking risk genes associated with hearing problems in adults."
Multiple recent genome-wide studies in large independent cohorts of
patients, including the UK, the Iceland, and the East Europe and
America cohorts'®**™**) have reported the involvement of CLRN2
variants in adult hearing difficulties and tinnitus. CLRN2 variants
have also been identified among the list of very rare predicted patho-
genic variants causing age-related hearing loss displaying Mendelian
inheritance, mARHL*® These findings suggest that CLRN2-targeted
therapies, alone or in combination with therapies targeting other
genes for common risk factors, could be broadly applied for age-
related hearing impairment, further expanding the list of individuals
who would potentially benefit from such an approach.

In summary, the results of this study provide compelling evidence for
successful use of gene therapy as a potential treatment for hearing
loss. Collectively, our findings demonstrate the feasibility of effective
and durable hearing restoration by viral vector-mediated gene ther-
apy in the inner ear of Clrn2~'~ mice. In mouse studies, Clrn2 gene
therapy demonstrated a capacity to restore near-normal hearing
thresholds, presenting a more comprehensive and natural solution
compared to the artificial stimulation of cochlear implants. Clinical
findings in patients indicate that hearing loss in human patients
with CLRN2 variants may have a later onset and slower progression
than in Clrn2-deficient mice, broadening the therapeutic window
for effective interventions for CLRN2 genetic disorders. It is thus
likely that an early intervention, before symptoms progress, would
be key to the complete restoration of hearing function. Overall, this
substantial preservation of normal hearing in a model of progressive
hearing loss positions gene therapy as a curative solution for pro-
found qualitative improvement in auditory function and marks a sig-
nificant step forward in the pursuit of auditory restoration.

MATERIALS AND METHODS

Study approval

All animal procedures were approved by the Animal Experimentation
Ethics Committee (CETEA) of Institut Pasteur and accredited by the
French Ministry of Agriculture to allow experiments on live mice
(accreditation APAFIS#28758-2020122111365980 v1, issued on 28
December 2020) in appliance of the French and European regulations
on care and protection of the Laboratory Animals (Directive 2010/63
EU, French Law 2013-118, 6 February 2013). Protocols were
approved by the veterinary staff animal facility and by the biostatistics
staff of Institut Pasteur. Human samples were obtained after written
informed consent, in accordance with the Declaration of Helsinki and
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approved by the local institutional ethics board (no. 3/2/16, Univer-
sity Medical Center Gottingen, Germany).

Reagents
The full summary of AAV vectors, antibodies, chemicals, medica-
tions, and primers is listed in Table S1.

Mice

C57BL/6] Clrn2™’~ mice'” (Clrn2™P<'**", MGI: 5792002, MRC Har-
well Institute, UK) were backcrossed with the B6-Cdh23c¢.753G
strain®® (Cdh23*™"*™*", MGI: 5749861, MRC Harwell Institute,
UK) to eliminate the age-related hearing loss encountered in B6
mice commonly bearing the Cdh23c.753A allele. Mice were housed
under specific pathogen-free conditions in individually ventilated ca-
ges, in a temperature-controlled room, exposed to a 12-h light/dark
cycle. Water and food were available ad libitum. Male and female
mice exhibited similar phenotypes, leading to their grouping together
based on genotype.

Genotyping

Genomic DNA from P5 to P8 toe biopsies was extracted and ampli-
fied using the REDExtract-N-Amp Tissue PCR Kit. Targeted regions
were PCR amplified using genotyping primers Geno_Cdh23_F/R or
Geno_Clrn2_F/R. The PCR products were further treated with Fast
AP Thermosensitive Alkaline Phosphatase and Exol Exonuclease
before sending to Eurofins Genomics (www.eurofinsgenomics.eu)
for Sanger sequencing.

AVV vectors

Our vectors were designed with the online design platform of
VectorBuilder (www.vectorbuilder.com), which also ensured molecu-
lar cloning, plasmid DNA preparation, and packaging in AAV9-
PHP.eB vectors.

AAV injection through the RWM

AAYV vector micro-injections within the left inner ear of mice were
adapted from Emptoz et al.® Injections through the RWM were per-
formed under a stereomicroscope (Olympus SZX2-ZB10) on P1-P15
mice anesthetized with isoflurane and placed on a warming pad. A
subcutaneous injection of Laocaine was applied locally before skin
incision. P10 and P15 mice also received an intraperitoneal injection
of buprenorphine 30 min before and 12 h after surgery. P15 animals
were shaved on their left peri-auricular zone. At all stages, skin was
disinfected with Vetedine solution before incision below the external
ear. Soft tissues were pushed apart to expose the otic bulla. Muscle fi-
bers, facial nerve, cochlear basal turn, and stapedial artery were used
as landmarks to localize the round window. For P10 and P15 animals,
the otic bulla had to be opened to access the RWM. A pulled glass
micropipette connected to a silicon tubing linked to a 50-pL Hamil-
ton syringe was used to inject 1 uL of AAV through the RWM. The
hole was then plugged with a piece of muscle and the skin was sealed
with Vetbond surgical glue. Animals were kept warm until fully
awake and then returned to their cages.
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Audiometric tests

Audiometric tests were adapted from a previously described proto-
col.'” Mice were anesthetized with an intraperitoneal injection of ke-
tamine and xylazine, and eyes were protected with Ocry-gel. Anesthe-
tized animals were first recorded to collect ABR, and then moved to a
second setup to record DPOAE.

ABR recordings and analysis

Mice were placed into a sound-proof box; three electrodes were sub-
cutaneously positioned on the back (reference), the vertex (negative),
and close to the ipsilateral mastoid (positive); and an earpiece speaker
was placed at the ear canal entry. Pure sound stimuli were applied at 5,
10, 15, 20, and 32 kHz, from 90 to 10 dB SPL in —10-dB steps. ABR
signals were recorded and analyzed with the MATLAB software.

DPOAE recordings and analysis

Mice were moved to a warming pad and DPOAE recordings were
conducted with an OtoPhyLab device piloted by the RT-lab software
(Echodia). An eartip, emitting a bitonal acoustic stimulation and
recording the resulting eardrum vibrations, was placed at the ear ca-
nal entry. Sound stimuli were composed of two tones emitted at two
frequencies: f2 (8, 12, 16, 24, and 32 kHz) and f1 (equal to £2/1.20).
The intensities of the two tonal stimuli at f1 and f2 were the same,
from 70 to 40 dB in —5-dB steps. DPOAE generated at 2f1-f2 were
recorded and analyzed. DPOAE thresholds were defined as the weak-
est stimuli producing a response significantly above the background
noise. DPOAE levels having an amplitude of more than 7 dB will
be the signature of the presence and functionality of the OHCs.

Hair cell electrophysiology

Measurements of Ca®* currents and jump in membrane capacitance
(ACm) in IHCs from wild-type and mutant mice were performed un-
der whole-cell patch-clamp conditions as previously described.*”
Briefly, freshly dissected P30 organs of Corti were placed in a
patch-clamp recording chamber containing artificial perilymph
with 5 mM CaCl, at room temperature (RT, 22°C-24°C). Patch
pipettes were filled with a cesium-based intracellular solution and re-
cordings were obtained from IHCs placed in the 20%-40% normal-
ized distance from the apex (area coding for frequencies of 8-16
kHz). Resting membrane capacitance (resting cell size) was measured
at —70 mV. The voltage dependance of exocytosis (ACm) and Ca**
currents (ICa) were simultaneously recorded upon a 25-ms voltage-
step stimulation ranging from —80 to —10 mV. The kinetics of release
of the RRP and SRP were investigated during a protocol based on
constant depolarizing voltage steps from —70 to —10 mV and an
increasing step duration from 5 to 80 ms. Exocytosis evoked during
intracellular Ca®* uncaging (UV-flash photolysis of DM-nitrophen)
was performed under constant voltage-clamp at —80 mV as previ-
ously described.'***

FM1-43 uptake

Freshly dissected P30 organs of Corti were placed in a patch-clamp
recording chamber containing artificial perilymph and a patch pipette
filled with 0.5 pM FM1-43 fluorescent dye was placed orthogonally at
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a distance of 20 um from IHC hair bundles in order to bend them to-
ward their excitatory direction, i.e., the direction they would follow
during excitation, allowing the fluid jet to push the stereocilia from
the shortest to the tallest row. Real-time fluorescent confocal images
were acquired (18 images/s) before, during, and after a 0.5-s pressure
puff of FM1-43, with a C2 confocal microscope (Nikon) piloted by
NIS-element imaging software and equipped with a 543-nm helium
neon laser system (excitation at 488 nm and emission at >640 nm,
Melles Griot 05-LGR-193-381). Fluorescence emission was subse-
quently measured with Image] software by drawing a region of inter-
est focused at the anchoring point of stereocilia in the cuticular plate.

Immunofluorescence and confocal imaging

Immunofluorescent staining was adapted from a previously described
protocol.'’ Mice were euthanized 30 days after AAV injection and
inner ears taken out from the skull. For each ear, the posterior
semi-circular canal was cut, and a tiny hole was made at the apex
of the cochlea. Ears were then fixed in 4% paraformaldehyde (PFA)
diluted in DPBS for 1 h at RT and decalcified in 0.5M ethylenediami-
netetraacetic acid (EDTA) overnight at 4°C. After three washes in
DPBS, organs of Corti were micro-dissected before permeabilization
and saturation for 1 h at RT in DPBS 1% bovine serum albumin (BSA)
0.5% Triton X-100. Samples were then incubated overnight at 4°C
with goat anti-GFP conjugated to DyLight488 and rabbit anti-Myosin
VIla diluted in DPBS 1% BSA. After three washes in DPBS, tissues
were incubated for 2 h at RT with anti-rabbit antibody conjugated
to Alexa Fluor 555 and Hoechst nuclear dye diluted in DPBS 1%
BSA. Washed organs of Corti were then mounted in FluoromountG.
Background of all fluorescence signals was verified by staining sam-
ples with the appropriate secondary antibody alone and with un-
stained sample controls. Images were captured with an A1R confocal
microscope piloted by the NIS-elements imaging software (Nikon).
The z stacks of organs of Corti were imaged with a 40 silicon im-
mersion objective. Detectors were set to detect an optimal signal
below saturation limits and staining panels were acquired during
the same session using identical acquisition settings. Three-dimen-
sional volume images were used to count Myosin VIla-positive
IHCs and OHCs. Among these cells, GFP-positive cells were counted
to finally express the percentage of AAV-transduced IHCs and OHCs.

Scanning electron microscopy

Sample preparation for scanning electron microscopy was adapted
from a previously described protocol.'” Peri-auricular regions were
quickly extracted from P30 or P120 mice and a small hole was
made in the apex of the cochlea. Samples were fixed in 2.5% glutaral-
dehyde diluted in 0.1 M sodium cacodylate (pH 7.4) for 2 h at RT
before an overnight decalcification at 4°C in 0.35 M EDTA diluted
in 0.75% glutaraldehyde, followed by a 2-h postfixation in 2.5%
glutaraldehyde at RT. After three washes in DPBS, organs of Corti
were micro-dissected, washed in 0.1 M sodium cacodylate, and
then processed with the OTOTO protocol consisting of three incuba-
tions of 30 min at RT with 1% tetroxide osmium diluted in 0.1 M so-
dium cacodylate alternated with two incubations of 15 min at RT with
0.1 M thiocarbohydrazide. Each of these five steps was separated by

six washes in ultrapure water. Samples were then dehydrated through
a graded ethanol series (50%, 70%, 85%, 95%, 100%, 5 min each) fol-
lowed by 15 min in hexamethyldisilazane and air drying. Samples
were then mounted on carbon film glued to aluminum stubs (Oxford
Instruments) and coated with gold/palladium using a Quorum
QI50R S sputter coater (Quorum Technologies). Scanning images
were acquired with a JEOL IT700HR scanning electron microscope.
Counting of shortest (row 3) and longest (row 1) OHC bundle stereo-
cilia and distance measurement between longest (row 1) and middle
(row 2) OHC stereocilia were performed with the graphic tools of
ZEN lite free software (www.zeiss.com).

Patient recruitment, clinical examination, and exome
sequencing

Written informed consent was provided from participating individ-
uals. Individual II:5 underwent ear, nose, and throat examination
and underwent routine pure-tone audiometry according to current
standards. Exome sequencing of the DNA from individual II:5 and
variant filtering were performed as previously described.'® Regions
of homozygosity were calculated by imputing the proband exome da-
taset into AutoMap.*’

Statistics

Statistical analyses were performed using Prism 9 (GraphPad). Tests
utilized for comparison of two datasets were unpaired t test when data
met normal distribution and Mann-Whitney test otherwise. Tests uti-
lized for comparison of three or more datasets were ordinary one-way
or two-way ANOVA when data met normal distribution and
Kruskal-Wallis test otherwise. p values <0.1 were considered signifi-
cant. Sample size and additional details are provided in the figure
legends.
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