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Usher syndrome is a syndromic form of hereditary hearing
impairment that includes sensorineural hearing loss and de-
layed-onset retinitis pigmentosa (RP). Type 1 Usher syndrome
(USH1) is characterized by congenital profound sensorineural
hearing impairment and vestibular areflexia, with adolescent-
onset RP. Systemic treatment with antisense oligonucleotides
(ASOs) targeting the human USHIC c.216G>A splicing muta-
tion in a knockin mouse model of USH1 restores hearing and
balance. Herein, we explore the effect of delivering ASOs locally
to the ear to treat hearing and vestibular dysfunction associated
with Usher syndrome. Three localized delivery strategies were
investigated in USHIC mice: inner ear injection, trans-tym-
panic membrane injection, and topical tympanic membrane
application. We demonstrate, for the first time, that ASOs
delivered directly to the ear correct Ushlc expression in inner
ear tissue, improve cochlear hair cell transduction currents,
restore vestibular afferent irregularity, spontaneous firing
rate, and sensitivity to head rotation, and successfully recover
hearing thresholds and balance behaviors in USHIC mice.
We conclude that local delivery of ASOs to the middle and in-
ner ear reach hair cells and can rescue both hearing and bal-
ance. These results also demonstrate the therapeutic potential
of ASOs to treat hearing and balance deficits associated with
Usher syndrome and other ear diseases.

INTRODUCTION

Usher syndrome is a rare genetic disease that affects 1 in 20,000 indi-
viduals worldwide' and is associated with concurrent hearing loss and
retinitis pigmentosa (RP), leading to progressive loss of vision. Eleven
genes and three clinical subtypes (USHI1, USH2, and USH3) are asso-
ciated with the disease. Patients with USH]1, the most severe form, suf-
fer from severe to profound hearing impairment at birth, balance def-
icits, and early adolescent-onset of RP. Six genes (MYO7A [USHIB],
USHIC [USHIC], CDH23 [USHID], PCDHI5 [USHI1F], SANS
[USH1G], and CIB2 [USH1]J]) are associated with USH1’ that encode
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for proteins expressed in inner ear hair cells and retinal photoreceptor
cells. These proteins are involved in the development, maturation, and
function of the sensory cells."®

The USHIC gene, encoding the scaffolding protein harmonin, was iden-
tified by linkage analysis of Acadian families in southwestern Louisi-
ana.” " A splicing mutation (c.216G>A) in exon 3 of the USHIC gene
was later identified to cause a 35-bp deletion in the mRNA transcript
that leads to expression of a truncated harmonin at the expense of the
wild-type (WT) protein.'” Mice engineered to contain the human
¢.216G>A mutation (Ush1c****4) also have profound hearing loss, bal-
ance deficits, and visual impairments similar to patients.”’]4 Recently,
two different genetic strategies were tested to restore hearing and balance
in Ush1c*'*** mice. The first demonstrates successful recovery of audi-
tory and balance function following systemic treatment via intraperito-
neal (i.p.) injections with a splice-switching antisense oligonucleotide
(ASO) targeting the 216A mutation (ASO-29).">"'” ASOs of this type
are short oligonucleotides that base-pair to precursor (pre-)mRNA
and create a steric block that modifies downstream RNA processing,
such as splicing.'® In the case of mutations such as c.216G>A that create
de novo splice sites, ASOs can be designed to block the aberrant de novo
splice site and redirect splicing to the correct site, thereby restoring RNA
processing and expression of functional protein.'”*’ A significant
improvement of auditory sensitivity down to ~50 dB (16-kHz stimuli),
with the best performers down to ~30 dB, was achieved after i.p. injec-
tions of ASO-29 in Ush1c*'®* mice at postnatal day 5 (P5)."> More
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Figure 1. ASO-29 Localizes to Hair Cells after Delivery through the Round Window and Tympanic Membranes in Ush1c?'%AA Mice

(A-F) Immunohistochemistry analysis of auditory hair cells in the middle turn of the cochlea (1.8-2.2 mm from the apex tip) from 1-month-old Ush1c mice treated with
ASO-29 via (A and B) RWM injection, (D and E) topical-TM application with gel foam, and C57BL6 non injected (C) or topical-TM saline treated Ush1¢?'®* mice (F). (A and B)
ASO-29 (30 ng, ASO-29-fluorescein, green) is detected in inner hair cells (IHCs) and outer hair cells (OHCs) (Myo7a, red) from the treated (A) and contralateral (B) ears of
Ush1c?'%" mice treated with ASO-29 by RWM injection at P1. (D and E) ASO-29 (100 pg, red) is detected (anti-ASO-29 antibodies) in IHCs and OHCs (parvalbumin, green)
from the treated (D) and contralateral (E) ears of Ush1c?'®" mice treated by topical-TM application of ASO-29 with gel foam at P5. No signal is detected in C57BL6 non-
injected mice (C) and Ush1¢?'®* mice treated by topical-TM application of saline with gel foam at P5. Scale bars indicate 10 um. RWM, round-window membrane; TM,
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tympanic membrane; P, postnatal day.

recently, it was shown that earlier ASO-29 treatment at P1 in these mice
improved the rescue of auditory sensitivity down to ~32 dB (16-kHz
stimuli), demonstrating a window of therapeutic efficacy.'® In another
approach, Pan et al.*' treated the same mouse model with adeno-asso-
ciated virus (AAV) vectors driving expression of functional harmonin.
They showed that round window membrane (RWM) injections of
AAV?2/Anc80.CMV harmonin at P1 also successfully improved audi-
tory function down to ~50 dB and near WT levels for the best performers
(25 dB) (16-kHz stimuli). For both the antisense and gene therapy treat-
ments, auditory recovery in Ushlc?'®A4
increased expression of full-length Ushlc mRNA, restoration of func-
tional harmonin protein expression, improvements in stereocilia organi-
zation, and survival of cochlear hair cells. Low- to mid-frequency hearing
recovery was maintained up to 6 months of age (latest time reported)
with both therapies, albeit loss of sensitivity was observed over time.

mice was associated with

Clinically, ASOs are desirable in that they target pre-mRNA to correct
RNA processing while preserving endogenous regulation of gene
expression. Furthermore, commercially approved ASO therapies
have been demonstrated to be well tolerated in patients for cytomeg-
alovirus (CMV) retinitis, spinal muscular atrophy (SMA), and
Duchenne muscular dystrophy (DMD).”*** These treatments use a
variety of delivery strategies, including intravitreal injection, intrave-
nous injection, and intrathecal injection to directly target cells in the
ocular, nervous, and muscular systems, respectively. In this study,
we sought to test the feasibility of delivering ASO-29 directly to the
ear for the treatment of hearing and balance dysfunction in Usher
mice. Three localized delivery strategies were investigated: RWM in-

jection, topical tympanic membrane (topical-TM) application, and
trans-TM injection of ASO-29 in neonatal Usher mice (Figure S1), fol-
lowed by an analysis of hearing and balance function. While the TM is
partially formed in newborn mice covering 20% of its final size, it con-
tinues to grow and mature during the first 3 postnatal weeks.”> Addi-
tionally, we found insufficient middle ear space for the injection of
0.5 pL of drug solution before P9. To overcome these developmental
structural constraints in the mouse ear, we chose to deliver ASO-29
via topical-TM application at P5 and trans-TM injection at P10 and
P20. Using these approaches, we show the presence of ASO-29 in
cochlear hair cells after RWM and TM treatments and demonstrate
significant improvement of auditory and balance function in treated
Ush1c*'** mice. The recovery is associated with correction of RNA
splicing, as well as improved harmonin expression in cochlear hair
cell bundles, bundle morphology, and hair cell survival. We conclude
that hearing and balance deficits associated with Usher syndrome can
be treated with direct middle and inner ear delivery of ASOs targeting
cochlear hair cells. These results also demonstrate the potential of us-
ing ASOs for the treatment of ear diseases in general.

RESULTS

Local Delivery of ASO-29 to the Middle and Inner Ear Targets
Hair Cells of the Cochlea

To determine whether localized delivery of ASOs reaches the sen-
sory cells of the inner ear, we assessed the presence of ASO-29 in
cochlear hair cells after injection through the RWM at P1 (30 ug
of ASO-29-fluorescein) or applied topically with gel foam onto the
TM at P5 (ASO-29, 100 pg or saline) in Ush1c'*** mice (Figure 1).
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Figure 2. Round Window Membrane Injection of ASO-29 Improves Hair Cell
Mechanosensitivity in Ush1¢?'%*A Mice

MET currents were elicited by square step displacements of the hair bundle in apical
IHCs from cultured organs of Corti harvested from Ush1c2'®* mice treated with
ASO-29 at P1 via RWM injection, as well as untreated Ush1c?'®* mutant and
heterozygous (Ush1c?'%%4) control littermates. (A) Representative MET currents
recorded from Ush1c?'%* control (216AA) and ASO-29-treated Ush1c?'®* mice
(216AA+ASO-29, 30 pg). Small MET currents were evoked in IHCs from 216AA
control mice, whereas large currents were elicited in IHCs from ASO-29-treated
216AA mice. (B) Corresponding current-displacement curves for MET currents from
(A) and (B) show an increase in current after displacement of an IHC bundle from an
ASO-29-treated 216AA mouse (blue line) compared with an untreated control
mutant (red line). (C) Average maximal MET currents were significantly larger in IHCs
of ASO-29-treated 216AA mice (p < 0.001) but also significantly smaller than those
from 216GA heterozygous mice (p < 0.001). Data are represented as mean + SEM.
***p < 0.001 (one-way ANOVA, Prism). P, postnatal day; RWM, round-window
membrane.

Tissues from the treated and contralateral untreated ears were har-
vested for immunohistochemistry at 4 weeks of age. ASO-29 fused
to fluorescein was detected in hair cells of the RWM injected ear
and to a lesser extent in the contralateral ear (Figures 1A and 1B).
ASO-29 was also observed around hair cell bodies, which may be
associated with supporting cells. ASO-29 was detected along the
entire organ with no significant differences between base, middle
turn, and apex. Interestingly, ASO-29-fluorescein could also be de-
tected in utricles of injected Ush1c'%4 mice (Figure S2). Remark-
ably, ASO-29 was detected using an anti-ASO antibody in and
around hair cells of ASO-treated and contralateral ears after
topical-TM application (Figures 1D and 1E). ASO-29 was more
prominent in inner hair cells (IHCs) than outer hair cells (OHCs)
with both RMW and topical-TM deliveries. The dimer, more diffuse
pattern observed in OHCs may indicate different amounts of drug in
each cell type, suggesting more internalization of ASO-29 via endo-
somes in IHCs.
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Local Delivery of ASO-29 to the Inner Ear Rescues Mechano-
Electrical Transduction (MET) in Usher Mice

To assess functional hair cell recovery after local ASO-29 treatment,
transduction currents were recorded after stiff probe deflections of
cultured cochlear IHCs harvested from untreated and ASO-29-treated
Ush1c'*** mutant and normal hearing littermates. Ush1c*'*** mice
were treated with 30 pg of ASO-29 by RWM injection at P1. The
auditory organ was then acutely excised at P6 and maintained in cul-
ture for 10 days to allow recovery of WT harmonin expression after
ASO-29 treatment. Organs of Corti from untreated Ushlc®'**
mutant and heterozygous Ush1c*'°“* control mice were also harvested
at P6 and maintained in culture for the same duration. MET currents
induced by square step displacement of the apical hair bundles were
recorded from IHCs of the cultured cochlea. Significantly larger
MET currents were recorded in IHCs from Ush1c*'®** mice treated
with ASO-29 by RWM injection (p > 0.001; Maximum MET current
(Timax)> Imax = 257 = 90 pA, n = 8), compared with IHCs from untreated
Ush1c?'*** mice (Inax = 80 + 43 pA, n = 8) (Figures 2A and 2B).
Although MET currents were significantly improved in ASO-29-
treated Ush1c?'®** [HCs, they remained smaller than IHC currents re-
corded from control heterozygous mice (I. = 440 + 82 pA, n = 16)
(Figure 2C). These results demonstrate that ASO-29 treatment deliv-
ered by RWM injection in P1 Ush1c*'*** mice significantly improved
THC mechanosensitivity.

Local Delivery of ASO-29 to the Middle and Inner Ear Improves
Auditory Sensitivity in Usher Mice

Ush1c*'*** mice have severe to profound hearing impairment at
1 month of age as evidenced by little/no auditory-evoked brainstem
responses (ABRs) or distortion product otoacoustic emissions
(DPOAESs) across all frequencies.'*'®*' ABRs measure the function
of auditory IHCs and OHCs, while DPOAEs measure OHC function
only, in response to acoustic stimuli. To assess whether a single
treatment of ASO-29 delivered locally to the ear improves hearing
function, ABRs and DPOAEs were measured in Ush1c2!°** mice
treated with ASO-29, a control ASO (ASO-C), or saline at various
developmental ages (Figures 3 and 4). We delivered ASO-29 to
the inner ear by RWM injection at P1, applied externally to the
TM with gel foam (topical-TM) at P5, or to the middle ear by
trans-TM injection at P10 or P20 (Figure S1). Detectable ABRs
were elicited in Ush1c*'*** mice that received local treatments of
ASO-29, compared with little/no ABRs in untreated control mutant
mice (Figures 3 and 4). Figure 3A illustrates representative record-
ings in response to 11.3-kHz pure tone exposure at 4 weeks of age
from an untreated and treated Ush1c*'®** mutant mouse injected
with 30 pg of ASO-29 via the RWM at P1. A significant and robust
decrease of 40-55 dB in ABR thresholds at low to middle frequencies
(5.6-22.6 kHz) was observed in Ush1c?'*** mice treated with ASO-
29 by RWM injection at P1, compared with control mutant litter-
mates (p < 0.001) (Figure 3B). Most Ush1c?'*** mice treated by
RWM injection with ASO-29 (22/35; ~60%) recovered auditory
sensitivity with thresholds below 60 dB with 8- to 16-kHz pure
tone stimulation, 9 (~26%) of which had thresholds below 40 dB
(Figures 3A and 3B). Although responses with RWM treatment
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A 216AA 216AA + ASO-29 (RWM, p1) Figure 3. RWM Injection of ASO-29 Improves
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were variable, the ASO-treated Ush1c?!** mouse with the best re-
covery had ABR responses close to those of normal hearing litter-
mates (216GA) (Figure 3B). For all ASO-29-treated Ush1c?!oA8
mice, recovery of ABRs was significant over the entire frequency
range (p < 0.001), although it was less robust for higher frequencies,
with best thresholds near 80 dB for exposure to 32-kHz pure tones.
DPOAEs were also recovered demonstrating that ASO-29 injected
through the RWM at P1 was able to rescue OHC function in Ush1-
c*'%*4 mice. The best performer recovered nearly normal DPOAE
thresholds in the mid-frequency range (11.3-22.6 kHz, Figure 3C).
Rescued auditory thresholds at low frequencies (5.6-11.3 kHz)
were maintained for up to 24 weeks (Figure 3D). At 12 weeks of
age, a 10-20 dB loss of sensitivity was observed in the mid- to

11.3
Frequency (kHz)

Ush1c*'*** mutant mice did not improve
when mice were treated with 30 pg of ASO-
29 by RWM injection at P10 (Figure 3E). In
addition, no ABR improvement was observed
in Ush1c®'®** mutant mice treated with
30 pg of ASO-29 fused to fluorescein by RWM injection at P1, sug-
gesting that the fluorescein label interferes with ASO-29’s ability to
target the 216A mutation (Figure S3), or with 30 pg of ASO-C via
RWM injection at P1 (Figure S3). Treatment of heterozygous
Ush1c?'*“* normal-hearing control mice with RWM injections of

16 226 32

ASO-29 at P1, however, led to a small but significant increase in
ABR thresholds up to 16 kHz (< 15-dB shift, p < 0.05), most likely
due to the surgical procedure (Figure S3). These results demonstrate
that RWM injection of ASO-29 in Ush1c*'*** mice significantly im-
proves hearing thresholds.

Next, we assessed hearing function in Ush1c*'*** mice following
local ASO treatment via the TM. ASO-29 was either applied
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A 216AA + ASO-29 (topical-TM, P5) 216AA control Figure 4. TM Treatment with ASO-29 Improves

Hearing in Ush1c2'%A* Mice
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with untreated Ush1c?'®** mice (p < 0.05)

(Figure 4B). Although the decrease in thresh-
olds was significant, the shift was moderate
(~12 dB). There was no improvement in ABR
thresholds, however, to frequencies above 8
kHz with topical-TM treatment. Later treat-
ment of Ush1c¢*'*** mice at P10 or P20 with
100-200 pg of ASO-29 via trans-TM injection
did not improve ABR thresholds at all fre-
quencies tested (Figure 4B). ABR thresholds
were unchanged in homozygous Ush1c*'¢9¢
mice, heterozygous Ush1c®'°“* mice treated
with saline or ASO-29 via topical-TM at P5
or trans-TM injection at P20, or untreated
and therefore grouped (Figure S4). Heterozy-
gous Ush1c'°* control mice treated with
ASO-29 by trans-TM injection at P10, howev-

16 32
Frequency (kHz)

topically to the TM (topical-TM) with gel foam at P5, or via trans-
TM injection at P10 or P20. ABRs were detected in Ush1c*'*** mice
treated via TM application (topical-TM) of ASO-29; however, the
signal-to-noise ratio of peaks 1-4 was low (Figure 4A). Remarkably,
1-month-old Ush1c*'*** mice treated with 100 pg of ASO-29 by
topical-TM placement at P5 had significantly reduced ABR thresh-
olds in response to low-frequency (8-kHz) stimulation compared
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er, had a slight elevation of threshold with

high-frequency stimulation (10 dB, n = 13,

p < 0.05). These results show that topical-TM

application of ASO-29 in Ush1c*'*** mice
moderately improves hearing thresholds in response to low-fre-
quency stimulation.

Local Delivery of ASO-29 to the Middle and Inner Ear Improves
Balance in Usher Mice

Systemic treatment of Ushlc mice with ASO-29 within the first
2 weeks of life has been associated with recovery of balance function

216AA
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A 216AA 216AA + ASO-29 (RWM, P1) Figure 5. Local Delivery of ASO-29 to the Ear Corrects
Balance Behavior in Ush1¢?'®** Mice

Open-field analysis of balance behavior in 1-month-old

Ush1c?'®" mice treated with various doses of ASO-29 at

P1 or P10 via RWM injection, at P5 via topical-TM appli-

cation with gel foam, or at P10 or P20 via trans-TM injec-

tion, as well as Ush1c mutant (216AA) and heterozygous

(216GA) control (saline, ASO-C/ASO-29, or untreated) lit-
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ASO-29 (ug) 30 3 30 100 100-200 200 0.01, **p < 0.001 (one-way ANOVA with Tukey-Kramer

Treatment (Age) P1 P1 P10 P5 P10 P20

and behavior."” 7 To assess the effect of local ear ASO treatment on
balance behavior, 1-month-old Ush1c?**A* mice treated with ASO-
29 via RWM at P1 (3 or 30 pg), P10 (30 pg), topical-TM at P5 (100
ng), or trans-TM injection at P10-P20 (100-200 png) were observed
in an open-field chamber and motion was analyzed to quantify the
number of rotations per minute. Ush1c*'** mice exhibit circling
behavior indicative of a vestibular deficit'* (Figure 5A). Impressively,
treatment of Ush1c*'*** mice with ASO-29 via the RWM or TM at
all ages and doses tested significantly reduced circling behavior (p <
0.05, Figures 5B and 5C). Moreover, we did not observe a return of
circling behavior in Ush1c*'*** mice treated with ASO-29 via RWM
or TM at all ages after 2 years, suggesting a long duration of treatment
effect. These results demonstrate that ASO-29 delivered to the inner or
middle ear prior to P20 significantly improves balance behavior.

To further assess vestibular functional recovery after inner ear injec-
tion, mice injected at P1 were assessed for rotational vestibulo-ocular
reflex (RVOR) tests. For this latest experiment, ASOs were injected
directly into the endolymph using a method similar to the semi-cir-
cular canal injection with the injection pipette placed closer to the
utricle. While similar transfection rates were obtained in a previous
study using RWM and endolymph injection of AAV, the later method
was more reliable and thereby adopted for the tail end of this study°.
Quantitative analysis revealed variable but significant recovery of the
rotational VORs in ASQ-29-treated Ush1c*'*** mice (p < 0.001; Fig-
ures 6A and 6B). While untreated Ush1c2*** mice had no VORs, all
Ush1c?'®** mice treated with ASO-29 had detectable responses with
average gains between 0.44 and 0.6, with best performers similar to
WT levels (Figure 6A). In the absence of VORs, no phase could be
determined in Ush1c®'®** untreated control mice, while ASO-29-
treated Ush1c*'*** mice exhibited comparable VOR phases to those
of WT mice (Figure 6B).

post-test) indicate significant difference from control mu-
tants (216AA). Number of mice assayed is indicated above
boxes. RWM, round-window membrane; TM, tympanic
membrane; P, postnatal.

To better gauge the extent of vestibular peripheral recovery, single-
unit recordings of vestibular afferents were performed in vivo. A total
of 281 afferents were recorded from the vestibular nerve bundles of
three WT mice (n = 113), three ASO-29-treated mice, and three un-
treated Ush1c*'*** mice (n = 120 and n = 48 afferents, respectively).
Figures 7A-7C show examples of vestibular afferent responses to
head rotation recorded from a WT, untreated, and ASO-29-treated
Ush1c?'044 Afferents recorded from the untreated
Ush1c*'*** mouse exhibited significantly lower spontaneous firing
rates than those from the WT mice. ASO-29 treatment significantly
restored the spontaneous firing rate of both regular and irregular
afferents (Figure 7D, one-way ANOVA and post hoc Holm-Sidak
tests, p < 0.01). The percentage of afferents responsive to head rota-
tion was 49.6%, 27.5%, and 16.7% for WT, ASO-29-treated, and un-
treated Ush1c?'*** mice, respectively. ASO-29 treatment partially
restored the irregular, but not regular, afferent sensitivity to head
rotation (Figure 7E, t test, one-tailed, p = 0.0145). Afferents recorded
from the untreated Ush1c*'*** mouse were less irregular than those
from the WT mice (Figure 7F). ASO-29 treatment in Ush1c®'***
mice significantly increased irregularity of vestibular afferents, to
levels similar to the WT mice (one-way ANOVA and post hoc
Holm-Sidak tests, p = 0.003). These results demonstrate that inner
ear treatment of Ush1c”'*** mice with ASO-29 restores the afferent
baseline firing rate, sensitivity to head rotation, and irregularity of
vestibular afferents.

mouse.

Local Delivery of ASO-29 to the Middle and Inner Ear Corrects
Ush1c Pre-mRNA Splicing and Restores Harmonin Expression in
the Cochlea of Ush1c?'®* Mice

Systemic injections of ASO-29 in neonatal Ushlc
been shown to improve correct splicing of the UshIc gene, restore
harmonin expression and hair bundle morphology, and promote

216A% mice have
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First, we assessed whether
local injections of ASO-29 improved Ushlc splicing and harmonin
expression in the inner ear. Full-length Ushlc mRNA produced
by correct splicing was detected in Ush1c*'*** mice treated
with ASO-29 via RWM at P1, via topical-TM application at P5, and
via trans-TM injection at P20 (Figure 8A). The highest levels of cor-
rect Ushlc splicing were observed after RWM injections at P1, with
the next most efficient strategy from topical-TM application at P5
(Figure 8B). Treatments at P10 by trans-TM injection showed little
improvement in Ushlc splicing (Figures 8A and 8B).

hair cell survival in the ear.

To assess whether splicing correction with local ear ASO-29 treat-
ment was associated with recovery of harmonin expression and local-
ization in hair cell bundles, we performed harmonin-b immunostain-
ing of cochleae prepared from Ush1c*'®** mice treated with ASO-29
via RWM at P1 or by topical-TM application at P5, and control litter-
mates. Increased harmonin-b fluorescent labeling was observed at the
tips of the stereocilia bundle after both RWM and topical-TM delivery
of ASO-29, demonstrating the recovery of harmonin expression at the
tip of the stereocilia (Figure 8C). These data show that ASO-29 deliv-
ered directly to the inner and middle ear improves Ush1c splicing and
harmonin expression in the ear.

Local Delivery of ASO-29 to the Inner Ear Improves Hair Cell
Bundle Morphology and Survival in the Cochlea of Ush1c2'6A*
Mice

Ush1c®®** mice have severely abnormal hair cell bundle
morphology and significantly fewer auditory hair cells by 1 month
of age."* Systemic injections of ASO-29 in neonatal Ushlc*'®A*
mice are associated with improved hair cell bundle morphology
and survival.'” To assess whether local delivery of ASO-29 could
improve hair cell structures, we performed scanning electron micro-
scopy (EM) on the cochleae from Ush1c?'*** mice at 4 weeks of age
that were treated with ASO-29 via RWM injection at P1, and control
littermates (Figure 8D). OHC bundles, while not the typical V- or W-
shape of normal hearing WT littermates, had significantly improved
morphology in all regions of the cochlea (apex, middle-turn, and
base) compared with untreated control mutants. Additionally, Ush1-
1% mice treated with ASO-29 by RWM injection at P1 had
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increased numbers of OHCs in all regions of the cochlea. These re-
sults demonstrate that RWM injection at P1 of ASO-29 in Ush1c*!644
mice improved OHC bundle morphology and cell survival.

DISCUSSION

In this study, we identified three new delivery routes using ASOs for
the efficacious treatment of hearing and balance deficits in a mouse
model of human Usher syndrome. Previous work has demonstrated
that systemic treatment of Ushlc ¢.216G>A (Ush1c?'*44) mice with
ASOs designed to target the 216A mutation (ASO-29) restores gene
and protein expression in the ear, and leads to partial recovery of
auditory and balance function.'”™'” Herein, we demonstrate that
localized delivery of ASO-29 directly to either the inner or the middle
ear of Ush1c¢*'*** mice improves hearing thresholds and balance
behavior. Our results show that RWM injection of ASO-29 at P1 in
Ush1c*'*** mice robustly restores low- to mid-frequency hearing
thresholds, similar to systemic treatment. Remarkably, a less invasive
treatment in young mice using ASO-29 with gel foam applied topi-
cally to the developing TM through the external auditory canal
(EAC), while less robust than surgical RWM or systemic injections
(~12-dB shift compared with a 50- to 60-dB shift, respectively), led
to significant recovery of the hearing threshold at a low frequency.
All three local delivery routes tested, i.e., RWM injection, topical-
TM application, and trans-TM injection, of ASO-29 treatment in
Ush1c?'*** mice showed significant improvements in balance
behavior as assessed by observations in the open field. Additionally,
ASOs injected directly into the inner ear led to significant recovery
of VORs and vestibular afferent firing. Importantly, we demonstrate,
for the first time, that ASOs delivered locally to the inner ear can suc-
cessfully reach sensory hair cells and correct Ushlc 216A splicing.
More significantly, this treatment led to an increase in harmonin
expression at the tips of the stereocilia hair cell bundle, improvements
in hair cell bundle morphology and survival, and recovery of mecha-
notransduction. Our results support the delivery of ASOs directly to
the inner and middle ear for the treatment of hearing and balance dis-
orders associated with Usher syndrome.

The success rate of treatment in Ush1c2°A* mice, defined as rescued
ABR thresholds at 60 dB or lower in response to stimulation at 8 kHz,
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Figure 7. Local ASO-29 Treatment Restores Vestibular Afferent Spontaneous Activities, Sensitivities to Head Rotation, and Regularity of Neuronal Firing
(A-C) Representative responses of vestibular afferents recorded from WT (A), untreated- (B) and ASO-29-treated-Ush1c?'®* mice during 1-Hz earth-horizontal rotation. Top
traces indicate head velocity; bottom traces indicate discharge activity of the afferent. (D) Average baseline firing rates of WT (n = 113 afferents total from three mice), ASO-29-

treated- (n = 120 afferents total from three mice) and untreated-Ush1c?'®

treated- and untreated-Ush1c2'6*

mice (n = 48 afferents total from three mice). (E) Average gains to head rotation of WT, ASO-29-
mice. (F) Regularity of WT, ASO-29-treated- and untreated-Ush1c?'® mice. deg, degrees; CV*, coefficient of variation of interspike

intervals. Data are represented as mean + SEM. *p < 0.05, **p < 0.01, (one-way ANOVA).

was surprisingly very similar for RWM treatment at P1 with either
ASO treatment or gene replacement with AAV?*' (at about 77%),
both of which were slightly lower than systemic delivery at the
same age (88%)'® (J.J.L., unpublished data). The failed rescues are
likely the results of unsuccessful injections. All data were included
in our analysis, regardless of the outcome. For those with successful
recovery, the average improvement in hearing thresholds was compa-
rable in 1-month-old Ush1c?**** mice after RWM or systemic injec-
tion at P1 of ASO-29 or AAV-expressing harmonin b.1>2! Moreover,
ABR thresholds in ASO-29- or AAV-treated Ush1c*'*** mice re-
mained stable for 3 months after a single treatment at P1. Indeed,
while long-term maintenance of the recovery was observed, a decline
in mid- to high-frequency thresholds is evident by 6 months of age for
local RWM delivery and also i.p. injections of ASO-29 (the present

study and Lentz et al.'®). While multiple dosing may be required to

achieve sustained hearing rescue, our results suggest that delivery to
the middle ear, for example via trans-tympanic injection, may be an
efficacious re-dosing strategy.

Interestingly, while RWM treatment with a low dose of ASO-29 at P1
or treating later, at P10, failed to recover auditory sensitivity (Fig-
ure 3E; Figure S3), a similar and significant reduction of the circling
behavior was observed in the two cohorts (p < 0.001; Figure 5B).
Furthermore, P10 and P20 trans-TM treatments also led to significant
reduction of circling behavior, demonstrating that ASO-29 was able
to reach inner ear vestibular tissues after delivery to the middle ear.
Why the vestibular system is more amenable to treatment over a
longer time window is unclear. Vestibular hair cells are perhaps not
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as susceptible to the disruption in harmonin expression. Indeed, no
vestibular hair cell loss was observed by 1 month of age in utricles
(Figure S2), in contrast with significant loss of auditory hair cells at
the same agel‘;’21 (Figures 8C and 8D). With about 50% of vestibular
hair cells added after birth, mostly during the first postnatal week,””*
the vestibular system is still largely immature at birth. Additionally,
postnatal expression of Ushlc peaks at P16 in vestibular hair cells
of the utricle, while the peak in cochlear hair cells is P7 (SHIELD Har-
vard Inner-Ear Laboratory Database, https://shield.hms.harvard.edu/
index.html). The delayed development and maturation and Ushlc
expression in the vestibular system may extend the window of oppor-
tunity for therapeutic intervention. Finally, while limited, regenera-
tion of vestibular hair cells does occur in younger animals and can
be promoted after damage, which may facilitate therapeutic recovery
at later time points.”” >' Taken together, these results suggest that
vestibular hair cells are amenable to treatments at later stages.

ASO-29 treatment in utero has been shown to be well tolerated and
lead to recovery of auditory and vestibular function that correlates
with the correction of gene and protein expression in postnatal
Ush1c®'** mice.”””” Delivery of ASO-29 via intra-otic injection
on embryonic day 12.5 in Ush1c*'®** mice, equivalent to gestational
week 12 in human development, demonstrates the feasibility of pre-
venting the disease phenotype. The advantage of an early intervention
is that it may allow access to developing embryonic tissue at a time
critical for the generation of the sensory hair cells of the inner ear.
Early treatment becomes important when considering therapies
that target genes involved in hair cell formation and maturation,
particularly those that develop first in the basal region of the auditory
organ. Indeed, both our study and those by Lentz et al.'” and Ponnath
et al.'® show that recovery in the high-frequency region is not com-
plete. Similar observations were made when using AAV vectors ex-
pressing correct harmonin.”'

Variability in efficacy and side effects in treating humans with hearing
and balance disorders has led to advances in inner ear drug delivery.**
Following local delivery in humans and animals, the distribution of
drugs, including corticosteroids, antibiotics, antioxidants, and gene-
based therapies, occurs by passive diffusion in the cochlea®* with
a base-to-apex concentration gradient. In this study, we observed
that ASO-29 reached hair cells throughout the cochlea, but most
robustly only rescued hearing at low and mid frequencies, which
are important for human speech.’® The pharmacokinetics of ASO-

29 distribution and clearance in the cochlea are needed to better un-
derstand its mechanism of action in the inner ear.

Our results further support the use of ASOs therapeutically for
mRNA splicing correction and demonstrate that local applications
lead to improved outcomes. While similar ABR thresholds have
been observed after treatments with AAV driving expression of WT
harmonin,?! ASO treatments offer two advantages. First, ASOs do
not alter endogenous expression levels but rather correct gene expres-
sion at the mRNA level. This mechanism of action may be important
for genes that express multiple isoforms that are temporally- and tis-
sue-specific, such as those associated with Usher syndrome. Second,
while 2'-O-methoxyethyl (2-MOE) ASOs have been shown in
limited studies to activate the innate immune response when deliv-
ered systemically long-term on a weekly basis,">*" they do not elicit
an adaptive immune response and thus can be repeatedly dosed,
unlike AAV therapeutics.'iz’"13 In this study, we observed that mice,
including both heterozygous Ush1c®'*“* and homozygous
Ush1c?'%** mutants, treated with ASO-29 via the middle ear showed
a wavy ABR pattern (Figures S4C and S4D). In contrast, mice treated
with saline, or via systemic or inner ear injections, did not show this
pattern (Figures S4A, S4B, and S4E). The cause of this abnormal ABR
pattern following middle ear delivery of ASO-29 is not known;
however, in WT mice treated with ASO-29, there was no change in
ABR threshold for low- to mid-frequency kHz stimuli for all middle
ear deliveries or wave I latency (Figure S5) that is typically associated

. . . . . 44-47
with middle ear fluid or inflammation.” ™

Currently, there are numerous oligonucleotide drugs carrying the 2’
MOE modification that are commercially available for use in humans
or in clinical trials. An ASO therapy is now being considered for the
treatment of vision loss associated with Usher syndrome type 2A
(ClinicalTrials.gov: NCT03780257; PQ-421a-001, phase 1/2 clinical
trial, ProQR, targets USH2A). Our work and the work of others
demonstrate that ASO treatment can successfully restore hair cell
function. Development of larger animal models for inherited deaf-
ness, including Usher syndrome, will be important to determine the
safety and feasibility of such therapies to restore hearing.

We demonstrate that local delivery of ASO-29 rescues hearing and
balance in Ushlc ¢.216G>A knockin mice and provide proof in prin-
ciple of successful implementation of local delivery of small molecule
therapy for hearing and balance disorders.

Figure 8. Local Delivery of ASO-29 to the Ear Corrects Ush1c Splicing, Harmonin Protein Expression, and Hair Bundle Morphology in Ush1c?'%*A Mice

Ush1c mRNA and harmonin protein expression analysis in 1-month-old Ush1¢?'®** mice treated with ASO-29 via RWM injection at P1 (30 ng), topical-TM application at P5
(100-200 pg), or trans-TM injection at P10 or P20 (100-200 pg). (A) Full-length (FL) Ush1c and GAPDH RT-PCR products amplified from cDNA isolated from the cochleae of
Ush1c?'%" mice treated with ASO-29 through the RWM or TM. Data are represented as mean + SEM. (B) Quantitation of RT-PCR products in (A). (C) Immunohistochemistry
analysis of the cochlear middle-turn (1.8-2.2 mm from the apex tip) shows increased expression and localization of harmonin-b (red) at the tips of OHC stereocilia bundles

(actin, green) in the treated ear of Ush1c?'6M

mice that received ASO-29 via RWM injection or topical-TM application, compared with the contralateral ear from a treated

mouse. (D) Representative scanning electron micrographs show improved OHC bundle morphology and an increased number of OHC at the apex (left panel), middle-turn
(Mid, center panel), and base (right panel) of the cochlea in Ush1 ¢?'%* mice (216AA) treated with 30 ng of ASO-29 via RWM injection at P1 (bottom row), compared with the

abnormal bundle morphology and missing bundles in untreated Ush1c?'%

tympanic membrane; P, postnatal; FL, full length.

control (middle row) mice. Scale bars indicate 10 pm. RWM, round-window membrane; TM,
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MATERIALS AND METHODS

Mice

Ushlc ¢.216G >A knockin mice on a C57BL6;129S6 background,
negative for age-related hearing loss loci 1 (ahll [Cdh237°369)),
were used for this study. All procedures used for this work met the
NIH Guidelines for the Care and Use of Laboratory Animals and
were approved by the Institutional Animal Care and Use Committees
at Boston Children’s Hospital (BCH; protocols 18-01-3610R, 17-03-
3396R, and 15-01-2878R), Louisiana State University Health Sciences
Center (LSUHSC; protocol 3541), and the University of Mississippi
Medical Center (UMMCG; protocol 1565). Mice were genotyped for
Ushlc ¢.216G>A alleles from DNA isolated from a toe clip (before
P8) and ear punch or tail snip (after P8) as described previously.'?
For all studies, both male and female mice were used in approximately
equal proportions.

Oligonucleotides

ASOs were synthetized as previously described." ASO-C (5'-
TTAGTTTAATCACGCTCG-3') and ASO-29 (5'- AGCTGATCA
TATTCTACC-3'), previously validated, have a fully modified phos-
phorothioate backbone with 2’-MOE modifications. The dosing solu-
tion was prepared in sterile hood from a stock solution diluted with
sterile saline. For RWM and utricle injections, ASOs were prepared
at 3 and 30 pg/pL. For TM treatments, ASOs were prepared at
100-200 pg/pL.

Tissue Preparation for Single-Cell Electrophysiological
Recordings

Cochlear organs of Corti were harvested on P6 from ASO-treated
(RWM injection on P1) or untreated Ushlc c.216G>A heterozygous
(Ush1c?*%9%) or homozygous (Ush1c?****) mutant mice and main-
tained in culture for electrophysiological studies. Cultures were main-
tained for 9-10 days with 1% fetal bovine serum. Electrophysiological
recordings were performed in standard artificial perilymph solution
containing 144 mM NaCl, 0.7 mM NaH,PO, 58 mM KCl,
1.3 mM CaCl,, 0.9 mM MgCl,, 5.6 mM p-glucose, and 10 mM
HEPES-NaOH, adjusted to pH 7.4 and 320 mOsmol/kg. Vitamins
(1:50) and amino acids (1:100) were added from concentrates (Invi-
trogen, Carlsbad, CA, USA). Hair cells were viewed from the apical
surface using an upright Axioskop FS microscope (Zeiss, Oberko-
chen, Germany) equipped with a x63 water immersion objective
with differential interference contrast optics. Recording pipettes (3—
5 macrophages) were pulled from borosilicate capillary glass (Garner
Glass, Claremont, CA, USA) and filled with intracellular solution
containing 135 mM KCl, 5 mM EGTA-KOH, 10 mM HEPES,
2.5 mM K,ATP, 3.5 mM MgCl,, and 0.1 mM CaCl, (pH 7.4). Cur-
rents were recorded under whole-cell voltage clamp at a holding po-
tential of —64 mV at room temperature. Data were acquired using an
Axopatch multiclamp 700A or Axopatch 200A (Molecular Devices,
Palo Alto, CA, USA) filtered at 10 kHz with a low-pass Bessel filter,
digitized at >20 kHz with a 12-bit acquisition board (Digidata
1322) and pClamp 8.2 and 10.5 (Molecular Devices, Palo Alto, CA,
USA). Data were analyzed offline with Origin 6.1 software (Origin-
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Lab) and are presented as means + standard deviations (SDs) unless
otherwise noted.

Mechanical Stimulation of Hair Cell Bundles

Mechanical stimuli were transmitted via a stiff glass probe mounted
on a one-dimensional PICMA chip piezo actuator (Physik Instru-
ments, Waldbronn, Germany) driven by a 400-mA ENV400 amplifier
(Piezosystem, Jena, Germany). The tip of the probe was fire polished
(fire polisher, H602, World Precision Instruments, Sarasota, FL,
USA) to fit the stereociliary bundle. Deflections were evoked by
applying voltage steps filtered with an 8-pole Bessel filter (Khron-
Hite, Brockton, MA, USA) at 50 kHz to eliminate residual pipette
resonance. Hair bundle deflections were monitored using a C2400
charge-coupled device (CCD) camera (Hamamatsu, Japan). Voltage
steps were used to calibrate the motion of the stimulus probe
around +2 um of its rest position. Video images of the probe were re-
corded to confirm absence of off-axis motion and calibrate the probe
motion (spatial resolution of ~4 nm). The 10%-90% rise-time of the
probe was ~20 ps.

RWM and Utricle Injections of ASO-29

RWM and utricle injections were performed at BCH. 1-uL ASO-29
preparations (3-30 pg/ul) were injected into one ear in neonatal
mice at PO-P1 (P1) or P10-P12 (P10). P1 mice were anesthetized us-
ing hypothermia exposure. P10 mice were anesthetized with isoflur-
ane. Upon anesthesia, a post-auricular incision was made to expose
the otic bulla and visualize the cochlea. The utricle and RWM were
identified visually with the aid of a steromicroscope (Zeiss Stemi
2000). Injections were done through the RWM or the utricle with a
glass micropipette controlled by a micromanipulator.*® The rate of in-
jection was controlled at approximately 0.02 pL/min for 10 min. Stan-
dard post-operative care was applied.

Topical-TM application of ASO-29

Topical-TM treatments were conducted at LSUHSC. 0.5 pL of ASO-
29 (100-200 pg) was delivered to one ear via topical-TM application
at P5. Mice were anesthetized using hypothermia exposure. Following
anesthesia, the EAC skin was separated with a microforceps, and a 1-
mm round punch of gel foam was placed into the blind pouch of the
medial EAC. For this procedure, a Hamilton syringe with a 33G nee-
dle was used to facilitate its insertion medially into the EAC and inject
ASO-29 into the gel foam followed by re-approximation of the
external meatus to its original adherent position.

Trans-TM Injection of ASO

Trans-TM injections were conducted at LSUHSC. 0.5 pL of ASO-29
(100-200 pg) or vehicle (saline) was injected into one ear through the
TM in mice at P10-P11 (P10) or P20. Mice were anesthetized (keta-
mine/xylazine, 100/10 mg/kg, respectively, i.p.) and body tempera-
ture was maintained near 38°C with a heating pad. At P10, adherent
fragile ear canal skin was carefully teased apart to expose the eardrum
for injection with a 33G Hamilton syringe. Microforceps were used to
retract the skin and visualize the medial superior fold adjacent to the
tympanic membrane. A Hamilton syringe with 33G needle was used
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to inject ASO-29 trans-tympanically. Postoperatively, pups were
placed on a warmer in right lateral decubitus position until anesthesia
wore off.

Scanning EM

Scanning EM was performed at 4 weeks of age along the organ of
Corti of Ush1c*'*“#, Ush1c*'**, and Ush1c®'** ASO-29-treated
mice. Organ of Corti explants were fixed in 2.5% glutaraldehyde in
0.1 M cacodylate buffer (Electron Microscopy Sciences) supple-
mented with 2 mM CaCl, for 1 h at room temperature. Specimens
were dehydrated in a graded series of acetone, critical-point dried
from liquid CO,, sputter-coated with 4-5 nm of platinum (Q150T,
Quorum Technologies, UK), and observed with a field emission scan-
ning electron microscope (S-4800, Hitachi, Japan).

RNA Isolation and RT-PCR

Cochlear tissue for RNA isolation was rapidly dissected following
euthanasia and snap-frozen in liquid nitrogen. Tissue was stored at
—80°C until shipment on dry ice. Frozen tissues were homogenized
in TRIzol solution (Thermo Fisher Scientific) using a PowerGen
1000 homogenizer (Thermo Fisher Scientific). Total RNA was puri-
fied from TRIzol reagent following the manufacturer’s recommenda-
tions. RNA was quantitated and purity assessed (A260/A280) using a
BioPhotometer (Eppendorf). RNA (1 ng) was reverse transcribed us-
ing oligo(dT) primer and GoScript reverse transcriptase (Promega)
following the manufacturer’s recommendations. Semiquantitative
PCR was performed using 1 pL of cDNA and GoTaq Green (Prom-
ega) supplemented with primers and a->*P- deoxycytidine triphos-
phate (dCTP). Primers specific for human USHIC exon 3 (5'-GAA
TATGATCAGCTGACC-3') and mouse exon 5 (5-TCTCACTTT
GATGGACACGGTCTTC-3’) were used to specifically amplify
only mRNA generated from the knocked-in allele of the human
USHIC c.216A gene, which is only present in correctly spliced
mRNA. Mouse Gapdh primers (5-GTGAGGCCGGTGCTGAG
TATG-3' and 5-GCCAAAGTTGTCATGGATGAC-3') were used
to detect and measure endogenous murine Gapdh mRNA.
Products were separated on a 6% non-denaturing polyacrylamide
gel and quantitated using a Typhoon 9400 phosphorimager (GE
Healthcare).

ABRs and DPOAEs: BCH Location

Hearing function was assessed at BCH as described by Pan et al.”’
Briefly, ABRs and DPOAEs were recorded from mice anesthetized
with xylazine (5-10 mg/kg, i.p.) and ketamine (60-100 mg/kg, i.p.).
Subcutaneous needle electrodes were inserted into the skin (1)
dorsally between the two ears (reference electrode), (2) behind the
left pinna (recording electrode), and (3) dorsally at the rump of the
animal (ground electrode). The meatus at the base of the pinna was
trimmed away to expose the ear canal. For ABR recordings the ear ca-
nal and hearing apparatus (EPL acoustic system, MEEIL, Boston, MA,
USA) were presented with 5-ms tone pips. The responses were ampli-
fied (10,000 times), filtered (0.1-3 kHz), and averaged with an analog-
to-digital board in a PC based data-acquisition system (EPL cochlear
function test suite, MEEI, Boston, MA, USA). Sound level was raised

in 5- to 10-dB steps from 0- to 110-dB sound pressure level (SPL) and
frequencies between 5.2 and 32 kHz. At each level, 512-1,024 re-
sponses were averaged (with stimulus polarity alternated) after “arti-
fact rejection.” Thresholds were determined using a peak discrimi-
nator algorithm (ABR Peak Analysis software, v1.5.7.60, EPL)
and by visual inspection. Data were analyzed and plotted using Origin
2015 (OriginLab, MA, USA). Thresholds averages + SDs are pre-
sented unless otherwise stated. For DPOAEs, f1 and 2 primary tones
(f2/f1 = 1.2) were presented with f2 varied between 5.6 and 45.2 kHz
in half-octave steps and L1-L2 = 10-dB SPL. At each {2, L2 was varied
between 10- and 80-dB SPL in 10-dB SPL increments. DPOAE
threshold was defined from the average spectra as the L2 level eliciting
a DPOAE of magnitude 5-dB SPL above the noise floor. The mean
noise floor level was under 0-dB SPL across all frequencies. Stimuli
were generated with 24-bit digital I-O cards (National Instruments
PXI-4461) in a PXI-1042Q chassis, amplified by an SA-1 speaker
driver (Tucker-Davis Technologies) and delivered from two electro-
static drivers (CUI CDMG15008-03A) in our custom acoustic system.
An electret microphone (Knowles FG-23329-P07) at the end of a
small probe tube was used to monitor ear-canal sound pressure.
Most of these experiments were not performed under blinded
conditions.

ABRs: LSUHSC Location

Hearing threshold was assessed by ABR analysis as described by Pon-
nath et al.'® Briefly, ABRs were recorded in Ush1¢®'*** mutant mice
treated with ASO-29 via TM and control mice at 1 month of age. Mice
were anesthetized (ketamine/xylazine, 100/10 mg/kg, respectively,
i.p.) and body temperature was maintained near 38°C with a heating
pad. All acoustic stimuli were 5-ms pulses with 0.5-ms linear ramps.
Tonal stimuli consisted of 8, 16, and 32 kHz to stimulate the low-,
mid-, and high-frequency regions of the basilar membrane. After
amplification (Cambridge Audio Azur 540a integrated amplifier),
the stimuli were broadcast through a Motorola piezoelectric speaker
(model no. 15D87141E02) fitted with a plastic funnel and 2-mm-
diameter tubing over the speaker front, producing an acoustic wave
guide positioned in the external meatus approximately 0.5 cm from
the tympanum. Using continuous tones, stimulus amplitude was cali-
brated at the end of the tubing with a Bruel and Kjaer 2610 measuring
amplifier (fast, linear weighting), 4135 microphone (grid on), and
4230 pistonphone calibrator. All stimulus amplitudes were dB SPL
(in reference to 20 pPa). Stimuli were generated (195 kHz sampling
rate) and responses digitized (10 kHz sampling rate) using TDT Sys-
tem III hardware and software (BioSig). ABRs were recorded with a
27G subdermal steel electrode (Ambu neuroline subdermal) placed
behind the left ear, with indifferent and ground electrodes (steel
wire, 30G) placed subcutaneously at the vertex and hindlimbs, respec-
tively. After amplification (60 dB, Grass P511 AC), filtering (0.3 Hz-1
kHz, TDT PF1), and averaging (n = 600-1,024), thresholds (+6 dB)
were determined using a peak discriminator algorithm (ABR Peak
Analysis software, v1.5.7.60, EPL) and by visual inspection as the
minimum stimulus amplitude that produced an ABR wave pattern
similar to that produced for the highest intensity stimulus (90 dB).
Data are reported as standard error of the mean (SEM).
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Balance Behavior: BCH Location

Balance function was assessed using open field observation as
described before.” The open field test was conducted using a circular
frame measuring 42 cm in diameter, placed inside a sound chamber
with overhead LED lighting, and set to 30 lux at the center, inside a
dimmed room. Mice were placed one at a time inside the circular
open field and allowed to explore for 5 min. Behavior was recorded
and tracked using EthoVision XT, enabling measures of distance trav-
eled and velocity. Open field assessments were all conducted in a
blinded manner.

Balance Behavior: LSUSHC Location

Balance behavior was assessed in a 55 (length) x 35 (width) x 38-
cm (height) ventilated box and filmed using a video camera con-
nected to an HP computer (Dell, Round Rock, TX, USA). The
open field test was performed over 2 min at P21-P25. The number
of rotations, defined as the number of times the mouse body
completed a 360° angle continuous turn during the 2-min
recording, was analyzed using Any-Maze software (Stoelting,
Wood Dale, IL, USA).

RVOR: UMMC Location

VORs were performed on WT, ASO-29-treated- and untreated-
Ush1c?*** mice. ASO-29-injected mice were shipped, along
with WT and control mice, from the Géléoc laboratory. The exper-
iments were done blinded, with the experimenter unaware of the
genotype and treatment of the mice being assessed. Rotational
VORs were recorded as described previously.”’' Briefly, each
mouse was implanted with a small head holder on the skull and
was allowed 7 days to recover before eye movement tests. Horizon-
tal and vertical eye position signals were recorded using a video-
based eye tracking system (ISCAN ETS-200, ISCAN, Burlington,
MA, USA). An infrared camera equipped with a zoom lens (Com-
putar TV zoom lens, Computar Optics Group, Japan) was attached
to the platform mounted on a servo-controlled rotator/sled (Neu-
rokinetic, Pittsburgh, PA, USA) and was focused on the left eye of
each mouse, which was fixed to the platform via the head holder.
The eye tracker tracked the pupil center and a reference corneal
reflection at a speed of 240 frames/s with a spatial resolution of
0.1 degrees. Calibration was achieved by rotating the camera to
the left 10 degrees and to the right 10 degrees around the vertical
axis of the eye. Following the calibration, horizontal head rotations
were delivered at 0.2, 0.5, 1, 2, and 4 Hz (60 degrees/s peak veloc-
ity) to measure the steady-state VOR responses. Signals related to
horizontal and vertical eye position and head position were
sampled at 1 kHz at 16 bits resolution by a CED Power 1401 sys-
tem (Cambridge Electronics Devices, Cambridge, UK). Eye move-
ment responses were analyzed using Spike2 (Cambridge Elec-
tronics Devices), MATLAB (MathWorks, Natick, MA, USA), and
SigmaPlot (Systat Software, San Jose, CA, USA). Eye position sig-
nals were filtered and differentiated with a band-pass of DC to
50 Hz to obtain eye velocity signals. Gains and phases of the rota-
tional VORs were calculated by performing a fast Fourier trans-
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form (FFT) on the de-saccaded eye velocity signal and head rota-
tion velocity signal.

Vestibular Afferent Recording: UMMC Location

Single-unit recording of vestibular afferents was performed under ke-
tamine/xylazine anesthesia as described previously.*””>>* Briefly, the
head was stabilized on a stereotaxic frame (David Kopf Instruments,
Tujunga, CA, USA) via a head holder. Core body temperature was
monitored and maintained at 36-37°C with a heating pad (Frederick
Haer & Company, Bowdoinham, ME, USA). A craniotomy was per-
formed to allow access of the vestibular nerve by a microelectrode
filled with 3 M NaCl (40-60 macrophages) (Sutter Instruments, No-
vato, CA, USA). Extracellular recording was obtained using a MNAP
system (Plexon, Dallas, TX, USA). Every spontaneously active nerve
fiber encountered was tested. Each afferent’s spontaneous activity was
first recorded for calculating the regularity and baseline firing rate.
Then, each semicircular canal was brought into the plane of earth-
horizontal rotation, and the isolated afferent’s response to head rota-
tion along with horizontal and vertical head position signals were
recorded. Extracellular voltage signals were sampled with the CED-
Micro1401 data aquisition unit (Cambridge Electronic Design Ltd.,
Cambridge, UK), at 20 kHz with 16-bit resolution and a temporal res-
olution of 0.01 ms. Head position signals were sampled at 1 kHz. Reg-
ularity of vestibular afferents was determined by calculating their
normalized coefficient of variation of interspike intervals, i.e., CV*s.
Vestibular afferents were classified as regular (CV* < 0.1) or irregular
(CV* > 0.1) units based on their CV***™°. To quantify an afferent’s
responses to head rotation, the fundamental response was extracted
from the averaged data using an FFT analysis. Gains and phases rela-
tive to head velocity were calculated at 1 Hz.

Immunohistochemistry: BCH and LSUHSC Locations

Fluorescent labeling of microdissected preparations of the organ of
Corti was used to study the localization of ASO-29 and the expression
of harmonin protein in mutant and heterozygous mice treated with
ASO-29 or vehicle (saline) as described previously.'>'® Temporal
bones of 4-week-old mice were excised after euthanasia and fixed in
2-4% paraformaldehyde (PFA) for 1 h. Small perforations were per-
formed at the round and oval windows as well as the apex of the co-
chlea to facilitate diffusion of the fixative. For tissues from mice
treated with ASO-29-fluorescein, after several PBS washes, the tem-
poral bones were decalcified for 24-36 h with 120 mM EDTA. Perme-
abilization was then performed with 0.01% Triton X-100 for 30 min.
Anti-myosin 7A antibodies (1/500, #25-6790, Proteus Bioscience,
CA, USA) were used to label hair cells for 24-48 h at room temper-
ature followed by incubation with secondary antibodies (1:200, Alexa
Fluor 633 anti-rabbit immunoglobulin G [IgG], Thermo Fisher Scien-
tific) for 2-3 h as described previously.21 For ASO-29 labeling, anti-
ASO (1:250, Ionis Pharmaceuticals) and anti-parvalbumin (1:250,
Sigma-Aldrich) antibodies were used to label hair cells overnight at
4°C. In other tissues, permeabilization was performed with 1:1 meth-
anol/acetone for 10 min at —20°C followed by incubation overnight
at 4°C first with anti-harmonin-b (1:100, gift from P. Gillespie) anti-
bodies and then with secondary antibodies (1:200, Alexa Fluor 533).
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Alexa Fluor 488 phalloidin was used to label F-actin filaments (1:150,
Invitrogen) for 1 hour at 4°C. ASO-29-fluorescein images were ob-
tained at the BCH location on a Zeiss LSM 710 laser confocal micro-
scope and processed with a Zeiss LSM image viewer 4.2. ASO-29 and
harmonin images were obtained at the LSUHSC location on a Zeiss
LSM 710 confocal microscope and processed with Image] software.

Statistical Analyses

Statistical analyses were performed with Origin 2016 (OriginLab).
Data are presented as mean + SD or SEM as noted in the text and
figure legends. One-way analysis of variance (ANOVA) followed by
Tukey and Holm-Sidak (or Bonferroni) post hoc analyses were per-
formed to compare selected pairs of means. Two-way ANOVA was
used for multiple comparison.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.
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