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Patients withmutations in theTMPRSS3 gene suffer from reces-
sive deafness DFNB8/DFNB10. For these patients, cochlear im-
plantation is the only treatment option. Poor cochlear implanta-
tion outcomes are seen in some patients. To develop biological
treatment forTMPRSS3 patients, we generated a knockinmouse
model with a frequent humanDFNB8 TMPRSS3mutation. The
Tmprss3A306T/A306T homozygousmice display delayed onset pro-
gressive hearing loss similar to human DFNB8 patients. Using
AAV2 as a vector to carry a human TMPRSS3 gene, AAV2-
hTMPRSS3 injection in the adult knockin mouse inner ear re-
sults in TMPRSS3 expression in the hair cells and the spiral gan-
glion neurons. A single AAV2-hTMPRSS3 injection in
Tmprss3A306T/A306T mice of an average age of 18.5 months leads
to sustained rescue of the auditory function to a level similar to
wild-type mice. AAV2-hTMPRSS3 delivery rescues the hair cells
and the spiral ganglions neurons. This study demonstrates suc-
cessful gene therapy in an aged mouse model of human genetic
deafness. It lays the foundation to develop AAV2-hTMPRSS3
gene therapy to treat DFNB8 patients, as a standalone therapy
or in combination with cochlear implantation.

INTRODUCTION
Hearing loss (HL) is one of the most common sensory deficit disor-
ders that affect about 466 million people.1 Expected to afflict 1 in
10 individuals by 2050, HL poses a social and emotional toll, and a
growing worldwide annual economic burden.1 HL has been linked
to increased instances of social isolation and higher risk for dementia
and depression.2,3 Genetic HL affects 1 in 500 newborns. There are no
treatments available to reverse or prevent genetic deafness.4,5

Currently hearing aids and cochlear implantation (CI) are the only
treatment options, and these require residual hearing function or
the ability to stimulate the cochlear nerve, respectively. While genetic
HL patients can benefit from CI, those patients with ganglion deficits
will be left without any treatment option.
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Rapid progress has been made in the understanding of the genetic
etiology of human HL.6 Genetic testing and diagnosis of HL provide
essential information for further genetic therapies.7,8 Adeno-associ-
ated virus (AAV), a non-replicative viral vector with low immuno-
genicity and little ototoxicity, is one of the most promising gene
therapy tools for transducing broad cellular tropism.9,10 Gene ther-
apies including gene editing, which can replace, edit, or silence
genes, offer a promising avenue for treatment. Among them, gene
replacement is appropriate for treating recessive monogenic disor-
ders and has achieved the most clinical success, e.g., Luxturna11

for Leber’s congenital amourosis (an inherited retinal disease) and
Zolgensma12 for spinal muscular atrophy. As the inner ear is an
isolated organ that can be accessed safely by local injection, a
number of gene replacement and overexpression studies targeting
HL have been conducted successfully, resulting in hearing rescue
and the survival of hair cells (HC) or spiral ganglion neurons
(SGN).13–35

However, with the exception of Otof,25 all the gene therapy
studies were performed in neonatal animals, which raises the
question of the suitability of the approach in the fully mature adult
inner ear.

TMPRSS3 protein, a type II transmembrane serine protease, is neces-
sary for normal hearing in mammals. TMPRSS3 gene mutations
thor(s).
tp://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Generation of Tmprss3 p.A306T KI mouse

model with late-onset progressive hearing loss

(A) Summary of human TMPRSS3 protein domains and

mutations. (B) Conservation of the 306 alanine from

human to zebrafish species. (C) Sanger sequencing of

TMPRSS3 c.916G>A;c.918C>T mutant mice. (D–G)

ABR thresholds in Tmprss3A306T/A306T homozygous

mice ears (red) compared with wild-type ears (blue) at

1.5 months (D), 10.5 months (E), 16.5 months (F), and

22.5 months (G), respectively. Significant hearing loss by

the elevated ABR thresholds was seen at 16.5 months,

which became more severe at 22.5 months. Values and

error bars reflect mean ± SEM.
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account for approximately 12%–13% of HL families that are negative
for common genetic mutations.36,37 Two different phenotypes were
present in individuals with TMPRSS3 mutations: prelingual
(DFNB10, OMIM 605511) and the delayed onset and postlingual
(DFNB8, OMIM 601072).38 A previous study has shown TMPRSS3
as a necessary permissive factor for cochlear hair cell activation and
survival upon the onset of hearing loss.39 Mice with truncated
Tmprss3 protease domains of mutation Tmprss3Y260X showed
congenital HL, and rapid loss of HC and progressive loss of SGN.39
Molecula
To develop a mouse model with a TMPRSS3mu-
tation suitable for gene therapy intervention, we
constructed a DFNB8 mouse model with a
knockin (KI) of a human TMPRSS3 mutation
(c.916G>A, Ala306/Thr), which causes adult-
hood onset and progressive recessive HL. We
show by injection in aged mice, a human
TMPRSS3 gene carried by an AAV2 is re-ex-
pressed in the HC and the modiolus region.
TMPRSS3 inner ear delivery rescues hearing in
aged KI mice, concomitant with the survival of
HC and SGN.

RESULTS
Generation of Tmprss3 p.A306T KI mouse

model

The TMPRSS3 gene has 13 exons and encodes a
protein that consists of 453 amino acids (aa),
containing four domains (Figure 1A). A human
TMPRSS3 mutation in Ala306 identified in HL
patients is associated with DFNB8/10.40–44

Ala306 is highly conserved across species from
zebrafish to humans (Figure 1B). We chose to
use the inbred strain of CBA/CaJ to create a KI
mouse model as CBA/CaJ does not suffer from
age-related hearing loss (ARHL), as in the strain
of C57BL/6J, and will allow us to analyze the
rescue effect over an extended period of time.45

We used CRISPR-Cas9 technology46–49 to create
a KI mutation c.916G>A, which changed Ala to
Thr at amino acid position 306 (p.A306T). In
brief, to introduce mutations of Tmprss3 c.916G>A;918 C>T, i.e.,
p.Ala306Thr, a ribonucleoprotein complex of Cas9 protein and
UGGCUCGGACAGCUUCAUGA guide RNA with the donor oligo-
nucleotide of ACAGCAAGTACAAGCCAAAGCGGCTGGGCAA
TGACATAACTC.

TCATGAAGCTTTCCGAGCCACTCACCTTTGACGAGACCATC
CAGCC were injected into CBA/CaJ zygotes (Jackson Laboratory,
stock no. 000656). The microinjected zygotes were then transferred
r Therapy Vol. 31 No 9 September 2023 2797
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into pseudo-pregnant females.49 The target genomic DNA region
from the founder was amplified and sequenced using PCR primer
pairs of: Tmprss3F, GGAGATCCCACATCTCTCACC; and
Tmprss3R, AAATGCTATGCACCTACATCAAC. After the muta-
tions were confirmed by sequencing, founder mice carrying the mu-
tations were mated to generate wild-type (WT), heterozygous, and
homozygous mutation mice. A representative mouse genotyping
determined by Sanger sequencing is shown in Figure 1C.

Tmprss3A306T/A306T mice display late-onset progressive HL

With the aim of rescuing auditory function in the Tmprss3A306T/A306T

mice, we first performed auditory brain stem response (ABR) (repre-
senting sound-evoked neural output of the cochlea) and distortion
product otoacoustic emission (DPOAE) (measurement of outer
hair cell function) tests to study hearing in Tmprss3A306T/A306T mice
(Figures 1D–1G and S1). We found that there was no change in
ABR/DPOAE thresholds or ABR wave1 amplitudes in the
Tmprss3A306T/A306T ears compared with the WT CBA/CaJ ears across
all frequencies at 1.5 and 10.5 months (Figures 1D, 1E, and S1A–
S1D). By 16.5 months, the ABR thresholds were significantly elevated
in the Tmprss3A306T/A306T ears by an average of 15 dB compared with
WT ears across most frequencies (Figure 1F). DPOAE thresholds
were significantly elevated at 45 kHz and wave 1 amplitudes showed
significant reductions at 32 kHz with 80- and 90-dB sound pressure
level (SPL) stimulation (Figures S1E and S1F). At 22.5 months,
ABR thresholds were significantly elevated by an average of 26 dB
across all frequencies (Figure 1G). We did not find changes in wave
1 amplitudes in Tmprss3A306T/A306T ears compared with WT ears at
22.5 months (Figure S1H), as both were much lower than that at
16.5 months (Figure S1F), an indication that neuronal activities
were reduced in the WT mice due to aging. The DPOAE thresholds
were elevated in Tmprss3A306T/A306T ears compared with WT
ears at 22.5 months (Figure S1G). These results showed late-onset
progressive HL that started after 10.5 months with significantly
elevated ABR/DPOAE thresholds and reduction in wave 1
amplitudes at 16.5 months, which further deteriorated by age
22.5 months.

Designing an AAV-TMPRSS3 gene therapy strategy

The phenotype of late onset and progressive HL in the
Tmprss3A306T/A306T KI mice supports the development of a gene ther-
apy strategy to rescue hearing in adult mouse cochleae that is clini-
cally relevant. We chose to use AAV2 for delivery to evaluate gene
therapy in the Tmprss3A306T/A306Tmice as AAV2 transduces the inner
hair cells (IHCs) and the outer hair cells (OHCs) with high efficiency:
AAV2 transduced all the IHCs and a majority of OHCs in the apex
and mid-turn with a slight reduction in the base turn in adult mouse
cochlea (Figure S2). The size of the TMPRSS3 gene is less than 1.5 kb,
making it ideal for AAV-mediated delivery strategy. We cloned the
coding sequences (CDSs) of mouse-Tmprss3 (mTmprss3) into the
AAV2 backbone to produce AAV2-mTmprss3 (Figure 2A). To
evaluate the potential functional ototoxicity of AAV2-mTmprss3,
we injected the AAV2-mTmprss3 into the 1-month-old WT mice
and tested hearing by ABR and DPOAE 4 weeks later. To our sur-
2798 Molecular Therapy Vol. 31 No 9 September 2023
prise, we found that ABR thresholds were significantly elevated by
an average of 35 dB across all frequencies in AAV2-mTmprss3-in-
jected ears compared with uninjected ears (Figure 2B). Similarly,
there was a complete loss of DPOAE across frequencies in the injected
ears (Figure 2C). Significant ABR threshold shifts and the loss of
DPOAE indicated major damage by AAV2-mTmprss3 to the mouse
inner ear. To study the cellular ototoxicity by AAV2-mTmprss3, we
quantified the number of OHCs and IHCs by whole-mount labeling
of AAV2-mTmprss3-injected ears and uninjected contralateral ears.
There was a slight reduction in IHCs in AAV2-mTmprss3-injected
ears compared with uninjected ears, especially in the middle and basal
turns (Figures 2D and 2F). There was a significant reduction in the
number of OHCs across the entire cochlear turn, with the base turn
being most severely affected in AAV2-mTmprss3-injected ears
(Figures 2E and 2G). These results demonstrate that AAV2-
mTmprss3 induces ototoxicity by preferentially damaging OHCs,
resulting in profound HL.

While we do not know the origin of the toxicity mediated by mouse
Tmprss3, one approach to circumvent the issue is to test the use of
the human TMPRSS3 (hTMPRSS3) gene for delivery, as the human
TMPRSS3 gene will be used in the clinic. We constructed an AAV2-
hTMPRSS3 (Figure 2H) and injected it into 2-month-old WT mouse
inner ears and performed hearing tests and inner ear characterization
4 weeks later. In the injected ears, the ABR threshold showed a similar
profile to uninjected inner ears (Figure 2I). DPOAE thresholds in the
injected ears were slightly elevated but were not significantly greater
than uninjected ears (Figure 2J). There was no change in the number
of IHCs and OHCs in AAV2-hTMPRSS3-injected compared to unin-
jected ears (Figures 2K–2N). Taken together, we conclude that the
AAV2-hTMPRSS3 inner ear delivery did not impair normal hearing
or damage HC, and thus AAV2-hTMPRSS3 is suitable for gene ther-
apy in the Tmprss3A306T/A306T mouse model.

AAV2-mediated TMPRSS3 expression in HC and SGN of mouse

cochlea

The expression of Tmprss3 gene or the localization of TMPRSS3 pro-
tein is not well studied in adult mouse inner ear. To study the expres-
sion pattern of Tmprss3 in adult mouse inner ear and to evaluate the
expression of the human TMPRSS3 gene as the result of AAV2-medi-
ated delivery, we performed RNA-FISH (fluorescence in situ hybrid-
ization) (RNAscope)50,51 to detect mouse Tmprss3 and human
TMPRSS3 genes, respectively. InWTmouse inner ear, a probe against
the mouse Tmprss3 mRNA showed strong hybridization to the
endogenous Tmprss3 mRNA that was primarily in the cochlear HC
(MYO7A+) in the sensory epithelium (Figure 3A).We then used a hu-
man TMPRSS3 probe for RNAscope in WT mouse inner ear and did
not detect significant signals above the background (Figure 3B). We
quantified the hybridization signals by ImageJ. In WT mouse inner
ear, the endogenous Tmprss3 mRNA was expressed at a higher level
in the IHCs than the OHCs, whereas no human TMPRSS3 signals
were detected (Figure 3E). Our data show that the human TMPRSS3
probe does not cross-react with the mouse Tmprss3 mRNA, demon-
strating the specificity of the human TMPRSS3 probe.



Figure 2. AAV2-hTMPRSS3 gene therapy design strategy

(A) The construct of AAV-mTmprss3. (B) ABR thresholds were significantly elevated in WT mice ears injected with AAV2-mTmprss3 (red) compared with uninjected ears

(blue). Time of injection: age 1month of age. Time of testing: age 2months. (C) DPOAE thresholds were no longer detectable in WTmice ears injected with AAV2-mTmprss3

(red) compared with uninjected ears (blue). Time of injection: age 1 month. Time of testing: age 2 months. (D) In an injected WT cochlea, major OHC loss and some IHC loss

were seen in the middle-base turn, whereas some OHC loss was seen in the apical-middle turn. MYO7A labels HC. (E) In the uninjected contralateral ear, a full set of OHCs

and IHCs were seen along the cochlear turns. Scale bar, 50 mm. (F and G) Quantification of IHCs (F) and OHCs (G) per 400-mm section for three injected (red) and uninjected

(blue) cochleae from three mice. Time of injection: age 1 month. Time of imaging: age 2 months. (H) The construct of AAV-hTMPRSS3. (I) ABR thresholds in WT mice ears

injected with AAV2-hTMPRSS3 (red) compared with uninjected ears (blue). Time of injection: age 2 months. Time of testing: age 3months. (J) DPOAE thresholds in WT mice

ears injected with AAV2-hTMPRSS3 (red) compared with uninjected ears (blue). Time of injection: age 2 months. Time of testing: age 3 months. (K) A full set of OHCs and

IHCs were seen in an AAV2-hTMPRSS3-injected WT ear along the cochlear turn. (L) The contralateral uninjected inner ear showed a full set of OHCs and IHCs. Scale bar,

50 mm. (M and N) Quantification of IHCs (M) and OHCs (N) per 400-mm section for three injected (red) and uninjected (blue) cochleae from three mice. Time of injection: age

2 months. Time of imaging: age 3 months. Values and error bars reflect mean ± SEM.
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Figure 3. AAV2-hTMPRSS3 inner ear delivery

recapitulated endogenous Tmprss3 expression in

HC in Tmprss3A306T/A306T KI mice

(A) Endogenous mouse Tmprss3 gene expression in WT

mouse cochlea was detected by a mouse Tmprss3 probe

using RNAscope in a pattern overlapping with the inner

and outer hair cells (IHCs and OHCs). (B) In WT mouse

cochlea, a human TMPRSS3 probe showed very low or no

cross-reactivity with the endogenous mouse Tmprss3

mRNA. (C) In a Tmprss3A306T/A306T mouse cochlea in-

jected with AAV2-hTMPRSS3, a human TMPRSS3 probe

detected the transgene expression of the human

TMPRSS3 mRNA in the IHCs and OHCs. (D) In a

Tmprss3A306T/A306T mouse cochlea without injection, a

human TMPRSS3 probe did not detect mRNA above the

background by RNAscope. Positive signals by RNAscope

are shown as red punctuates on a black background. HC

were labeled with MYO7A. The white square marks the

area with higher magnification for better visualization.

Scale bars, 10 mm. (E) Quantification of mouse Tmprss3 or

human TMPRSS3mRNAper IHC andOHCbyRNAscope.

Data are from five z stack images obtained from the apex

and/or apex-mid turn regions of each sample group

(control n = 3, AAV n = 2). Results are expressed as an

average number of dots per IHC and OHC and are dis-

played as a scatter column plot with medians indicated by

the horizontal bar. p values are shown on top of each

dashed line between compared groups. Time of injection:

age 80 weeks. Time of imaging: age 86 weeks. The

RNAscope images were optimized individually for display

purposes. Unpaired t-Test with Welch’s correction was

used to compare average number of puncta per cell be-

tween samples. Data represent mean ± SEM. Significance

threshold was set as p < 0.05.
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We then injected AAV2-hTMPRSS3 into the Tmprss3A306T/A306T

mouse inner ear and performed RNAscope. RNAscope showed that
the TMPRSS3 mRNA signals became clearly visible in the HC (Fig-
ure 3C) compared with uninjected cochlea, where no signal was de-
tected (Figure 3D) for the same animal by the same probe. Quantifi-
cation showed that a similar level of human TMPRSS3 transgene
expression was detected in the IHCs and OHCs of injected
Tmprss3A306T/A306T (Figure 3E), whereas the overall TMPRSS3 trans-
gene expression level was lower than the endogenous Tmprss3mRNA
in WT mouse inner ear (Figures 3A, 3C, and 3D). This study
confirmed species-specific probes for TMPRSS3/Tmprss3 mRNA an-
alyses by the RNAscope method.
2800 Molecular Therapy Vol. 31 No 9 September 2023
The failure of cochlear implant in some
TMPRSS3 patients suggests that the SGN were
affected by TMPRSS3 mutations. However, it
is not known if TMPRSS3 is expressed in the
adult SGN or if any defect in the SGN is the
direct result of the lack of TMPRSS3 expression
in the neurons or an indirect result of other
cells that lack TMPRSS3 expression. We exam-
ined the RNAscope data in the modiolus region
that houses the SGN . RNAscope showed a distinct expression
pattern of endogenous Tmprss3 mRNA by the mouse Tmprss3
probe in the modiolus region with the level lower than in HC (Fig-
ure 4A). Combined with the immunofluorescence staining of HuD
proteins to visualize SGN soma, the Tmprss3 expression largely
overlapped with the SGN (Figure 4A). Signals were also detected
in the region outside the SGN , suggesting that Tmprss3 is expressed
in other cell types in the modiolus region such as Schwann cells and
satellite cells (Figure 4A). Again, the human TMPRSS3 probe did
not show signals above the background in the WT mouse modiolus
region (Figure 4B), consistent with the specificity of the probe
against human TMPRSS3 mRNA.



Figure 4. AAV2-hTMPRSS3 inner ear delivery

recapitulated endogenous Tmprss3 expression in

SGN in Tmprss3A306T/A306T KI mice

(A) In the WT mouse modiolus, endogenous mouse

Tmprss3 gene expression was detected by a mouse

Tmprss3 probe using RNAscope in a pattern largely

overlapping with the SGN (HuD, dotted cycle). (B) In the

WT mouse modiolus, a human TMPRSS3 probe showed

no cross-reactivity with the endogenous mouse Tmprss3

mRNA. (C) In Tmprss3A306T/A306T mouse modiolus in-

jected with AAV2-hTMPRSS3, a human TMPRSS3 probe

detected the transgene expression of the human

TMPRSS3 mRNA in the SGN (HuD, dotted cycle). (D) In

Tmprss3A306T/A306T mouse modiolus without injection, a

human TMPRSS3 probe did not detect mRNA above the

background by RNAscope. Scale bars, 10 mm. (E)

Quantification of mouse Tmprss3 or human TMPRSS3

mRNA in the modiolus region from the above-described

samples. Data are from five z stack images obtained from

the apex and/or apex-mid turn regions of each sample

group (control n = 3, AAV n = 2). Results are expressed as

an average number of dots per modiolus and are dis-

played as a scatter column plot with medians indicated by

the horizontal bar. p values are shown on top of each

dashed line between compared groups. Time of injection:

age 80 weeks. Time of imaging: age 86 weeks. The

RNAscope images were optimized individually for display

purposes.Unpaired t-Test with Welch’s correction was

used to compare average number of puncta per cell be-

tween samples. Data represent mean ±

SEM. Significance threshold was set as p < 0.05.
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We analyzed the RNAscope results of the human TMPRSS3 probe hy-
bridized to the Tmprss3A306T/A306T inner ear injected with AAV2-
hTMPRSS3. We detected the expression of the human TMPRSS3
transgene in the modiolus that overlapped with the SGN in AAV2-
hTMPRSS3-injected Tmprss3A306T/A306T inner ear (Figure 4C), which
coincided with the Tmprss3 expression pattern in WT mice, support-
ing that AAV2 targeted the SGN . In uninjected contralateral
Tmprss3A306T/A306T inner ear, no TMPRSS3 expression was detected
above the background (Figure 4D). Quantification confirmed that
the human TMPRSS3 gene was expressed, although at a level lower
than the endogenous Tmprss3 expression (Figure 4E). The RNAscope
Molecula
study showed that the endogenous Tmprss3 is
expressed in the HC and SGN in WT inner
ear, and AAV2-hTMPRSS3-mediated gene de-
livery targeted the same cell population in the
Tmprss3A306T/A306T inner ears with the expres-
sion of the human TMPRSS3 gene.

AAV2-hTMPRSS3 gene therapy rescues

hearing in Tmprss3A306T/A306T mice

We performed inner ear AAV2-hTMPRSS3 in-
jection by round window injection with canal
fenestration52 in Tmprss3A306T/A306T mice with
an average age of 18.5 months, tested hearing
1 month after injection, and continued the testing monthly for
5 months (Figure 5A). Uninjected contralateral ears served as con-
trols. WT CBA/CaJ mice at comparable ages were tested as additional
controls to show the normal hearing profile in the mouse strain dur-
ing aging. Representative ABR wave forms recorded from a
Tmprss3A306T/A306T homozygous mutant mouse ear, an AAV2-
hTMPRSS3-treated Tmprss3A306T/A306T ear, and a WT mouse ear
were shown at age 20.5 months, using 11.32 kHz tone bursts at incre-
mentally increasing SPLs from 20 to 90 dB (Figure S3A). One month
after injection, overall lower ABR thresholds were detected in injected
ears compared with uninjected control ears at frequencies of 5.66, 16,
r Therapy Vol. 31 No 9 September 2023 2801
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Figure 5. AAV2-hTMPRSS3 injection in Tmprss3A306T/A306T mice rescues auditory function

(A) The schematic diagram of the experimental design. (B–F) ABR thresholds in Tmprss3A306T/A306T homozygous mice treated with AAV2-hTMPRSS3 ears (blue), untreated

Tmprss3A306T/A306T homozygous ears (red), and WT CBA/CaJ mice (green) at 1 month after injection (B), 2 months after injection (C), 3 months after injection (D), 4 months

after injection (E), and 5 months after injection (F), respectively. Significant hearing rescue was detected at all time points with the exception at 5 months post injection when

WT CBA/CaJ mice started to exhibit hearing loss. Values and error bars reflect mean ± SEM.
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and 32 kHz (Figure 5B). For frequencies below 45.42 kHz, the ABR
threshold reduction ranged from 6 dB at 11.32 kHz to 16 dB at 16
kHz, with an average reduction of 11 dB. No difference of DPOAE
thresholds were detected between injected and uninjected ears (Fig-
ure S3B). The wave 1 amplitudes were statistically larger at 32 kHz
above 50 dB SPL (Figure S3G). Two months after injection, ABR
thresholds were further reduced at all frequencies in injected ears
compared with uninjected control ears, ranging from 8 dB at 8 kHz
to 18 dB at 45.24 kHz, with an average reduction of 15 dB across
all frequencies (Figure 5C). Generally lower DPOAE thresholds
were detected in injected compared with uninjected ears, with a sig-
nificant reduction of 18 dB at 45.24 kHz (Figure S3C). At 3 and
4 months after injection, significant reductions in ABR thresholds
were persistent in all frequencies in injected ears (Figures 5D and
5E), with an average reduction of 15 and 14 dB at 3 and 4 months,
respectively. At the two time points, the DPOAE thresholds were
generally lower and the wave 1 amplitudes at 32 kHz were larger in
injected ears than in uninjected control ears (Figures S3D, S3E, 3I,
and 3J). By 5 months post injection, with the exception of 16 kHz,
ABR thresholds were still lower by an average of 9 dB (Figure 5F). Sig-
nificant reduction in the DPOAE thresholds was detected at 8, 11.32,
and 45.24 kHz (Figure S3F), and larger but not significant wave 1 am-
plitudes (Figure S3K) were seen in injected ears. At this age, the ABR
thresholds in injected ears were indistinguishable from that of WT
background CBA/CaJ strain at a comparable age of 23.5 months,
which was elevated from that of CBA/CaJ of 22.5 months of age, an
indication of ARHL in the CBA/CaJ background strain. In hearing
tests of all ages, there was no significant difference of ABR thresholds
between injected and WT CBA/CaJ ears (Figures 5B–5F), a demon-
stration of robust rescue of hearing by AAV2-hTMPRSS3 delivery
in the Tmprss3A306T/A306T ears to a level similar to that in theWT con-
trol ears. Based on the data we conclude that a single administration
of gene therapy by AAV2-hTMPRSS3 results in long-term hearing
rescue in the Tmprss3A306T/A306T ears.

AAV2-hTMPRSS3 promotes HC and SGN survival in

Tmprss3A306T/A306T mice

Expression of Tmprss3 in HC and SGN suggests the requirement of
TMPRSS3 in HC and SGN . To study the effect of the TMPRSS3
c.916G>A mutation on the inner ear and determine how AAV2-
hTMPRSS3 gene delivery rescued the cellular phenotype, we performed
immunolabeling of injected and uninjected cochleae and quantified
IHCs, OHCs, and SGN . In uninjected Tmprss3A306T/A306T inner ear, a
loss of OHCs in the basal and middle regions was detected
(Figures 6A1–A3). In contrast, in injected Tmprss3A306T/A306T ear,
more OHCs survived in the same regions (Figures 6B1–B3 and 6C).
No significant difference was detected in IHC number between injected
and uninjected control ear, although the IHC average was higher in the
injected ear (Figures 6A1–B3 and 6D). In the base to mid-base turns of
the modiolus region of uninjected Tmprss3A306T/A306T ear, the TuJ1 la-
belingwas condensed and localized to one side of the SGN (Figures 6E1
and 6E2). In contrast, evenly distributed cytoplasmic labeling of TuJ1
was detected in the SGN of injected ears (Figures 6F1 and 6F2). Signif-
icantly, 3-fold more SGN were detected in the injected ear compared
with the uninjected ear (Figure 6G). Taken together, these results
demonstrate that the TMPRSS3 c.916G>A mutation caused the loss
of the OHCs and SGN from base to mid-base at age 20.5 months and
AAV2-hTMPRSS3 gene therapy rescued hair cell and SGN in the
same regions.
DISCUSSION
With the goal to develop gene therapy for DFNB8 in humans, we
created a KI mouse model with a frequent human DFNB8
TMPRSS3 mutation that exhibits late onset and progressive HL
similar to DFNB5 patients. We show that one-time local adminis-
tration of AAV2-hTMPRSS3 gene therapy in aged KI mice of
18.5 months restores hearing at around age 2 years. Gene replace-
ment therapy with the human TMPRSS3 promotes the survival
of HC and SGNs, both of which are required for hearing and
the latter is essential to the treatment outcome of cochlear
implants.

TMPRSS3 is a type II membrane serine protease and is associated
with cancer development.53,54 Tmprss3 has been found to be ex-
pressed in the developing cochlea including HC and SGN .55 The
lack of TMPRSS3 has resulted in hair cell death in mouse organoids
and SGN degeneration in vitro.56,57 Patients with homozygous
TMPRSS3 mutations manifest either postlingual progressive HL
(DFNB8) or congenital profound HL (DFNB10) (https://
hereditaryhearingloss.org/recessive-genes),39,58 likely due to the na-
ture of the mutations. In TMPRSS3 patients, cochlear implant is a
standard form of treatment. Recently it has been suggested that, in
some TMPRSS3 patients, the treatment outcome may diminish over
time, leaving the patients without any treatment option.59,60 We
aim to develop a gene therapy strategy to rescue hearing using a
TMPRSS3 mouse model with the potential to be further developed
for the clinic.

AAV is one of the most effective gene delivery vectors that transduce
both dividing and non-dividing cells to provide long-term gene
expression.61 In the inner ear, previous studies found that conven-
tional AAVs could efficiently transduce IHCs but were less efficient
in transducing OHCs.31,32 We previously reported that AAV2
harboring GFP transduces almost all the IHCs and a large number
of OHCs in adult C57BL/6 mouse cochleae by canalostomy.62 This
delivery route was also used in CBA/CaJ mouse cochleae to show effi-
cient IHC and OHC transduction.63 In a recent study, it was demon-
strated that AAV2 transgene expression is in both OHCs (84%) and
IHCs (97%) in adult C3H/FeJ mouse cochleae using a round window
membrane plus canal fenestration delivery method.64 Combined,
these studies have indicated that animal strain, animal age, viral titer,
viral promoter, and even viral processing and purifying procedure can
affect transduction efficiency.52,65 In this study, the human TMPRSS3
gene was delivered into a mouse model by AAV2 in CBA/CaJ back-
ground using a round window membrane with canal fenestration de-
livery route, which showed robust transduction of IHCs and efficient
transduction of OHCs.
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Figure 6. AAV2-hTMPRSS3 injection rescues HC and SGN in Tmprss3A306T/A306T cochleae

(A and B) Representative confocal images of cochleae from uninjected (A) and AAV2-hTMPRSS3-injected (B) ears of Tmprss3A306T/A306Tmouse at age 82 weeks. The apex-

middle (A1, B1), middle-base (A2, B2), and base (A3, B3) turns were dissected and stained with MYO7A (green) for HC. (C and D) Quantification and comparison of OHCs

(C) and IHCs (D) in three representative regions of apex-middle, middle-base, and base of injected (blue) and uninjected (red) Tmprss3A306T/A306T cochleae. Significantly more

OHC survived in injected ear compared with uninjected ear in the base andmiddle-base turns. (E and F) Representative confocal images of a modiolus cross-section through

the whole cochlea from uninjected (E) and AAV2-hTMPRSS3-injected (F) ear of Tmprss3A306T/A306T mouse at age 82 weeks. The middle-base modiolus (E1, F1) and base

modiolus (E2, F2) were stained with TuJ1 (red) for the SGN . Arrows point to enlarged insets with higher magnifications of the square. Dotted circles showed an example of a

SGN soma with TuJ1 labeling, with condensed TuJ1 labeling (arrowhead) localized to one side within an SGN in an uninjected ear (arrow). (G) Quantification and comparison

of TuJ1-positive SGNs between uninjected (red) and AAV2-hTMPRSS3-injected (blue) Tmprss3A306T/A306T cochleae. Values and error bars reflect mean ± SEM. n = 3. Scale

bars, 25 mm.

Molecular Therapy
Gene therapy has been extensively used to treat mouse models for hu-
man genetic HL with success.13,19,25,26,33,66 A majority of inner ear
gene therapies, however, were only successful when performed in
neonatal or young inner ears, not in adults.13,23 This could be due
to the fact that many types of genetic HL are congenital and the inner
ear cell types to be targeted are severely damaged or no longer avail-
able when mature, thus limiting the efficacy by intervention in the
mature inner ear. Furthermore, the delivery vehicles may show differ-
ences targeting neonatal or adult cochlear cell types.10,62,67 In hu-
mans, even newborn inner ears are fully mature, so any gene therapy
strategy for patients would require establishment of a window of op-
portunity for treatment and demonstration that successful hearing
rescue can be achieved in fully mature animal inner ears. The Tmprss3
knockout mouse exhibits severe congenital hair cell loss and profound
HL,39 and therefore is not a suitable model to develop TMPRSS3 gene
therapy to rescue hearing in the mature inner ear. We chose to create
a mouse model with a frequent founder human TMPRSS3 mutation
c.916G>A (p.A306T) that causes postlingual progressive HL of
2804 Molecular Therapy Vol. 31 No 9 September 2023
DFNB8 in patients.42,44 To circumvent the mouse inbred strains
such as C57 with accelerated ARHL, we chose to use CBA/CaJ as
the background strain, so that the strain-dependent HL is not mani-
fested until an advanced age, which allowed us to study late onset pro-
gressive HL and the treatment outcome in aged mice. The combina-
tion of mutation and mouse strain selections are important factors
that enabled us to establish a KI mouse model of DFNB8 that is pro-
gressive HL. The model is ideal to test our gene therapy strategy to
rescue hearing in not only mature but aged inner ear by one-time
AAV administration.

It is surprising that the delivery of the mouse WT Tmprss3 copy into
normal adult mouse HC leads to severe hair cell loss and profound
HL. While the mechanism is not understood, it is likely that the level
of the mouse TMPRSS3 protein is important to the survival of HC
and essential for normal hearing. The detrimental effect of the mouse
TMPRSS3 on HC and hearing prompted us to test the human
TMPRSS3 gene. Again, it is to our surprise that the human
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TMPRSS3, despite sharing a high degree of homology with the mouse
TMPRSS3, 88% identical on the protein sequence (Figure S4),68 does
not cause hair cell loss or HL. Given our goal of using the human
TMPRSS3 gene for the clinical development, we have thus chosen
the human TMPRSS3 for gene therapy intervention in the KI Tmprss3
mouse model.

Due to the lack of a suitable anti-TMPRSS3 antibody, we carried
out RNA-FISH (RNAscope) to study endogenous Tmprss3 expres-
sion in mouse inner ear and evaluate the inner ear cells targeted by
AAV2-hTMPRSS3. In the mouse, Tmprss3 has been shown to be
expressed in HC and other cochlear cell types including the cells
in the modiolus region during development.39,58 A recent study
also showed low TMPRSS3 expression in human auditory
neurons.58

By RNAscope, we found that AAV2 carrying the human TMPRSS3
CDS can properly target IHCs, OHCs, and SGNs. The TMPRSS3
transgene expression pattern resembles that of the WT Tmprss3
expression. The data strongly support our approach of AAV2 delivery
in the mouse inner ear to target the cells that are directly affected by
the lack of Tmprss3 expression and evaluate the rescue effect. A few
studies have reported that the outcomes of CI patients with
TMPRSS3-related HL were inconsistent.40,43,59,60,69,70 Our results
could provide a promising therapeutic avenue for those patients
who have poor CI outcomes.

The mouse inner ear still undergoes development until the onset of
hearing at around P12.71 However, in the clinic, it is impractical to
perform genetic therapies at the corresponding ages in humans as
the intervention would have to be carried out in utero. To translate
these findings of preclinical mouse studies to humans, gene therapy
research imperatively needs to focus on practical therapeutic strate-
gies to perform in adult and aged mice. Among successful hearing
rescue in animal models by gene or editing therapy, the vast
majority of studies were carried out in the neonatal or infant
stage.13–17,19,21–25,29,32,35,72,73 In Tmprss3A306T/A306T mice, HL does
not start until age �16.5 months, thus the intervention in aged
mouse inner ears would be ideal to determine the treatment effect.
We started injection in the animals of an average age of 18.5 months
and measured hearing 1 month after injection and continued the
testing monthly for 5 months. Significant hearing rescue by the
reduction in the ABR thresholds was detected 1 month after injec-
tion at some frequencies (Figure 5B). The rescue effect extended to
all frequencies with increasing magnitudes (Figures 5C–5E). Overall,
there is a decrease in average DPOAE thresholds and greater wave 1
amplitudes in injected compared with uninjected contralateral con-
trol Tmprss3A306T/A306T ears (Figure S3), supporting the improved
OHC function and neuronal activities. The improved hearing was
detected 4 months after injection at an age of 22.5 months. At
5 months post injection with average age of mice at 23.5 months,
even the WT control mice of the same age started to exhibit
ARHL, with an ABR threshold average that was indistinguishable
from injected TMPRSS3A306T/A306Tmice (Figure 5F). We conclude
that the strain-specific ARHL obscured the treatment effect by
AAV2-hTMPRSS3 injection at 23.5 months. Our study demon-
strates that one-time administration of AAV gene therapy in aged
mice is sufficient to rescue hearing long term in mice due to a
TMPRSS3 A306T mutation. The TMPRSS3 A306T is a common
mutation that has been described in German, Dutch, Korean, and
Chinese families.40–44 While our gene therapy has shown efficacy
in treating the Tmprss3A306T/A306T mouse model, the same AAV2-
hTMPRSS3 is applicable to all DFNB8 patients with TMPRSS3 mu-
tations. Hearing rescue by local injection at an advanced age in mice
offers a wide therapeutic window that could enable the intervention
in patients with DFNB8.

In the Tmprss3A306T/A306T mice, significant hair cell, especially OHC,
and neuronal loss was detected (Figure 6). In contrast to the
Tmprss3 knockout mice in which HC die rapidly,39 our model
with the A306T mutation showed a gradual hair cell and neuronal
loss, which is consistent with late onset and progressive HL. After
AAV2-hTMPRSS3 injection, both cell types survived significantly
better, which is consistent with those cells targeted by AAV2. Inter-
estingly, we also observed that TuJ1, a neuronal marker, showed an
aggregation-like pattern with condensed TuJ1 signal restricted to
neuron cell bodies unilaterally in the Tmprss3A306T/A306T mice,
which may further support previous findings showing cellular and
molecular basis of SGN degeneration and the subsequent decline
of the auditory nerve function in presbyacusis.74 While the physio-
logical outcomes of TuJ1 aggregation is unknown, both the altered
TuJ1 localization and the neuronal loss strongly support the direct
impact of the TMPRSS3 mutation A306T on the SGN and the
rescue effect by AAV2-hTMPRSS3 local delivery. Mutations in
TMPRSS3 cause DFNB8 with HL that is postlingual and progressive,
and DFNB10 with congenital profound HL. For DFNB8 patients, it
is highly likely that HC and SGNs are present after birth, and they
degenerate overtime. For DFNB8 patients, early intervention by
AAV2-hTMPRSS3 gene therapy may be used as a standalone ther-
apy to rescue HC and SGNs to prevent HL. For TMPRSS3 patients
with profound HL, their HC may have severely degenerated, and CI
is the only option for treatment. For those patients, AAV2-
hTMPRSS3 gene delivery can be used to promote SGN survival to
enhance long-term CI treatment outcomes. In addition to HL
caused by homozygous or compound heterozygous TMPRSS3 mu-
tations, there has been an increase in reports that heterozygous
TMPRSS3 mutations could contribute to accelerated ARHL75 in
conjunction with a compound heterozygous mutation in another
deafness gene.76,77 It is thus conceivable that gene therapy for
TMPRSS3 developed in this study could be expanded to rescue hear-
ing in a subset of patients exhibiting ARHL with the contribution of
TMPRSS3 mutations. The study supports that a single administra-
tion of AAV gene therapy for TMPRSS3 in fully mature and aged
inner ears could achieve noticeable restoration of hearing with
long-term therapeutic effect. It is the proof-of-principle demonstra-
tion that gene therapy could be successfully implemented at a late
stage in life and builds a solid foundation for its future clinical
application.
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MATERIALS AND METHODS
Animals

Tmprss3A306T/A306T mutant mice were generated at the Mouse
Genome Engineering Core Facility of University of Nebraska Medical
Center. The background was CBA/CaJ strain (Jackson Laboratory
stock no. 000656) to eliminate the effect of ARHL. The mice were
housed in groups of two to five per cage and allowed free access to
food and water. The animals were maintained under standard condi-
tions (room temperature [RT]: 22�C ± 2�C; relative humidity: 55% ±

10%) on a light:dark cycle of 12:12 h (6:00 a.m. to 6:00 p.m.). All pro-
cedures were approved by the Massachusetts Eye & Ear IACUC com-
mittee (protocol no. 08-04-008) andUniversity ofMiami Institutional
Animal Care Committee (protocol no. 19–104), following the Na-
tional Institutes of Health (NIH) Guidelines. All mouse experiments
were performed in accordance with NIH guidelines for use and care of
laboratory animals and were approved by the Massachusetts Eye &
Ear IACUC committee (protocol no. 08-04-008).
Recombinant DNA constructs and AAV virus production

To construct recombinant AAV2 plasmids, CDSs for human
TMPRSS3 (GenBank: accession no. BC074846; CDS: 1,362 bp, 453
aa) and mouse Tmprss3 (Genbank: accession no. NM_001163776;
CDS: 1,428 bp, 475 aa) were individually inserted in the host vector
linearized by NotI and BamHI enzymes. CDSs amplified by PCR
were subcloned downstream of the hCMV enhancer/promoter in
the host vector via In-Fusion HD enzyme (Takara), which fuses
PCR-generated amplicons and linearized vector precisely by recog-
nizing a 15 bp overlap at their ends. All constructs were sequenced
prior to transfections to ensure no mutations were introduced during
cloning. All the plasmids were propagated in DH5a E. coli cells and
plasmids were extracted using endo-free plasmid purification kits
(QIAGEN).

For recombinant AAV production, transgene vectors were packaged
at the University of Massachusetts Medical School, Viral Vector Core,
as described previously.78 In brief, HEK293 cells maintained in
DMEM with GlutaMAX, penicillin/streptomycin, and 10% FBS
were co-transfected with packaging plasmid (pRep2/Cap2; Agilent
Technologies), adenovirus helper plasmid (pHelper; Agilent Technol-
ogies), and rAAV plasmid carrying a human or mouse full-length
Tmprss3 expression cassette flanked by AAV2 ITRs. The pRep2/
Cap2 expresses regulatory and capsid proteins of AAV2 serotype,
which excises the recombinant genome from the rAAV vector
plasmid, replicates the viral ssDNA genome, and packages the
genome into AAV virions. Adenovirus E2A, E4, and viral-associated
RNAs expressed from the pHelper provide helper functions essential
for rAAV rescue, replication, and packaging.79 HEK293 cells were
harvested 72 h post-transfection, suspended in a lysis buffer contain-
ing 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, and 1 mMMgCl2, and
lysed by three freeze-thaw cycles. Unencapsidated plasmid DNA was
digested using 250 U Benzonase (Sigma-Aldrich), and virions were
purified by ultracentrifugation on standard CsCl gradient and de-
salted by dialysis. The vectors are quality control tested by ddPCR
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titration for DNase-resistant vector genome concentration using
probe and primers targeting the bGH region, and AAV purity was as-
sessed by 4%–12% SDS-acrylamide gel electrophoresis followed by
silver staining (Invitrogen). Viral genomic titers for AAV2.CMV.
hTMPRSS3 and AAV2.CMV.mTmprss3 were calculated as
1.1 � 10E-13 and 1.0 � 10E-13 GC/mL, respectively.

ANIMAL SURGERY
Tmprss3A306T/A306T and WT mice of either sex were anesthetized us-
ing intraperitoneal injection of ketamine (100 mg/kg) and xylazine
(10 mg/kg). The post-auricular incision was exposed by shaving
and disinfected using 10% povidone iodine. The AAV2-mTmprss3
and AAV2-hTMPRSS3 were injected into the inner ears of WT and
Tmprss3A306T/A306T mice. The AAV2-GFP was injected into the inner
ears of WT mice. The total volume for each injection was 1 mL virus
per cochlea.

Auditory brainstem response and DPOAE

Mice of either sex were anesthetized under the same conditions as for
surgery. For ABR measurements, subcutaneous needle electrodes
were inserted at the vertex (reference), ventral edge of the pinna
(active electrode), and a ground reference near the tail. In a sound-
proof chamber, mice were presented with 5-ms tone pips (delivered
at 35/s). The response was amplified 10,000-fold, then filtered
(100 Hz–3 kHz band-pass), digitized, and averaged (1,024 responses)
at each SPL. The sound level was elevated in 5-dB steps from 20 up to
90 dB SPL at stimuli of 5.66–45.24 kHz frequencies (in half-octave
steps). The threshold and wave 1 amplitude were identified as
described previously.17 During the same recording session,
DPOAEs were measured under the same conditions as for ABRs. In
brief, two primary tones (f2/f1 = 1.2) were set, with f2 varied between
5.66 and 45.24 kHz in half-octave steps. Primaries were swept from 20
to 80 dB SPL (for f2) in 5-dB steps. Thresholds required to produce a
DPOAE at 5 dB SPL were computed by interpolation as f2 level. The
information on the animals studied including the age of injection, the
age of hearing tests, and the age of inner ear harvest is provided in
Table S1.

Confocal microscopy and cell counting

Injected and uninjected cochleae were harvested from mice eutha-
nized by CO2 inhalation. Temporal bones were fixed in 4% parafor-
maldehyde at 4�C overnight, then decalcified in 120 mM EDTA for
at least 7 days until the tissues softened. After decalcification, the
cochleae were dissected for whole-mount immunostaining or cryo-
section at 10 mm thickness using published methods.17,80,81 Tissues
were infiltrated with 0.25% Triton X-100 and blocked with donkey
serum (5%) for 1 h at RT, followed by washing 3 � 10 min with
PBS and then incubated with primary antibody. Rabbit anti-
MYO7A (1:500; Proteus BioSciences, no. 25-6790), mouse anti-beta
III tubulin (1:250; BioLegend, no. 801201), and chicken anti-GFP
(1:1000; Abcam, ab13970) were used overnight. Tissues were then
washed for 3 � 10 min with PBS and the secondary antibodies
were incubated for 1 h (donkey anti-rabbit IgG Alexa Fluor Plus
488, 1:1,000; donkey anti-mouse IgG Alexa Fluor Plus 594, 1:1,000;
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Thermo Fisher Scientific). Following secondary antibody incubation,
tissues were washed for 3 � 10 min with PBS. Finally, tissues were
placed on a microscope slide and mounted with VECTASHIELD
antifade mounting medium containing DAPI (Vector Laboratories,
no. H-1200). Images were taken with a Leica SP8 confocal laser scan-
ning microscope (Leica Microsystems, Germany) via a 20� or 63�
glycerin immersion lens. Images were edited by ImageJ software
and tools in ImageJ were used for counting of HC and SGNs. For
hair cell counting, Myosin7a-positive HC per 100 mm length were
calculated in the apical, middle, and basal turns of cochleae. We
counted at least two 100-mm segments from at least three indepen-
dent cochleae. For SGN cell counting, TUJ1-positive cells were calcu-
lated in the SGN area. The average cell number per 104 mm2 was
calculated for data analysis.

RNA-FISH, immunohistochemistry, and data quantification

RNA-FISHwas performed using an RNAscopeMultiplex Fluorescent
Reagent Kit v.2 (ACD, no. 323110), and the protocol described here is
adapted from Huang and Eckrich50,51 with minor modifications.50,51

In brief, membranous labyrinths were removed, and cochleae were
immediately soaked in ice-cold 4% PFA in PBS. Cochleae were fixed
for 2 h at RT on a shaker and washed for 3� 10min in 0.1% Tween 20
in PBS (PBT20), and subsequently dehydrated in a graded MeOH se-
ries (50%, 75%, and 100% in PBT20, 10 min for each grade). At the
same time, probes were pre-warmed to 40�C for 10 min to allow ag-
gregates to dissolve and then cooled down to RT. Protease III solution
and Amplifiers I-IV were allowed to equilibrate to RT.

Before hybridization, cochleae were rehydrated at RT in a reverse
MeOH series (100%, 75%, and 50% in PBT20; 10 min for each grade)
and washed 6 � 5 min in PBT20. During the last washing step, the
apical turn was dissected in PBT20 in a 35-mm sterile dish, and the
stria vascularis and spiral ligament were carefully removed. Reissner’s
membrane and the tectorial membrane were also separated from the
sensory epithelium with fine forceps while the SGN was maintained
intact. Dissected tissues collected from different sample groups
were placed in individual mini cell strainers (pluriStrainer Mini
40 mm) containing 1 mL of PBT20, which were then transferred
manually between the wells of a 24-well plate during all incubation
and washing steps.

Dissected cochlea pieces were digested for 12 min at RT in 300 mL of
Protease III solution. Following washing with 1 mL of PBT20 for
6 � 5 min to remove residual proteases, samples were incubated
with hybridization probes for 2 h at 40�C. We used target probes
against mouse TMPRSS3 mRNA (ACD, no. 553861) or human
TMPRSS3 mRNA (ACD, no. 524691-C2). Subsequently, tissues
were washed for 6� 5min with 1mL of ACDwashing buffer, re-fixed
for 10 min with 4% PFA, and washed again for 6 � 5 min. Probe sig-
nals were amplified by incubation at 40�C in 4–5 drops of Amp1
(35 min), Amp2 (20 min), Amp3 (35 min), and Amp4 “Alt-A00” solu-
tion (20 min), respectively. Following each step, tissues were washed
for 6 � 5 min in 1 mL of ACD washing buffer in mini cell strainers
housed in a 24-well plate.
For a more precise identification of different cell types, the RNAscope
assay was coupled to immunohistochemistry. In brief, tissues were
permeabilized for 10 min with 0.5% Triton X-100 in PBS (PBST),
and blocked for 1 h with 10% donkey serum in PBST at RT. Subse-
quently, samples were incubated with primary antibodies against
MYO7A (polyclonal rabbit, 1:250, Proteus Biosciences, no. 25-
6790) and HuD (monoclonal mouse, 1:100, SantaCruz, no. sc-
48421) in antibody incubation buffer (5% donkey serum and 0.25%
PBST) for 1 h at RT. Following washing with 0.1% PBST for
3 � 5 min, tissues were incubated at RT for 1 h with appropriate sec-
ondary antibodies (donkey a-rabbit IgG Alexa Fluor Plus 594, 1:500;
donkey a-mouse IgG Alexa Fluor Plus 647, 1:500; Thermo Fisher Sci-
entific) in the antibody incubation buffer. Following secondary anti-
body incubation, tissues were washed for 3 � 5 min with 0.1% PBST.
Finally, tissues were placed on a microscope slide and mounted with
Prolong Gold DAPI antifade medium (Invitrogen, no. P36931), and
allowed to penetrate and solidify overnight before imaging.

RNAscope plus immunohistochemistry experiments were repeated in
more than two animals per group. For each sample group,R5 z stack
images were acquired using a 63� oil objective with 2� digital zoom
in a Leica SP8 confocal laser scanning microscope. Fluorescently
labeled mRNA was quantified using the particle analysis tool in Im-
ageJ, which requires 8-bit grayscale images. After adjusting thresholds
to remove background signal for each image, the average number of
mRNA molecules per hair cell was determined by dividing the num-
ber of particles by the number of MYO7A-positive HC or by the total
number of particles per HuD-positive SGN . For counting of IHCs,
OHCs, and SGNs, we acquired z stacks by maximum intensity projec-
tions. The average number of IHCs and OHCs per hair cell was deter-
mined by dividing the number of particles by the number ofMYO7A-
positive HC or by the total number of particles per HuD-positive
SGN .
Statistical analysis

We used GraphPad Prism (v.9, GraphPad Software, La Jolla, CA) for
statistical analysis. For multiple comparisons in terms of ABRs and
DPOAEs, statistical analyses were carried out by two-way ANOVA
with Bonferroni corrections. For a numeric representation of RNA-
scope data, scatter column graphs were created using five z stack im-
ages. For comparisons between two groups, data were analyzed by
two-tailed unpaired t tests with Welch’s correction. Significance
threshold was set as p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001).
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