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Usher syndrome is the most common cause of deafness-blind-
ness in the world. Usher syndrome type 1B (USH1B) is associ-
ated with mutations in MYO7A. Patients with USH1B experi-
ence deafness, blindness, and vestibular dysfunction. In this
study, we applied adeno-associated virus (AAV)-mediated
gene therapy to the shaker-1 (Myo7a4626SB/4626SB) mouse, a
model of USH1B. The shaker-1mouse has a nonsense mutation
in Myo7a, is profoundly deaf throughout life, and has signifi-
cant vestibular dysfunction. Because of the �6.7-kb size of
the MYO7A cDNA, a dual-AAV approach was used for gene
delivery, which involves splitting human MYO7A cDNA into
50 and 30 halves and cloning them into two separate
AAV8(Y733F) vectors. When MYO7A cDNA was delivered to
shaker-1 inner ears using the dual-AAV approach, cochlear
hair cell survival was improved. However, stereocilium organi-
zation and auditory function were not improved. In contrast,
in the vestibular system, dual-AAV-mediated MYO7A delivery
significantly rescued hair cell stereocilium morphology and
improved vestibular function, as reflected in a reduction of
circling behavior and improved vestibular sensory-evoked po-
tential (VsEP) thresholds. Our data indicate that dual-AAV-
mediated MYO7A expression improves vestibular function in
shaker-1 mice and supports further development of this
approach for the treatment of disabling dizziness from vestib-
ular dysfunction in USH1B patients.

INTRODUCTION
Usher syndrome (USH) is the most common cause of inherited deaf-
ness-blindness.1 Its prevalence ranges from 3.2–6.5 per 100,000 peo-
ple depending on the population.2,3 USH is inherited in an auto-
somal-recessive pattern and is classified into three major clinical
subtypes (types 1–3), with type 1 patients having the most clinically
severe phenotype.4 USH type 1B (USH1B) is the most common
form of USH type 15 and is associated with variants in MYO7A
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(MIM: 276900).4,6 Patients with USH1B are born with profound
hearing loss and vestibular dysfunction and develop progressive
loss of vision because of retinitis pigmentosa during the first decade
of life.7 The MYO7A gene encodes the unconventional MYO7A,6,8

and it is expressed in mechanosensory hair cells in the inner ear, pho-
toreceptors, and retinal pigment epithelium cells.8,9 Recent studies
have shown that adeno-associated virus (AAV)-mediated gene
replacement therapy can be used to improve the auditory and vestib-
ular functions in several mouse models of USH.10 However, the chal-
lenge of applying AAV-mediated gene replacement therapy to mouse
models of USH1B is the fact that the cDNA ofMYO7A is �6.7 kb in
length, which exceeds the �4.7-kb carrying capacity of AAV.11,12

One way of overcoming this challenge is to use a dual-AAV vector-
based approach, which divides a large cDNA into two halves and uti-
lizes two separate AAV expression cassettes to deliver these cDNA
fragments.13,14 The first vector contains the promoter and 50 half of
the cDNA, whereas the second vector contains the 30 half of the
cDNA along with the polyadenylation signal. When both capsids
co-infect the same cell, these 50 and 30 cDNA halves recombine to
form the full-length coding sequence and generate full-length protein.
There are two major dual vector strategies that promote recombina-
tion and generation of full-length protein: overlapping and
hybrid.13,14 “Overlap” dual vectors contain cDNA fragments with
complementary genetic sequences that drive homologous recombina-
tion. “Hybrid” dual vectors rely on a recombinogenic sequence from
the human placental ALPL gene (which encodes alkaline phosphatase
[AP]) to promote recombination15 and splice donor and acceptor
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sites for excision of the intervening sequence from the resulting tran-
script. In a study by Dyka et al.,13 these dual-AAV strategies were
compared for their ability to drive full-length MYO7A expression
in vitro and in vivo. They found that the hybrid strategy resulted in
the highest level of full-length MYO7A expression. They also showed
that subretinal injection of the hybrid dual-AAV vectors carrying hu-
man MYO7A cDNA was capable of producing human MYO7A
expression in the C57BL/6J mouse retina.13 Similarly, in another
study by Trapani et al.,14 these different dual-AAV strategies were
tested, and it was found that the hybrid strategy was highly effective
at delivering human MYO7A cDNA and promoting expression of
full-length MYO7A in vitro. In addition, sub-retinal injection of the
hybrid dual-AAV vectors carrying human MYO7A cDNA into a
Myo7a mutant mouse (shaker-1, Myo7a4626SB/4626SB) resulted in
expression of full-length human MYO7A and improvement of mela-
nosome and rhodopsin localization in the mouse retina.14

In this study, we asked whether hybrid dual-AAV vectors could
mediate sufficient levels of full-length MYO7A expression in the in-
ner ear of the shaker-1 mouse model for USH1B. The deaf shaker-1
mouse has a nonsense mutation inMyo7a and has significant vestib-
ular dysfunction throughout life.6,16 We injected hybrid dual-AAV
vectors carrying the human MYO7A cDNA into neonatal shaker-1
mice through the posterior semicircular canal (PSC) and evaluated
whether gene replacement therapy could improve auditory and
vestibular function in these mutant mice.

RESULTS
Dual-AAV8(Y733F) vectors restore MYO7A expression in

cochlear hair cells

The shaker-1 (Myo7a4626SB/4626SB) mutant mouse has a nonsense mu-
tation in Myo7a and is considered a null mutant.17,18 To restore
MYO7A expression in shaker-1 mice, we utilized the hybrid dual-
AAV vectors packaged in AAV8(Y733F).13 The 50 vector contains
the ubiquitous CMV/chicken b-actin (smCBA) promoter, the 50

portion of human MYO7A cDNA (2,904 bp), a splice donor, and a
recombinogenic sequence derived from a coding sequence for AP
(287 bp, labeled “AP”). The 30 vector contains a complementary AP
coding sequence, a splice acceptor, the 30 portion of human
MYO7A cDNA (3,627 bp), a hemagglutinin (HA) tag, and a polyade-
nylation signal (Figure S1A). We call this set of dual-AAV vectors
“dual-AAV8(Y733F)-MYO7A.” The human MYO7A cDNA was
used in this study instead of the mouse Myo7a cDNA because it is
the human MYO7A cDNA that will be used for clinical translation
in USH1B patients in the future. In addition, the human MYO7A
cDNA has been successfully delivered into the mouse retina using
the dual-AAV approach.13,14 Subretinal injection of these dual-AA-
V8(Y733F)-MYO7A vectors in Myo7a�/� mice results in full-length
MYO7A protein expression.19 Infection of these vectors in COS-7
cells resulted in the detection of MYO7A expression with anti-
MYO7A or anti-HA-tag antibodies directed against the N-terminal,
middle, and C-terminal (HA) portions of the protein sequence (Fig-
ure S1B). In addition, the antibody targeting the middle portion of
MYO7A, which was used for the rest of the study, only detected
Molecular The
MYO7A expression when the 50 and 30 vectors were used to infect
COS-7 cells (Figure S1C). These results confirm that dual-AA-
V8(Y733F)-MYO7A vectors can produce full-length MYO7A expres-
sion in infected cells.

Using the PSC approach, we microinjected dual-AAV8(Y733F)-
MYO7A (0.5 mL of the 50 vector and 0.5 mL of the 30 vector) into
the inner ears of live neonatal (post-natal day 0 [P0]–P4) shaker-1
mouse pups. The cochleae of these animals were then dissected at
P30–P37 and examined using immunofluorescence and confocal mi-
croscopy. In untreated wild-type and heterozygous shaker-1 mice, we
found that MYO7A was highly expressed in the inner hair cells
(IHCs) and outer hair cells (OHCs) of the cochlea. In contrast, we
were unable to detect MYO7A expression in the cochlea of
shaker-1 mutant mice (Figure 1A). When dual-AAV8(Y733F)-
MYO7A vectors were injected into shaker-1 inner ears, MYO7A
expression was restored in the transduced IHCs and OHCs (Fig-
ure 1A). The IHC transduction rate was 77% ± 12% at the apex,
77% ± 11% at the middle turn, and 47% ± 12% at the base of the co-
chlea (Figure 1B; n = 6 mice). The OHC transduction rate was 82% ±

16% at the apex, 45% ± 18% at the middle turn, and 22% ± 9.5% at the
base of the cochlea (Figure 1C; n = 6 mice). MYO7A expression in the
IHCs and OHCs of the injected shaker-1 mice also co-localized with
HA expression, indicating that the MYO7A expression seen in the in-
jected shaker-1 mice was a result of the dual-AAV8(Y733F)-MYO7A
treatment (Figure S2). Our results indicate that dual-AAV8(Y733F)-
MYO7A treatment restored MYO7A protein expression in the trans-
duced shaker-1 IHCs and OHCs.
Dual-AAV8(Y733F)-MYO7A vectors improve IHC and OHC

survival in the shaker-1 cochlea

IHCs and OHCs in the shaker-1 mouse undergo significant degener-
ation (Figure 1A). Therefore, we wanted to examine whether dual-
AAV vector treatment could improve IHC and OHC survival in
the treated shaker-1 mouse. At �P30, the average IHC count for
the wild-type mouse was 15 ± 0.47 cells/136 mm at the apex, 17 ±

0.75 cells/136 mm at the middle turn, and 16 ± 0.25 cells/136 mm at
the base of the cochlea (Figure 1D; n = 4 mice). The average IHC
count for the untreated shaker-1 mouse was 6.9 ± 1.4 cells/136 mm
at the apex, 3.3 ± 1.5 cells/136 mm at the middle turn, and 2.4 ± 1.5
cells/136 mm at the base of the cochlea (Figure 1D; n = 5 mice).
When dual-AAV8(Y733F)-MYO7A vectors were injected into the
shaker-1 mouse, we noticed a significantly higher number of surviv-
ing IHCs in treated shaker-1 mice compared with untreated homozy-
gous mutants (p < 0.0001, two-way ANOVA). For shaker-1 mice that
were treated with dual-AAV8(Y733F)-MYO7A, the average IHC
count was 14 ± 1.2 cells/136 mm at the apex (p = 0.003 compared
with the untreated mutants), 14 ± 1.9 cells/136 mm at the middle
turn (p < 0.0001 compared with the untreated mutants), and 7.3 ±

1.8 cells/136 mm at the base of the cochlea (p = 0.06 compared with
the untreated mutants), respectively (Figure 1D; n = 6 mice,
ANOVA with Tukey’s multiple-comparisons test). The magnitude
of preservation was consistent with the relative levels of transduction
rapy: Methods & Clinical Development Vol. 30 September 2023 535
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Figure 1. Dual-AAV8(Y733F)-MYO7A vectors restore MYO7A expression and prolong the survival of shaker-1 cochlear hair cells

(A) Representative confocal images of inner hair cells (IHCs) and outer hair cells (OHCs) of the cochlear middle turn. In an untreated wild-type mouse, MYO7A expression

(green) is found in the IHCs and OHCs. The shaker-1 mouse does not express MYO7A. Shaker-1 mice that were treated with dual-AAV8(Y733F)-MYO7A vectors exhibit

restoration of MYO7A in transduced IHCs and OHCs. Images were taken at P30–P37. The scale bar represents 20 mm. (B and C) Quantification of IHC (B) and OHC

(C) transduction rates in shaker-1 mice that were treated with dual-AAV8(Y733F)-MYO7A vectors. (D and E) Quantification of IHC (D) and OHC (E) survival in shaker-1 mice

that were treated with dual-AAV8(Y733F)-MYO7A vectors. Shaker-1 mice that were treated with dual-AAV8(Y733F)-MYO7A vectors showed significant improvement in hair

cell survival compared with untreated shaker-1 mice. n = the number of animals used. Error bars represent standard errors. **p < 0.01, ****p < 0.0001.
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in these different regions by our dual vectors (i.e., apex > middle
turn > base).

Similar results were observed for OHC survival. The average OHC
count in wild-type mice was 52 ± 0.32 cells/136 mm at the apex,
56 ± 1.0 cells/136 mm at the middle turn, and 51 ± 0.25 cells/
136 mm at the base of the cochlea (Figure 1E; n = 4 mice). The average
OHC count for the untreated shaker-1 mice was 6.5 ± 5.4 cells/
136 mm at the apex, 0.60 ± 0.60 cells/136 mm at the middle turn,
and 0.0 ± 0.0 cells/136 mm at the base of the cochlea (Figure 1E;
536 Molecular Therapy: Methods & Clinical Development Vol. 30 Septe
n = 5 mice). Injection with dual-AAV8(Y733F)-MYO7A vectors re-
sulted in significant preservation of OHCs in the shaker-1 mice
(p < 0.0001, two-way ANOVA). For shaker-1 mice that were treated
with dual-AAV8(Y733F)-MYO7A, the average OHC count was 33 ±
5.7 cells/136 mm at the apex (p < 0.0001 compared with the untreated
mutants), 9.5 ± 3.2 cells/136 mm at the middle turn (p = 0.2 compared
with the untreated mutants), and 2.7 ± 1.9 cells/136 mm at the base of
the cochlea (p = 0.8 compared with the untreated mutants), respec-
tively (Figure 1E; n = 6mice, ANOVAwith Tukey’s multiple-compar-
isons test). As seen for IHCs, the magnitude of structural preservation
mber 2023



Figure 2. Dual-AAV8(Y733F)-MYO7A vectors did not

improve stereocilium organization of cochlear hair

cells or auditory function in shaker-1 mice

(A) Representative confocal images showing stereocilium

organization in IHCs and OHCs. Shaker-1 mice have

highly disorganized stereocilium bundles compared to

wild-type animals. Dual-AAV8(Y733F)-MYO7A vectors

did not improve stereocilium organization in shaker-1

cochlear hair cells, as revealed by phalloidin staining to

visualize F-actin. The scale bar represents 10 mm. (B)

Auditory brain stem response (ABR) thresholds at the

four measured frequencies (4, 8, 16, and 32 kHz). An

ABR threshold of 100 dB SPL represents no response.

ABR testing was done at �P30. Dual-AAV8(Y733F)-

MYO7A vectors did not improve ABR in shaker-1 mice.

Error bars represent standard errors.
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observed for OHCs was consistent with the relative levels of transduc-
tion in these different regions by our dual vectors (i.e., apex > middle
turn > base). Our results indicate that dual-AAV8(Y733F)-MYO7A
treatment improved IHC and OHC survival in shaker-1 mice.

Dual-AAV8(Y733F)-MYO7A vectors did not improve cochlear

stereocilium organization or auditory function in shaker-1 mice

Stereocilium bundles on the apical surface of hair cells play a critical
role in mechanotransduction of auditory information. In wild-type
mice, stereocilium bundles are organized in a cohesive staircase-like
pattern of stereocilium rows (Figure 2A). In shaker-1 mice, IHCs and
OHC stereocilium bundles are highly disorganized from birth, because
of the loss of MYO7A that is required for the organization and stabili-
zation of several stereocilium sub-compartmental links (Fig-
ure 2A).20,21 We examined the effect of dual-AAV8(Y733F)-MYO7A
vectors on the stereocilium bundle organization in the cochlear hair
cells of treated shaker-1 mice and observed that stereocilium bundles
remained highly disorganized in IHCs and OHCs, similar to those in
untreated shaker-1 homozygous mutant mice (Figure 2A).

We further examined auditory function in treated shaker-1 mice using
tone-burst auditory brainstem response (ABR) testing at �P30 (Fig-
ure 2B). In wild-type and heterozygous mice, the average ABR thresh-
olds were 18.5–38 dB from 4–32 kHz (Figure 2B; n = 10 mice). In un-
treated shaker-1 mutant mice, no measurable ABR waveforms were
detected even at the maximal stimulus level of 90 dB (Figure 2B; n =
4 mice). In shaker-1 mutant mice that were treated with dual-AA-
V8(Y733F)-MYO7A vectors, no measurable ABR waveforms were de-
tected, comparable with responses obtained in untreated shaker-1
Molecular Therapy: Methods & Clinic
mutant mice (Figure 2B; n = 14 mice). Some
shaker-1 mutant mice were treated with the
single AAV8(Y733F) vector carrying the 50

MYO7A cDNA (50 AAV8(Y733F), 3.3 � 109

GC) as a control, and no measurable ABR wave-
formswere observed in these animals (Figure 2B;
n = 3 mice). Interestingly, in wild-type and het-
erozygous littermates that were treated with
dual-AAV8(Y733F)-MYO7A vectors, a �10–30 dB ABR threshold
elevation was observed compared with untreated wild-type and het-
erozygous littermates (Figure 2B; n = 16 mice, p < 0.0001, ANOVA
with Tukey’s multiple-comparisons test). A similar ABR threshold
elevation was observed in wild-type and heterozygous littermates
that were treated with the 50 AAV8(Y733F) vector alone (n = 4
mice) or AAV8(Y733F)-GFP (7.7 � 109 GC, n = 3 mice) compared
with untreated wild-type and heterozygous littermates (Figure S3;
p = 0.0007 and 0.002, respectively; ANOVA with Tukey’s multiple-
comparisons test). In contrast, wild-type and heterozygous littermates
that were treated with vehicle alone (PBS with 5% glycerol) showed no
statistically significant ABR threshold elevation compared with un-
treated wild-type and heterozygous littermates (Figure S3; n = 5
mice, p = 0.3, ANOVA with Tukey’s multiple-comparisons test).
These results suggest that the ABR threshold elevation observed in
wild-type and heterozygous littermates that were treated with dual-
AAV8(Y733F)-MYO7A vectors is not due to surgical trauma to the in-
ner ear but, rather, the dual-AAV8(Y733F)-MYO7A vectors. In sum-
mary, our results suggest that dual-AAV8(Y733F)-MYO7A vectors
were unable to restore cochlear stereocilium organization and auditory
function in the shaker-1 homozygous mutant mouse.

Dual-AAV8(Y733F)-MYO7A vectors restore MYO7A expression

in vestibular hair cells

One of the hallmarks of the shaker-1 mouse phenotype is vestibular
dysfunction manifesting as repetitive circling, which is due to the
lack of MYO7A expression in vestibular hair cells.22 We have re-
ported previously that inner ear gene delivery via the PSC approach
can effectively transduce hair cells in the cochlea and vestibular
al Development Vol. 30 September 2023 537
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Figure 3. Dual-AV8(Y733F)-MYO7A vectors restore

MYO7A expression in transduced vestibular hair

cells

(A) Representative confocal images of vestibular hair cells

from mouse utricles. Images were taken at P30–P37. The

shaker-1 mice that were treated with dual-AAV8(Y733F)-

MYO7A showed robust MYO7A expression (green),

whereas the untreated shaker-1 mice showed no

MYO7A expression. A higher-magnification view of the

treated shaker-1 stereocilia revealed MYO7A expression

along the stereocilia bundles (inset). Scale bars

represent 10 mm. (B) Quantification of vestibular hair cell

transduction rates. (C) Quantification of hair cell survival

in mouse utricles. In contrast to the shaker-1 cochlear

hair cells, the vestibular hair cells do not undergo

degeneration in shaker-1 mice. Error bars represent

standard errors.
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organs simultaneously.23,24 Therefore, we examined the transduction
efficiency and physiological effects of dual-AAV8(Y733F)-MYO7A
vectors in the vestibular system of shaker-1 mice. In the wild-type
mouse, MYO7A expression is detected in all vestibular hair cells (Fig-
ure 3A). In contrast, the homozygous shaker-1 mutant mouse
does not express MYO7A in the vestibular organs (Figure 3A).
When dual-AAV8(Y733F)-MYO7A vectors were delivered into the
shaker-1 inner ears, MYO7A expression was restored in the trans-
duced vestibular hair cells (Figure 3A). The vestibular hair cell trans-
duction rate was 77% ± 9.2% in the utricle (Figure 3B; n = 6 mice).

In the shaker-1 cochlea, IHCs and OHCs show signs of severe defects
postnatally and undergo rapid degeneration (Figure 1A). Therefore,
we wanted to see whether similar hair cell degeneration also occurs
in the vestibular system. In wild-type mice, the average vestibular
hair cell count was 67 ± 2.9 cells/2,500 mm2 (Figure 3C; n = 4
mice). Surprisingly, at 1 month of age, the vestibular hair cell count
in untreated shaker-1 mice was similar to the wild-type mouse,
with the average vestibular hair cell count of 68 ± 3.8 cells/
2,500 mm2 (n = 5 mice, p > 0.9, ANOVA with Tukey’s multiple-com-
parisons test) (Figure 3C). In shaker-1 mice that were treated with
dual-AAV8(Y733F)-MYO7A vectors, the average vestibular hair cell
count was 68 ± 4.3 cells/2,500 mm2 (n = 6 mice, p > 0.9, compared
with wild-type mice, ANOVA with Tukey’s multiple comparisons
test) (Figure 3C). The fact that the vestibular hair cells in shaker-1
mice do not undergo degeneration at this age suggests that the vestib-
ular system in these animals may be more amenable to inner ear gene
therapy treatment.
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Dual-AAV8(Y733F)-MYO7A vectors improve

vestibular hair cell stereocilium

morphology in shaker-1 mice

Next, we asked whether, in vestibular hair cells,
these dual vectors can improve stereocilium
bundle organization. Vestibular hair cell stereo-
cilium bundles in wild-type mice are organized
in rows of increasing height (Figure 4A),
whereas vestibular hair cell stereocilium bundles in shaker-1 mice
are highly disorganized (Figure 4A). After injection with dual-AAV8
(Y733F)-MYO7A vectors, the stereocilium bundles of treated
shaker-1 vestibular hair cells becamemuchmore organized compared
with untreated shaker-1 mice (Figure 4A). The fact that dual-AAV8
(Y733F)-MYO7A vectors improve stereocilium organization in the
vestibular system suggests that the vestibular system is amenable to
gene therapy in this mouse model.

Dual-AAV8(Y733F)-MYO7A vectors reduce circling behavior in

shaker-1 mice

Shaker-1 mice exhibit vestibular dysfunction throughout life. One
of the manifestations of vestibular dysfunction in these animals is
circling behavior. Wild-type mice typically walk in a straight line,
and they like to explore the periphery of their housing cage (Fig-
ure 4B). In contrast, shaker-1 mice tend to walk in circles, likely
because of significant vestibular dysfunction (Figure 4B). When
shaker-1 mice were treated with dual-AAV8(Y733F)-MYO7A vec-
tors, we saw a significant reduction in circling behavior (Figure 4B).
The circling behavior was quantified by counting the number of cir-
cles these animals made in 120 s using a video tracking system (Fig-
ure 4C; ANY-Maze video tracking system; Stoelting, Wood Dale,
IL, USA). The untreated wild-type and heterozygous littermates
made 9.3 ± 1.1 rotations/120 s (n = 10 mice), whereas the untreated
shaker-1 mice made 34 ± 4.4 rotations/120 s (n = 4, p = <0.0001
compared with wild-type/heterozygous mice, ANOVA with Tukey’s
multiple-comparisons test). When shaker-1 mice were treated with
dual-AAV8(Y733F)-MYO7A vectors, a significant reduction of



Figure 4. Dual-AAV8(Y733F)-MYO7A vectors

improve vestibular stereocilium organization and

circling behavior in shaker-1 mice

(A) Representative confocal images of stereocilium bun-

dles of vestibular hair cells from mouse utricles stained by

phalloidin to visualize F-actin. The shaker-1 vestibular hair

cells have highly disorganized stereocilium bundles

compared with wild-type hair cells. Shaker-1 mice

treated with dual-AAV8(Y733F)-MYO7A vectors showed

significant improvement in vestibular stereocilium

organization compared with untreated shaker-1

vestibular hair cells. The scale bar represents 10 mm. (B)

Representative track plots from a wild-type mouse, an

untreated shaker-1 mouse, and a shaker-1 mouse

treated with dual-AAV8(Y733F)-MYO7A vectors. Dual-

AAV8(Y733F)-MYO7A vectors decreased circling

behavior in treated shaker-1 mice. (C) Quantification of

circling behavior was performed at �P30. Shaker-1

mice that were treated with dual-AAV8(Y733F)-MYO7A

showed significant reduction in circling compared with

untreated shaker-1 mice. Error bars represent standard

errors. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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circling behavior was observed. Shaker-1 mice that were injected
with dual-AAV8(Y733F)-MYO7A vectors made 15 ± 3.1 rota-
tions/120 s, which is significantly reduced compared with untreated
shaker-1 mice (n = 11 mice, p = 0.0004 compared with untreated
shaker-1 mice, ANOVA with Tukey’s multiple-comparisons test).
The wild-type and heterozygous littermates that were injected
with dual-AAV8(Y733F)-MYO7A vectors made 6.5 ± 0.69 rota-
tions/120 s (n = 15 mice). This is similar to untreated wild-type
and heterozygous littermates (p = 0.8, ANOVA with Tukey’s mul-
tiple-comparisons test). No reduction in circling behavior was
observed in shaker-1 mice that were treated with 50 AAV8
(Y733F)-MYO7A vector alone (26 ± 4.3 rotations/120 s, n = 3
mice, p = 0.7 compared with untreated shaker-1 mice and p %

0.05 compared with dual-AAV8(Y733F)-MYO7A-treated shaker-1
mice, ANOVA with Tukey’s multiple-comparisons test). These
data show that dual-AAV8(Y733F)-MYO7A vectors are capable
Molecular Therapy: Methods & Clinic
of reducing circling behavior in shaker-1
mice, which is an indication of improvement
of vestibular function.

Dual-AAV8(Y733F)-MYO7A vectors improve

vestibular sensory-evoked potential (VsEP)

in shaker-1 mice

While circling behavior is often used as a mea-
sure for vestibular dysfunction, it is not specific
to the vestibular system. To directly assess the
impact of dual-AAV8(Y733F)-MYO7A gene
therapy on the vestibular system in shaker-1
mice, we tested the VsEPs in these animals (Fig-
ure 5). VsEPs measure the neural activities of
the vestibular system in response to a linear
head motion that stimulates the gravity receptor organs (utricle and
saccule).25 In wild-type mice, the average VsEP threshold was
�10 ± 1.0 dB (n = 7 mice), whereas in untreated shaker-1 mice,
VsEP waveforms were not detected even at themaximal stimulus level
of +6 dB, and therefore were designated to have a threshold of +7.5 dB
(n = 9 mice, p < 0.0001 compared with untreated wild-type/heterozy-
gous littermates, ANOVA with Tukey’s multiple-comparisons test).
When shaker-1 mice were treated with dual-AAV8(Y733F)-
MYO7A, VsEP waveforms were detected in many animals (Fig-
ure 5A). In shaker-1 mice that were treated with dual-AAV8
(Y733F)-MYO7A vectors (n = 13 mice), eight animals had measur-
able VsEP thresholds, and the average VsEP threshold of all 13
mice was +2.0 ± 1.8 dB (p = 0.04 compared with untreated
shaker-1 mice, ANOVAwith Tukey’s multiple-comparisons test, Fig-
ure 5B). The wild-type and heterozygous littermates that were in-
jected with dual-AAV8(Y733F)-MYO7A vectors showed similar
al Development Vol. 30 September 2023 539
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Figure 5. Dual-AAV8(Y733F)-MYO7A vectors improved VsEP thresholds in shaker-1 mice

(A) Representative vestibular sensory-evoked potential (VsEP) recordings from a wild-type mouse, an untreated shaker-1 mouse, and a shaker-1 mouse treated with dual-

AAV8(Y733F)-MYO7A vectors. The untreated shaker-1 mouse had nomeasurable VsEP responses, whereas the treated shaker-1 mouse had measurable VsEP responses.

(B) VsEP threshold measurements. Shaker-1 mice that were treated with dual-AAV8(Y733F)-MYO7A vectors showed improvement in VsEP thresholds compared with

untreated shaker-1 mice. Error bars represent standard errors. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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VsEP thresholds as untreated wild-type and heterozygous littermates,
with the average VsEP threshold being �8.3 ± 0.75 dB (n = 4 mice,
p > 0.9 compared with untreated wild-type/heterozygous littermates,
ANOVA with Tukey’s multiple-comparisons test). This suggests that
dual-AAV8(Y733F)-MYO7A vectors did not cause any toxicity to the
vestibular system in shaker-1 mice. The shaker-1 mice that received
the 50 vector alone did not show any measurable VsEP thresholds
(+7.5 dB, n = 3 mice), similar to untreated shaker-1 mice. These
data indicate that dual-AAV8(Y733F)-MYO7A vectors can improve
vestibular function in shaker-1 mice.

DISCUSSION
USH is a genetic disease that has a profound impact on a patient’s qual-
ity of life, particularly those who have type 1 USH, such as USH1B.
While patients with USH1B often have profound hearing loss and vi-
sual loss, they also experience vestibular dysfunction, which can signif-
icantly increase their risk for fall-related injuries. Therefore, our study
investigated the effect of gene replacement therapy as a treatment for
auditory and vestibular dysfunction in a mouse model of USH1B,
the shaker-1 mouse. The shaker-1 mouse (Myo7a4626SB/4626SB) was
generated using N-ethyl-N-nitrosourea (ENU) mutagenesis, which re-
sulted in a premature stop codon (NM_001256081).17 In mice, the
4626SB mutation in Myo7a has been shown to cause abnormal hair
cell stereocilium bundle morphology.26,27 Consequently, shaker-1
mice have profound deafness and vestibular dysfunction. Therefore,
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the inner ear of the shaker-1 mouse is a good model for USH1B
because patients with USH1B also demonstrate profound hearing
loss and vestibular dysfunction.

The dual-AAV vector-based approach has been successfully applied
in the mouse inner ear. Previously, two studies have shown that the
dual-AAV vectors are capable of delivering the otoferlin protein in
a DFNB9mousemodel.12,28 Otoferlin is involved in calcium ion bind-
ing activity and synaptic vesicle trafficking.29,30 Dual-AAV vectors
can produce a recombinant full-length otoferlin protein in cells co-in-
fected with 50 and 30 vectors, thus restoring otoferlin expression in the
inner ear.12 Similarly, it has been found that injection of dual-AAV-
otoferlin vectors partially restores synaptic function inmutant mice.28

These studies also demonstrated that the dual-AAV vector-based
approach improves hearing in a DFNB9 mouse model and corrects
profound deafness.12,28 Furthermore, it has been shown that dual-
AAV vectors can prolong hearing recovery over a sustained time
period. There was improved auditory function for at least 20 weeks
post injection.12 More recently, the dual-AAV vector-based approach
has been shown to successfully improve auditory function in a mouse
model of DFNB16.31 In this case, the dual-AAV vectors employ in-
tein-mediated protein recombination rather than recombination at
the DNA level.31 Taken together, these studies suggest that dual-
AAV gene delivery can be successfully applied to mouse models of
human hereditary hearing loss to improve their auditory function.
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In this study, we applied the dual-AAV vector-based approach to
deliver human MYO7A cDNA into the shaker-1 mouse inner ear.
The dual-AAV vectors we used in this study have been shown to
restore MYO7A expression in the mouse retina following sub-retinal
injection.19We injected the dual-AAV8(Y733F)-MYO7A vectors into
the inner ear of neonatal shaker-1 mice using the PSC approach. This
resulted in successful transduction of IHCs and OHCs in the cochlea.
We observed that shaker-1 mice treated with these dual-AAV vectors
had improved cochlear hair cell survival, and many of the surviving
hair cells expressed MYO7A. This contrasts with the untreated
shaker-1 mice that have severe cochlear hair cell degeneration. We
also quantified the transduction rates of IHCs and OHCs in the
treated animals and found that the transduction rate was higher at
the apex than at the base of the cochlea. The lower transduction
rate at the cochlear base may in part be due to the fact that cochlear
hair cell degeneration is most profound at the cochlear base. Taken
together, these results show that dual-AAV8(Y733F)-MYO7A vectors
have a protective effect on cochlear hair cells and can prolong their
survival.

Stereocilium bundles of inner ear hair cells play an important role
in hair cell mechanotransduction. Shaker-1 mice have highly disor-
ganized stereocilium bundles, likely because of the absence of
MYO7A. While there was significant improvement in cochlear
hair cell survival in shaker-1 mice treated with dual-AAV8
(Y733F)-MYO7A vectors, we did not see improvements in stereo-
cilium organization in the treated shaker-1 cochlea. The shaker-1
mice treated with dual-AAV8(Y733F)-MYO7A vectors had disor-
ganized stereocilium bundles comparable with the stereocilia bun-
dles seen in the untreated shaker-1 mice. These persistent struc-
tural deficits in stereocilium bundles correlate with the lack of
hearing rescue seen in the treated shaker-1 mice. However, it is
important to note that the cochlear hair cells in this mouse model
undergo degeneration as early as embryonic day 17.5 (E17.5), and
it may be necessary to deliver gene therapy in utero to rescue audi-
tory function in these animals.27 We also observed a 10- to 30-dB
ABR threshold elevation in wild-type and heterozygous littermates
that were treated with dual-AAV8(Y733F)-MYO7A vectors, while
wild-type and heterozygous littermates that were treated with virus
vehicle did not show significant ABR threshold elevation compared
with untreated wild-type and heterozygous animals. In addition,
similar ABR threshold elevation was observed in wild-type and
heterozygous littermates that were treated with 50 vector alone or
with AAV8(Y733F)-GFP. This suggests that there may be some
toxicity associated with the dual-AAV8(Y733F)-MYO7A vectors
in the cochlea. Interestingly, these were the same hybrid dual-AAV
(Y733F) vectors used by Dyka et al.13 These vectors, used at similar
doses as those employed in the current study, led to partial retinal
degeneration following subretinal injection. Both results may be
attributed to the deleterious effects of truncated protein arising
from the 50 vector or to the AAV8(Y733F) vector itself. Notably,
these vectors have since been optimized to prevent production of
this truncated protein. Future studies will evaluate their perfor-
mance in the inner ear.
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The vestibular system is integral for maintaining balance and
positioning. In contrast to the cochlea, the vestibular hair cells in
shaker-1 mice do not undergo degeneration. Their structural mainte-
nance relative to cochlear hair cells likely explains why the vestibular
system was more amenable to the beneficial effects of inner ear gene
therapy in this mouse model. Shaker-1 mice treated with the dual-
AAV8(Y733F)-MYO7A vectors show high virus transduction
(70%–80%) of vestibular hair cells throughout the utricle. In addition,
we observed significant improvement in the organization and cohe-
sion of the vestibular stereocilium bundles in the shaker-1 mice
treated with the dual-AAV8(Y733F)-MYO7A vectors compared
with that seen in the untreated shaker-1 mice.

We examined circling behavior as a measure of vestibular function in
shaker-1 mice treated with the dual-AAV8(Y733F)-MYO7A vectors.
We observed that treated shaker-1 mice had a significant reduction in
circling behavior compared with untreated shaker-1 mice. Several
shaker-1 mice treated with dual-AAV8(Y733F)-MYO7A vectors
had a significantly reduced amount of circling behavior comparable
with that seen in the wild-type and heterozygous animals. The abnor-
mally high level of circling behavior in shaker-1 mice was not
improved with injection of the 50 vector alone, indicating that the 50

and 30 AAV8(Y733F) vectors are necessary for a reduction of circling
behavior in shaker-1 mice.

Because circling behavior is an indirect measurement of vestibular
function, we assessed VsEPs as a direct test of vestibular function.
We found that dual-AAV8(Y733F)-MYO7A vectors improved
VsEP thresholds in shaker-1 mice. In contrast, the untreated
shaker-1 mice did not have measurable VsEP waveforms, even at
the highest stimulus level. However, many of the treated shaker-1
mice had measurable VsEP waveforms. In fact, in one treated
shaker-1 mouse, the VsEP thresholds were similar to those in the
wild type. No VsEP responses were observed in the shaker-1 mice
that received 50 vector alone. In addition, the wild-type and heterozy-
gous littermates that were treated with dual-AAV8(Y733F)-MYO7A
vectors did not show any increase in circling or elevation of VsEP
thresholds, in contrast to the 10- to 30-dB ABR threshold elevation
observed in these animals. This suggests that the vestibular system
in the shaker-1 mice may be more resistant to the potential toxicity
of these dual vectors.

Our study showed that delivery ofMYO7A cDNA via the dual-AAV8
(Y733F) vectors improved cochlear hair cell survival and vestibular
function in shaker-1 mice. In a study by Wafa et al.,32 a cohort of
90 USH patients who had a molecular genetic diagnosis underwent
a battery of vestibular tests to characterize their vestibular dysfunc-
tion. They found that all patients with type 1 USH had measurable
vestibular abnormality in at least one of the vestibular tests that
were performed. In addition, results from sensory organization test
showed that many of the type 1 USH patients were at risk for falling,32

which is the leading cause of injury-related death in US adults older
than 65 years of age.33,34 Furthermore, it has been shown that vestib-
ular hair cells are still present in a human temporal bone specimen
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from an elderly patient with USH1B.35 This demonstrates that the
mature vestibular system in USH1B patients may still be viable and
amenable to the therapeutic effects of inner ear gene therapy. Our re-
sults show that gene replacement therapy with dual-AAV8(Y733F)-
MYO7A vectors has great translational potential for improving
vestibular function in USH1B patients, reducing their risk of falling.
It is our hope that the results from this study will serve as a foundation
for future clinical translation of gene replacement therapy to help pa-
tients with USH1B.

MATERIALS AND METHODS
AAV vector construction

The production of dual-AAV vectors has been described previously.13

The dual-AAVvectorswere produced by theBoye Lab at theUniversity
of Florida. Theywere designed to ultimately deliver the full-length cod-
ing sequence of MYO7A (human isoform 2; NM_001127180, with an
alternatively splicedGTGAAGsequence at the end of exon 46 encoding
two additional residues) under control of the ubiquitous smCBA pro-
moter. The 50 vector contained the smCBA promoter, the 50 segment
of MYO7A cDNA (2,904 bp), a highly recombinogenic sequence
derived from the AP coding sequence, and a splice donor. The 30 vector
contained a splice acceptor, a complementary AP coding sequence, the
30 segment (3,627 bp) ofMYO7A cDNA (with an HA tag), and a poly-
adenylation signal. Vectors were packaged, purified, and titered as
described previously.36 The viral titer was 6.5 � 1012 GC/mL for
the 50 vector and 1.1 � 1013 GC/mL for the 30 vector. The
AAV8(Y733F)-smCBA-GFP virus was produced in the same facility
using a similar protocol. Its viral titer was 7.7� 1012 GC/mL.

Animals

Mice were housed at the National Institute on Deafness and Other
Communication Disorders (NIDCD) animal facility and cared for
by NIDCD animal facility staff. The shaker-1 mice used in this study
were acquired from Jackson Laboratory and backcrossed with C57BL/
6J mice.

AAV infection of COS-7 cells

COS-7 cells were plated on 24 � 24 mm glass coverslips and main-
tained at 37�C and 5% CO2 in DMEM supplemented with 5% fetal
bovine serum (FBS) until 40%–50% confluence. Cultures were trans-
duced with 2 mL of either 50 AAV (1.3 � 1010 GC) or 30 AAV
(2.2 � 1010 GC) or a combination of 2 mL of each of 50 AAV and 30

AAV diluted in 0.5 mL of culture medium and pre-incubated for
12 h. 1.5 mL of culture medium was added, and cells were incubated
for up to 4 days. Cells were then fixed for 20 min in 4% paraformal-
dehyde in PBS, permeabilized for 10 min in 0.5% Triton X-100 in
PBS, and blocked with 5% BSA in PBS for 2 h. Then primary anti-
bodies were applied for 3 h, coverslips were washed 3 times with
PBS, secondary antibodies (Thermo Fisher Scientific) were applied
for 1 h, and coverslips were washed 3 times with PBS and then
mounted on a microscope slide with ProLong Diamond Antifade
Mountant (Thermo Fisher Scientific).37 The primary mouse mono-
clonal anti-MYO7A antibody directed against amino acids 11–70
was purchased from Santa Cruz Biotechnology (Dallas, TX, USA;
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catalog number sc-74516, dilution 1/200 in PBS). The immunopuri-
fied rabbit anti-MYO7A antibody directed against amino acids 880–
1,077 was purchased from Proteus Biosciences (Ramona, CA, USA;
catalog number 25-6790, dilution 1/400 in PBS). The immunopuri-
fied rabbit anti-HA tag antibody was purchased from Cell Signaling
Technology (Danvers, MA, USA; catalog number 3724S, dilution
1/400 in PBS). Cells were counterstained with phalloidin and DAPI.
Preparations were scanned in either super-resolution mode or
confocal mode using an LSM 880 Airyscan confocal microscope
(Carl Zeiss, White Plains, NY, USA).

Animal surgery

All animals used in this study were approved by the animal care and
use committee at the NIDCD (protocol number ASP1378). The sur-
gical procedures were performed in accordance with the ethical
guidelines of the animal care and use committee at the NIDCD. Hy-
pothermia was used to induce and maintain anesthesia in neonatal
mice (P0–P5). Surgery was performed only on the left ear of each an-
imal. To deliver AAV vectors, the PSC approach was used.23 Briefly, a
post-auricular incision was made, and the tissue was dissected to
expose the PSC. Care was taken to avoid facial nerve injury during
dissection. A Nanoliter Microinjection System (Nanoliter2000;
World Precision Instruments, Sarasota, FL, USA) was used to load
the dual-AAV vectors into a glass micropipette. The dual-AAV virus
was injected over approximately 40 s (3.3 � 109 GC for the 50 vector
and 5.5 � 109 GC for the 30 vector; total volume, 1 mL). The incision
was closed with 5-0 Vicryl sutures and tissue glue (Ethicon, Somer-
ville, NJ, USA).

Auditory and VsEP testing

All mice were tested in theMouse Auditory Testing Core Facility at the
NIDCD. Animals were anesthetized with ketamine (50–75 mg/kg;
MWI Animal Health, Boise, ID, USA) and dexdomitor (0.5 mg/kg,
MWI Animal Health) via intraperitoneal injections. Puralube oint-
ment was applied to the eyes of mice to prevent corneal damage while
the animals remained anesthetized. Stimulus generation and physio-
logical recordings were completed using Tucker-Davis Technologies
(Gainesville, FL, USA) hardware (RZ6 Multi I/O Processor) and soft-
ware (BioSigRx, v.5.1). The electrophysiological activity was amplified
200,000�, filtered (300–3,000 Hz), and digitized (125 kHz).

ABR testing was performed to evaluate hearing sensitivity at �P30.
Following anesthesia, the animals were placed on a warming pad in
a sound booth (ETS-Lindgren Acoustic Systems, Cedar Park, TX,
USA). Sub-dermal needle electrodes were inserted at the vertex (+)
and test ear mastoid (�) with a ground electrode inserted under
the contralateral ear. ABR thresholds were measured at 4, 8, 16,
and 32 kHz using 3-ms, Blackman-gated tone pips presented at
29.9/s with alternating stimulus polarity. At each stimulus level,
512–1,024 responses were averaged. Thresholds were determined
by visual inspection of the waveforms and defined as the lowest stim-
ulus level at which any wave could be reliably detected. Aminimum of
two waveforms were obtained at the threshold level to ensure repeat-
ability of the responses. Physiological results were analyzed for
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individual frequencies and then averaged for each of these frequencies
from 4–32 kHz.

VsEPs were obtained as described previously.38 Subcutaneous elec-
trodes were placed at the nuchal crest, at the left ear, and at the right
hip. Mice were placed in the supine position on the heating pad
with the head placed in a custom, non-invasive head clip attached to
an electromechanical shaker (ET 132-2; Labworks, Costa Mesa, CA,
USA). The shaker delivered linear pulses (2-ms duration, 17 pulses
per second) to the head in the naso-occipital axis. An accelerometer
attached to the shaker was used to calibrate the stimulus in jerk (i.e.,
first derivative of acceleration) at the start of each test session. Stimuli
were delivered in 3-dB steps from +6 dB to�18 dB re:1.0 g/ms (1.0 g =
9.8 m/s2). Four waveforms were measured at each stimulus level: two
in the positive (occipital toward nasal) and two in the negative (nasal
toward occipital) direction (256 responses per waveform). Pairs of the
positive and negative waveforms were averaged together to produce
two averaged waveforms for analyses. The two averaged waveforms
were superimposed and compared to ensure reproducibility. To
ensure no contribution of an auditory response to the waveform,
testing began with presentation of the highest stimulus level (+6 dB)
under quiet conditions and in the presence of a masking noise (50–
50,000 Hz, 96-dB SPL). If the unmasked response peak amplitude
changed by more than 50% in the presence of the masker, then the
test was performed with the masker on. We defined the threshold
measured as the stimulus level (dB) halfway between the lowest stim-
ulus level producing a response and the next stimulus level at which no
response was measured.
Circling behavior

Circling behavior was characterized and quantified using optical
tracking and the ANY-Maze tracking software (Stoelting). The mice
were placed in a 38 � 58 cm box with a video camera (Fujinon
YV5X2.7R4B-2 1/3-inch 2.7–13.5 mm F1.3 Day/Night Aspherical
Vari-Focal Lens, Fujifilm) directly above. The ANY-Maze software
was set to track the movements of the mice placed in the box. We
placed each mouse into the box and allowed 2 min for the mouse
to become acclimatized to the new environment. The number of ro-
tations, speed, and distance traveled were recorded over a 2-min
period for each trial with a 1-min “cool-down” period between trials
where no data was recorded. Three trials were performed for each
mouse, and the average was calculated. Testing was performed at
approximately P30.
Immunohistochemistry

After auditory testing, the mice were euthanized by CO2 asphyxiation
followed by decapitation. Temporal bones were harvested and fixed
overnight with formaldehyde (4% paraformaldehyde solution in 1�
PBS) followed by decalcification in 120 mM disodium EDTA for
4 days. The vestibular organs and cochlear sensory epithelia were mi-
cro-dissected, blocked with normal goat serum in PBS, and labeled
with the mouse anti-MYO7A antibody to label hair cells (1:200, prod-
uct 25-6790, Proteus Biosciences), and with chicken anti-GFP anti-
Molecular The
body (1:1,000, product ab13970; Abcam, Cambridge, MA, USA). Pri-
mary and secondary antibodies were diluted in PBS.

Quantification and transduction efficiency measurements

Z stacks of images were obtained using a Carl Zeiss LSM880 confocal
microscope using 10� and 63� objectives. Images were taken for
quantification of hair cells and calculation of the viral transduction ef-
ficiency. Two images were taken with a 63�, 1.4 N.A. objective at the
three turns of the cochlea: apex, middle, and base. To ensure consis-
tency between quantification of images, the pictures were taken at
opposite ends of each cochlear turn. The total IHCs and OHCs
were counted in a 136-mm segment of each turn and reported on
an Excel sheet. Because shaker-1 mice do not express MYO7A, the to-
tal number of surviving hair cells was calculated by counting the hair
cells with stereocilium bundles, labeled by phalloidin. The transduc-
tion efficiency was calculated by dividing the number of hair cells ex-
pressing MYO7A, indicating virus transduction, by the total number
of hair cells in a 136-mm segment. The total number of hair cells and
infection rates were calculated separately for IHCs and OHCs.

For each animal, two images were taken from the utricle in the extra-
striolar region using a 63�, 1.4 N.A. objective. The imaging location
was consistent across all specimens. To quantify the number of vestib-
ular hair cells, a 50� 50 mm box was placed within each z-stacked im-
age. The location of these boxes was consistent across all specimens.
All hair cells in the box were counted and quantified. The total num-
ber of surviving hair cells was calculated by counting the hair cells
with stereocilium bundles, labeled by phalloidin. To measure the
transduction efficiency of vestibular hair cells, we divided the number
of infected cells that expressed MYO7A by the total number of hair
cells in a 50� 50 mm area of interest. After calculating the total num-
ber of utricular hair cells and infection rate for the two images, the
quantification and transduction rates were averaged.

Statistics

ANOVA and Tukey’s multiple-comparisons test were used to deter-
mine the statistical significance when comparing measurements for
hair cell quantification and transduction rates. ANOVA and Tukey’s
multiple-comparisons test were also used to analyze the statistical sig-
nificance in ABR thresholds, circling behavior, and VsEP thresholds.
A p value of less than 0.05 indicates statistical significance.
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