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ABSTRACT

Disabling hearing loss impacts ~466 million individu-
als worldwide with 34 million children affected. Gene
and pharmacotherapeutic strategies to rescue audi-
tory function in mouse models of human deafness
are most effective when administered before hear-
ing onset, after which therapeutic efficacy is sig-
nificantly diminished or lost. We hypothesize that
preemptive correction of a mutation in the fetal in-
ner ear prior to maturation of the sensory epithe-
lium will optimally restore sensory function. We pre-
viously demonstrated that transuterine microinjec-
tion of a splice-switching antisense oligonucleotide
(ASO) into the amniotic cavity immediately surround-
ing the embryo on embryonic day 13-13.5 (E13-13.5)
corrected pre-mRNA splicing in the juvenile Usher
syndrome type 1c¢ (Ush1c) mouse mutant. Here, we
show that this strategy only marginally rescues hear-
ing and partially rescues vestibular function. To im-
prove therapeutic outcomes, we microinjected ASO
directly into the E12.5 inner ear. A single intra-otic
dose of ASO corrects harmonin RNA splicing, re-
stores harmonin protein expression in sensory hair
cell bundles, prevents hair cell loss, improves hear-
ing sensitivity, and ameliorates vestibular dysfunc-
tion. Improvements in auditory and vestibular func-
tion were sustained well into adulthood. Our results
demonstrate that an ASO pharmacotherapeutic ad-
ministered to a developing organ system in utero pre-
emptively corrects pre-mRNA splicing to abrogate
the disease phenotype.

INTRODUCTION

Thirty-four million children worldwide have disabling hear-
ing loss (http://www.who.int/mediacentre/factsheets/fs300/
en/). Permanent congenital and early-onset forms together
affect 2-6 neonates per thousand live births with a genetic
basis identifiable in 80% of prelingual deafness cases (1,2).
Recent efforts to rescue hearing and vestibular function in
murine genetic models of human inner ear disease have ex-
ploited strategies based on gene replacement, RNA splicing
correction, RNA interference, genome editing, and phar-
macotherapeutics (3—17). Usher syndrome is responsible for
50% of all deaf-blindness cases with 3.2-6.2 individuals af-
fected per 100 000 (18). The severity of the hearing, vestibu-
lar and vision phenotypes predicates clinical classification.
Usher syndrome type 1 is the severest form characterized by
profound hearing loss or deafness with vestibular dysfunc-
tion at birth and the onset of retinitis pigmentosa by early
adolescence (19). There is no medical treatment to prevent
or slow progression of Usher syndrome.

Sensory hair cells in the inner ear possess mechanically
sensitive ion channels activated by vibrational energy as-
sociated with sound and movement (20). Hair cells con-
vert these stimuli into electrical signals that underlie hear-
ing and vestibular function. Harmonin is a PDZ-domain
containing protein that localizes to the upper tip link den-
sity of stereocilia and to the ribbon synapse of hair cells
(21,22). Mutations in harmonin affect mechanoelectrical
transduction and synaptic transmission (21-23). The Usher
syndrome type 1c knock-in mouse mutant (Ushlc) was pro-
duced by replacing part of the murine harmonin gene with
the Ushlc ¢.216A4 point mutation that originally arose in
type 1C patients in the Acadian community (24,25). The
mutation introduces a cryptic splice site in exon 3 that is
used with strong preference over the natural site, leading to
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a frameshift and premature stop. Mice homozygous for the
human disease allele closely model human USH1C patho-
genesis with congenital deafness, vestibular dysfunction by
postnatal day 14 (P14), and abnormal electroretinograms at
P30 (25).

Antisense oligonucleotides (ASOs) are chemically syn-
thesized polymers consisting of 12-30 nucleotides in length
that bind RNA molecules using Watson—Crick base pairing
rules (26). Targeted ASOs are designed to modulate gene ex-
pression by sterically interfering with pre-mRNA splicing
or mRNA translation, or by triggering mRNA catabolism
(27). Rescue of hearing and vestibular function in the Ushlic
mutant has been achieved by neonatal, intraperitoneal in-
jection of a targeted antisense oligonucleotide, ASO-29,
that sterically blocks splicing from the cryptic site to restore
wild type message and therapeutic levels of harmonin pro-
tein (9). Remarkably, ASO-29 must be administered by P5
to optimally rescue hearing, and by P1 to maximally restore
vestibular function (10,28). Intervention after these postna-
tal ages dramatically reduced therapeutic benefits (9,10,28).
Similarly, adeno-associated virus (AAV)-mediated gene re-
placement of harmonin isoform b in the Ushlc mutant by
inoculation of the cochlea through the round window mem-
brane at PO-P1 restored auditory thresholds and acous-
tic startle responses, but treatment at P10-12 was inef-
fective (7). The strict temporal requirements for ASO-29
pharmacotherapy and AAV-mediated harmonin b gene re-
placement is not an interventional constraint unique to
Ushlc. AAV-mediated gene replacement of vesicular gluta-
mate transporter 3 (Vglut3) in the Vglut3 knockout mouse
produced sustained hearing recovery by inoculation at P1-
P3, though inoculation at P10-12 was significantly less ef-
fective (3). We define the responsivity of the mouse inner
ear to molecular correction at PO-P5 as the early postnatal
window of therapeutic efficacy (Figure 1).

Critically, the PO-P5 mouse inner ear is functionally im-
mature and does not respond to sound. Developmentally,
the P5 mouse inner ear is equivalent to a human fetal in-
ner ear at gestational week 18 (GA18) (29,30). We hypoth-
esize that the early postnatal window of efficacy defined
in the Ushic and Vglut3 mouse mutants is consistent with
an early prenatal window of therapeutic efficacy in humans
(31) (Figure 1). These data provide strong rationale to de-
vise and validate fetal gene and pharmacotherapies to treat
congenital inner ear disease.

We have previously shown that transuterine microinjec-
tion of ASO-29 into the amniotic cavity corrects Ushlc
¢.216A pre-mRNA splicing in the juvenile inner ear (32).
Here, we assess the therapeutic benefit of amniotic cavity de-
livery of ASO and show that harmonin mRNA and protein
expression, as well as stereociliary bundle morphology, were
significantly improved. However, only marginal improve-
ment in auditory function and partial rescue of vestibu-
lar function were achieved. To bypass the anatomical chal-
lenges associated with reliably targeting the amniotic cav-
ity earlier than E13-13.5 and to negate the indirect routes
of drug entry from the amniotic cavity to the embryo, we
microinjected a single dose of ASO-29 through the uterus
directly into the fluid-filled cavity of the developing inner
ear. We show that a single dose of ASO delivered to the
E12.5 otic vesicle rescues hearing and vestibular function

in treated Ushlc mutants that is sustained well into adult-
hood. Our data suggest that fetal pharmacotherapeutics to
modulate RNA splicing is an effective strategy to treat con-
genital deafness and vestibular dysfunction.

MATERIALS AND METHODS
Oligonucleotides

ASO-29 (5-AGCTGATCATATTCTACC-3") and ASO-
control oligonucleotide (ASO-C; 5-TTAGTTTAATCA
CGCTCG-3') were synthesized with a fully-modified phos-
phorothioate backbone and 2’-O-methoxyethyl (2’-MOE)
modifications at all positions as previously described (9,32).
Lyophilized ASOs were dissolved in 0.9% saline, 0.2 pwm fil-
tered, quantified by absorbance at 260 nm, and stored at
—80°C until use.

Animal husbandry and use

Animal Care Protocol IP000935 governing use of mice was
approved by the Institutional Animal Care and Use Com-
mittee of Oregon Health & Science University. Mice bear-
ing the causal mutation for human Usher syndrome type 1C
(USHIC ¢.216G>A) on the C57BL/6.129S6 background
and wild type for the Cdh2373¢ allele, were expanded as
a single colony through more than 10 generations and ob-
tained from Louisiana State University (25). Heterozygous
Ushl ?994 females were bred with homozygous Ushlc/044
males to produce mutant and control mice. For timed preg-
nancies, noon on the day an early morning vaginal plug
was detected was designated embryonic day 0.5 of gesta-
tion (E0.5). Since fertilization may occur anytime during the
12 h dark cycle, natural variation in embryonic age was up
to six pairs of somites. This variation is evident in Supple-
mentary movies S1 and S2 where the embryos were staged
to early E12.5 and late E12.75, respectively, with an ap-
propriate difference in otic vesicle morphogenesis observed.
The prophylactic analgesia and anesthesia detailed below
were administered in strict accordance with the recommen-
dations in the Guide for the Care and Use of Laboratory An-
imals of the National Institutes of Health (33).

Mouse survival surgery and transuterine microinjection

The preoperative, operative, and postoperative proce-
dures for ventral laparotomy are detailed in our previous
manuscript (34). Video demonstration of transuterine mi-
croinjection into the E12.5 mouse otocyst is presented in
Supplementary Movie S1 and in our previous publication
(34). Video demonstration of transuterine microinjection
into the E13-13.5 mouse amniotic cavity is shown in our
previous study (32). ASO-29 and ASO-C (22.4 uM stocks)
were mixed with crystalline fast green tracer dye to tinge
the ASO solution blue without causing appreciable dilution.
A custom-fabricated glass capillary micropipette was pro-
duced with an 18-24 pm outer diameter and a 20-degree
bevel. Mice were anesthetized with sodium pentobarbital
(65-70 mg/kg, Sigma, P3761) and post-procedural pain was
managed with the nonsteroidal anti-inflammatory Meloxi-
cam (5 mg/kg, Boehringer Ingelheim). ASOs were microin-
jected through the uterus into the lumen of the otocyst
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Figure 1. The onset of hearing in the postnatal mouse and the human fetus frames a window of therapeutic efficacy. (A, B) Mammalian inner ear
morphogenesis. Lateral view of a right mouse (A) and human (B) inner ear from the otic vesicle stage to the elaboration of the membranous labyrinth.
The onset of hearing defined by positive acoustic startle responses is first present at P12 in the mouse and at 19 weeks gestational age in the human
(GA19; weeks since the first day of the last menstrual period) (29,30). Red, auditory and vestibular sensory patches; green, cochleovestibular ganglion. (C)
Developmental timelines for mouse and human hearing onset. Noted are the approximate embryonic day (E) and weeks gestational age (GA) at which
neurons and auditory sensory hair cells are born and differentiate. An early neonatal window of therapeutic efficacy in the mouse is present immediately
after birth to P5 (3,6,7,9,10), one week prior to postnatal hearing onset (90). A corollary prenatal window of efficacy in humans is predicted to close by
GA18, one week prior to fetal hearing onset (29,30). We hypothesize that fetal gene and pharmacotherapies will be required to achieve optimal restoration
of sensory function in human inner ear diseases with congenital or early neonatal onset. Abbreviations: AC: anterior crista; ASC: anterior semicircular
canal; CVG: cochleovestibular ganglion; E, embryonic day; ES, endolymphatic sac; LC, lateral crista; LSC, lateral semicircular canal; PC, posterior crista;
PSC: posterior semicircular canal, SM, saccular macula; UM, utricular macula.

with a nitrogen-driven Picospritzer 111 pressure injector on
E12.5. The entire lumen of the otocyst was filled until the
nascent endolymphatic duct and the cochlear duct were vis-
ible (Figure 2A, Supplementary Movie S1). Approximately
200-250 nl (27-34 ng) of ASO was microinjected into one
otocyst per embryo. The frequent presence of embryonic re-
sorptions in the C57BL/6.129S6 dams at E12.5 introduced
blood into the uterine lumen making intra-otic targeting
more challenging than in dams without resorptions. Ap-

proximately equal proportions of male and female mice in
experimental and control groups were evaluated.

The post-laparotomy C57BL/6.129S6 dams often dis-
played a propensity for cannibalism and a disinterest in nur-
turing apparently healthy pups. This problematic maternal
behavior interfered with accurate estimates of survival-to-
weaning rates for pups having undergone intra-otic ASO-
29 delivery at E12.5. However, in our previous study, signif-
icantly higher doses of ASO-MALATI and a control ASO



5068 Nucleic Acids Research, 2020, Vol. 48, No. 9

Pre-injection

Post-injection

B ASO-29 ASO-29 Untreated

mutant

ASO Myo7a Phalloidin

C

het mutant mutant

Correct |

- -

ASO-29 Untreated ASO-29 E SANIN
Merge

ASO0-29 ASO0-29
het mutant

Untreated
mutant

o m --

Figure 2. Transuterine microinjection of ASO-29 into the otic vesicle restores harmonin mRNA and protein expression. (A) ASO delivery by transuterine
microinjection into the lumen of the left otic vesicle is validated by observation of the endolymphatic and cochlear ducts post-injection (compare to Figure
1A, E11.5). PHV: primary head vein. Scale bar: 1 mm. (B) ASO-29 localizes to inner hair cells (IHC, short bracket), outer hair cells (OHC, long bracket) as
well as the Hensen’s cell region (H, lateral to the third row of OHCs) and the pillar cell region (P, in between IHCs and the first row of OHCs) at P30. Asterisks
indicate missing OHCs in the untreated mutant. Het: heterozygote. Scale bar: 20 wm. (C) Correctly spliced harmonin mRNA was detected in the P30 cochlea
of ASO-29-treated heterozygous and mutant mice with a primer set that also detects the cryptically spliced form. (D) Harmonin protein expression was
observed in stereociliary bundles of IHCs and OHCs of the cochlear apex in ASO-29-treated mutants at P30. Phalloidin labels filamentous actin. Arrow
indicates a misshapen bundle in the ASO-29 treated mutant. Scale bar: 10 wm. (E) Higher magnification of OHCs showing harmonin expression in the
bundles. Arrow indicates a misshapen bundle in the ASO-29 treated mutant. Scale bar: 5 pm. Fluorescent images are representative of n = 3 per treatment

group in (B), (D) and (E). For splicing assessment, n = 4 per group in (C).

delivered to the amniotic cavity of E13-13.5 conceptuses
carried a 94% survival rate, suggesting that an ASO with
similar chemistry is not grossly teratogenic (32).

In vivo ASO-29 dose response

Four ASO-29 concentrations (1.9, 9.5, 15.2 and 19.0 uM)
were tested for efficacy by assessing P30 auditory thresholds
at four test frequencies (Supplementary Figure S1). ASO-29
at 19.0 uM (~27-34 ng ASO delivered) was the highest drug
concentration whose viscosity permitted reliable transuter-
ine microinjection into the otic vesicle. ASO-29 at 19.0 uM
generated the most robust auditory recovery and this con-
centration was used throughout the study (Supplementary
Figure S1).

RT-PCR analysis of splicing

Inner ears were rapidly dissected and immediately frozen
in liquid nitrogen. Tissue was stored at —80°C until ship-

ment on dry ice from Oregon to Illinois. RNA was iso-
lated using Trizol reagent and one microgram was re-
verse transcribed using GoScript Reverse Transcriptase
(Promega, Fitchburg, WI, USA). One microliter of cDNA
was used in PCR reactions with GoTaq Green (Promega)
supplemented with primers and «-32P-dCTP. Reactions
were heated at 95°C for 2 min, followed by 37 cycles
of: 95°C denaturation for 30 s, 58°C annealing for 30
s, 72°C extension for 1 min, and a final extension at
72°C for 2 min. Primers specific for mouse exon 2 (§-
CTCATTGAAAATGACGCAGAGAAGG-3" and mouse
exon 5 (5-TCTCACTTTGATGGACACGGTCTTC-3)
were used to amplify cDNA generated from both the wild-
type mouse Ushlc allele and the Ushlc allele with the mu-
tated human USHI1C insertion (USHIC ¢.216G> A). Prod-
ucts were separated on a 6% non-denaturing polyacry-
lamide gel and quantitated using a Typhoon 9400 phos-
phorimager (GE Healthcare). The amount of correct Ushlc
splicing was quantified and presented as the percent of to-
tal Ushlc mRNA that is correctly spliced [(correctly spliced



products/(correctly spliced products + cryptically spliced
products) x 100].

Immunofluorescence

ASO: All the steps were performed at 22°C except where
otherwise noted. Triplicate, 5 min washes were performed
in calcium-free phosphate buffered saline (PBS; in mM: 137
NaCl, 2.7 KCl, 9.9 Na,HPOy, 2 KH,POy4, pH 7.2) with gen-
tle agitation. Inner ears were grossly dissected by separa-
tion from the temporal bone and removal of the bulla with
associated connective tissue. Grossly dissected inner ears
were fixed in 2% paraformaldehyde in PBS for 2 h at 4°C
with gentle agitation. After overnight decalcification in 10%
ethylenediaminetetraacetic acid (EDTA) pH 7.2, the inner
ears were microdissected and immersed in Image I'T (Invit-
rogen) for 30 min; permeabilized for 2 h in 10% normal goat
serum, 0.5% bovine serum albumin (BSA), 0.03% saponin,
and 0.1% Triton X-100 in PBS; incubated for 2 h at 4°C
with primary antibodies (rabbit anti-ASO, 1:500 from Ionis
Pharmaceuticals (32) and mouse anti-Myosin 7a clone 138-
I, 1:500 from Developmental Studies Hybridoma Bank)
in 3% normal goat serum (Invitrogen), 0.5% BSA, 0.03%
saponin, and 0.1% Triton X-100 in PBS; and then incubated
for 2 h at 4°C with anti-rabbit IgG-conjugated Alexa Fluor
488 and anti-mouse IgG-conjugated Alexa Fluor 568 at a
dilution of 1:300 (Molecular Probes, Eugene, OR, USA).
Whole-mount organs of Corti were labeled by a 1:150 dilu-
tion of Alexa Fluor 660-conjugated phalloidin for 30 min
(Molecular Probes).

Harmonin:Harmonin expression was detected by an
antigen retrieval technique as previously described (35).
Grossly dissected inner ears were initially fixed in 4%
paraformaldehyde in PBS for 10 min, secondarily fixed and
permeabilized in a 1:1 mixture of methanol and acetone for
10 min at —20°C, and washed in PBS. Microdissected inner
ears were permeabilized in 0.5% Triton X-100 and 10% nor-
mal goat serum (Invitrogen Life Sciences) for 1 h, incubated
overnight at 4°C in a 1:200 dilution of rabbit anti-harmonin
H3 primary antibody (22) (gift from Peter Barr-Gillespie),
and then incubated overnight at 4°C in a 1:300 dilution of
anti-rabbit IgG-conjugated Alexa Fluor 568. Hair bundle
morphology was revealed by a 1:150 dilution of Alexa Fluor
488-conjugated phalloidin for 30 min.

Myosin7a: Five microdissected whole cochleae from each
treatment group were permeabilized and blocked in block-
ing solution consisting of 3% goat serum, 1% BSA and
0.2% saponin. A 1:100 dilution of rabbit Myosin7a (Pro-
teus Biosciences Inc., Ramona, CA, USA) was applied
in blocking solution overnight at 4°C with gentle agita-
tion. A 1:150 dilution of anti-rabbit IgG-conjugated Alexa
Fluor 568 was applied in blocking solution for 2 h. Fil-
amentous actin was labeled by a 1:150 dilution of Alexa
Fluor 660-conjugated phalloidin for 30 min. Immunos-
tained cochleae were mounted in VectaShield (Vector Labo-
ratories, Burlingame, CA, USA) and imaged with an Olym-
pus FV1000 laser-scanning confocal microscope.

Cochlear place-frequency map and hair cell quantitation

The number of Myosin7a positive hair cells along the tono-
topic axis was counted in 200 wm arcs at eight basilar mem-
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brane positions from 0.5 mm to 4.0 mm from the apex in 0.5
mm steps (36,37). The correlative cochlear place-frequency
map was based on the equation d (%) = 156.5 — 82.5 x
log(f), where d is the normalized distance from the base (%)
and f'is the frequency in kHz (38). The denominator in the
normalization distance from the base calculation uses an av-
erage adult CBA mouse tonotopic axis length of 5.13 mm
measured along the neural edge of the organ of Corti just
beneath the inner hair cells. See Supplementary Figure S2
for whole mount immunofluorescence and SEM represen-
tations of the mouse place-frequency map used in this study.

Scanning electron microscopy (SEM)

SEM samples were prepared with the following modifica-
tions of a published protocol (39). Mouse temporal bones
were removed and submerged in 4% paraformaldehyde for
4 h at 4°C. The inner ear was dissected away from the tem-
poral bone and a small hole was introduced into the apex
of the cochlea with Biologie #5 forceps (Fine Science Tools)
to allow fixative to fully penetrate the tissue. The inner ear
was decalcified in 10% EDTA overnight at 4°C. The sensory
epithelium was exposed by removal of the lateral wall and
the tectorial membrane with Biologie #5 forceps and iridec-
tomy scissors. The tissue was transferred to 2.5% glutaralde-
hyde in 0.15 M cacodylate buffer, pH 7.4 at 4°C for 12 h. The
tissue was then subjected to an osmium-thiocarbohydrazide
procedure (OTOTO), alternating through three 1 h osmium
tetroxide incubations interspersed with two 20 min 1% thio-
carbohydrazide incubations (40). The tissue was dehydrated
by an ethanol series and critical point dried (K850, Quo-
rum Technologies) with liquid CO,. Samples were mounted
on adhesive tabs (Electron Microscopy Sciences) and im-
aged using an FEI Sirion XL30 FEG field-emission scan-
ning electron microscope operated at SkV.

Stereociliary bundle quantitation

The percentage of OHCs with intact stereociliary bundles
or atypical bundles was quantified by SEM at 1.0, 2.0 and
3.0 mm from the cochlear apical tip in 120 wm arcs defined
with NIH ImageJ (version 1.51).

Auditory brainstem response (ABR)

Acoustic stimuli were digitally generated and auditory re-
sponses were monitored using a National Instruments PXI
stimulus generation/data acquisition system that included
a 24 bit digital DAQ board (PXI-4461) and a 16 bit
DAQ board (PXI-6221) and the Eaton Peabody Laboratory
Cochlear Function Test Suite. To elicit the ABRs, 5-ms tone
pip stimuli were generated with 0.5-ms rise/fall times (co-
sine squared) in alternating polarity at 30/s. Acoustic stim-
uli were delivered via a custom acoustic assembly compris-
ing two dynamic drivers as sound sources and a miniature
electret microphone to measure sound pressure in situ. The
response from the electrodes was amplified (10 000x), fil-
tered (300 Hz-3 kHz bandpass), and averaged (300 samples)
at each frequency-level combination.

Animals were anesthetized with a cocktail of ke-
tamine (60 mg/kg; Hospira, Inc.), xylazine (6 mg/kg;
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AnaSed, Lloyd Laboratories) and acepromazine (1 mg/kg;
Boehringer Ingelheim). Responses were collected with a
subcutaneous recording needle electrode at the vertex, a ref-
erence clectrode ventrolateral to the pinna of the test ear,
and a ground in the ipsilateral forepaw. ABRs were recorded
at 8, 16, 24 and 32 kHz. Sound level was incremented in 5
dB steps, from ~10 dB below threshold to ~30 dB above
threshold with a limit of 85 dB SPL as the loudest intensity
presented. Threshold for ABRs was defined as the lowest
stimulus level at which a repeatable response from two of the
five waves could be identified above the noise floor in the re-
sponse waveform. Threshold scoring was accomplished us-
ing ABR Peak Analysis program (version 1.0.0.6).

Distortion product otoacoustic emission (DPOAE)

DPOAESs were recorded for primary tones (f1, f2) with a
frequency 2/f1 ratio of 1.2. The {2 primary was presented
at 8, 12, 16, 24 and 32 kHz from 20 to 70 dB SPL, incre-
mented in 10 dB steps with the level of the 2 primary 10
dB less than the f1 level. Ear canal sound pressure was am-
plified and digitally sampled, Fourier transforms were com-
puted and averaged, and the 2f1-f2 DPOAE and surround-
ing noise floor were extracted. Data were graphed and sta-
tistically compared at the f2 stimulus level of 60 dB SPL.

Acoustic startle reflex responses

Acoustic startle responses were measured in the SR-LAB
startle response system (San Diego Instruments). The mice
were acclimatized to the darkened startle chamber by a
4 min presentation of 65 dB white noise from a speaker
mounted 24 cm above the support platform. Startle stimuli
of 40 ms duration and 2 ms rise/fall times at 80, 90, 100,
110 and 120 dB were presented in pseudo-random order
generated with varying inter-trial intervals of 10-30 s. Each
stimulus was presented 8 times. A piezoelectric accelerom-
eter sealed to the underside of the animal support platform
recorded the movement for 65 ms after onset of the stim-
ulus. Average peak startle amplitude within the first 20 ms
was calculated at each sound intensity using SR-LAB anal-
ysis software (6300-000-K).

Open field behavior

A mouse was placed in an open plastic cage (26 cm x 15.5
cm) and its movement was recorded with a Sony HDR-
CX675 camcorder. The digital video file was imported and
saved in native m2ts format with PlayMemories Home soft-
ware (Sony, version 5.4.02.06120). The footage was then
trimmed to 120 seconds with Adobe Premiere Pro CC (ver-
sion 2017.0.1). Video was exported in MP4 format with
H.264 2-pass VBR encoding (1280 x 720, 29.97 frames
per second, 12 mbps bitrate). Movement was analyzed
with EthoVision XT software (Noldus, version 13.0.1216).
Arena calibration was based on the manually-specified
lengths of all four sides of the cage. Automatic tracking was
performed with detection of the nose-point, center-point,
and tail-base. Distance traveled (cm/120 s), average veloc-
ity (cm/s), and frequency of 360° rotations (number/120 s)
were computed based on the position of the nose-point.

Musculoskeletal coordination testing

Rota-Rod testing is significantly influenced by the vestibu-
lar system (41). Mice were placed in individual lanes on
the Rota-Rod apparatus (Omnitech Electronics, Inc.) at a
baseline rotation of 4 RPM and then accelerated at a con-
stant rate to 40 RPM over the course of 240 s. Three trials
per mouse separated by at least a 20 min rest period were
recorded and the average latency to fall (seconds) was cal-
culated. Mice had previously been acclimated to the Rota-
Rod testing paradigm by using the same constant accelera-
tion protocol for two sessions in the three to four days prior
to the experimental run that was quantified. During accli-
mation, up to three falls were allowed per mouse per trial.

Swim test

Swimming was evaluated by recording digital video of a
mouse gently set into a clear plastic container (35 x 30 cm)
filled with 37°C water. A wild-type mouse swims by keep-
ing its nose above the surface of the water, paddling with
all four paws, and moving the tail in an S-shaped pattern
to translocate briskly toward the side of the container (42).
A swim score from 0 to 2 was assigned based on the ability
to swim, with 0 indicating barrel-rolling and/or submarin-
ing and thus an inability to swim (in which case the test was
stopped immediately and the subject recovered); 1 indicat-
ing swimming with uncoordinated movements; and 2 indi-
cating brisk translocation on the water’s surface (28).

Reaching test

The reaching reflex was evaluated by holding the tail and
lowering the mouse toward a solid surface (43). Mice with
impaired vestibular function do not sense gravitational
forces correctly and curl toward their tails frequently, but
wild-type mice stretch their paws out toward the solid sur-
face to support touch down. Digital video was manually an-
alyzed in slow motion with EthoVision XT to determine the
frequency of nose translocations that breeched the shoulder
line (i.e., reaching caudally) per trial.

Statistical analyses

All statistical tests were run in GraphPad Prism v 7.04.
Splice correction was analyzed employing a one-tailed t-test
to evaluate the increase in the percentage of correctly spliced
full length Ushic mRNA in the ASO-29-treated mutant
and the ASO-29-treated heterozygote compared to the un-
treated mutant. Additionally, the ASO-29-treated mutants
and heterozygotes were compared by a two-tailed -test. In-
ner and outer hair cell counts were analyzed by a repeated
measures two-way ANOVA with Tukey’s multiple compar-
ison post-hoc test.

To statistically analyze ABRs, ears with no response at
85 dB SPL were assigned a value of 90 dB SPL. This was
a conservative threshold estimate since the sound level was
incremented in 5 dB steps. To determine normality of data,
histograms were generated for each of the ABR frequen-
cies tested within all groups. In addition, the Shapiro—Wilk
test to interrogate normality was conducted. It was deter-
mined, based on these results, that the assumption of nor-
malized data had not been met in all groups. Therefore,



the Kruskal-Wallis non-parametric one-way ANOVA test
was run at each ABR frequency. Dunn’s multiple compar-
ison test was used for post hoc comparisons of the mean
rank differences between the mutant groups, the heterozy-
gote groups, and mutants versus heterozygotes.

Statistical analysis of DPOAEs was carried out at {2 stim-
ulus level of 60 dB SPL. Tests of normality were conducted
as above and normalized data were rejected. Kruskal—
Wallis non-parametric one-way ANOVA test was employed
at each frequency with Dunn’s multiple comparison post-
test.

Statistical analysis of startle responses was performed by
repeated measures two-way ANOVA with Dunnett’s mul-
tiple comparison post-hoc test comparing all groups to
the untreated mutant group at each intensity level. Dis-
tance traveled, velocity, 360° rotations, latency to fall, swim
scores, and nose translocations past the shoulder line were
analyzed by one-way ANOVA with Tukey’s multiple com-
parison post-hoc test.

RESULTS

Amniotic cavity ASO administration sub-optimally improves
hearing and vestibular function

ASOs do not appreciably cross the maternal-placental inter-
face (44)(unpublished data). We reasoned that an effective
fetal pharmacotherapeutic strategy must present bioactive
quantities of ASO-29 to otic epithelial progenitor cells in the
Ushlc mutant inner ear prior to endogenous harmonin ex-
pression and functional maturation of hair cells. In an initial
study validating the utility of fetal pharmacotherapeutics to
modulate pre-mRNA splicing, we showed that 100 wg of
ASO-29 microinjected into the amniotic cavity at E13-13.5
corrected Ushic c.216A splicing in the cochlea of P22 Ushlic
mutant mice to a similar level as the splicing correction ob-
served with an intraperitoneal injection of ASO-29 at P5
(9,32). Here, we further assessed the therapeutic efficacy of
amniotic cavity delivery and found that harmonin expres-
sion in the stereociliary bundles of cochlear hair cells was
restored, hair cell survival was enhanced, bundle morphol-
ogy was stabilized, and partial rescue of vestibular behavior
was observed (Supplementary Figure S3). However, this de-
livery paradigm at the tested dose resulted in only marginal
improvement in auditory function (Supplementary Figure
S3).

Otic vesicle ASO administration corrects harmonin splicing
in the adult Ushlc mutant inner ear

We initially considered intra-amniotic cavity injections at
E11-12 in an effort to dose the embryo earlier than E13—
13.5 but the propensity for leakage outside the amniotic cav-
ity at these stages made reliable ASO dosing problematic
(data not shown). We next considered ASO presentation
directly to the Ushlc mutant inner ear prior to E13-13.5
(Supplementary Figure S4 and Supplementary Movie S1).
Fortuitously, the otic vesicle stage of mammalian inner ear
development presents a teardrop-shaped, fluid-filled struc-
ture lined with progenitor cells that give rise to hair cells,
supporting cells, and the neurons that innervate the inner
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ear (Figure 1A,B) (45,46). We postulated that the embry-
onic day 12.5 (E12.5) otic vesicle might serve as a suitable
biological reservoir of sufficient volume to deliver therapeu-
tic quantities of ASO-29 and restore sensory function post-
natally. We microinjected ASO-29 or a non-targeting ASO
control (ASO-C) into the lumen of the E12.5 otic vesicle
by transuterine microinjection (Figure 2A, Supplementary
Movie S1) (34,47). Optimal vesicle targeting was confirmed
by the observation of vesicle swelling during the injection
of ASO-29 and clear definition of the endolymphatic and
cochlear ducts post-injection (Figure 2A and Supplemen-
tary Movie S1).

To determine if microinjection of ASO-29 into the fetal
inner ear leads to detectable levels of drug in the sensory
epithelium of the mature, adult inner ear, cochlear whole
mount immunofluorescence was performed at P30 using an
antiserum against the ASO (32). ASO-29 was robustly de-
tected in myosin 7a (Myo7a)-labeled inner and outer hair
cells (IHC and OHC), Hensen’s cells (H), and inner and
outer pillar cells (P) of treated heterozygous and mutant
mice (Figure 2B). ASO-29 was detected only sporadically
in other cells in the inner ear.

No fluorescent signal was detected in cochleae from un-
treated Ushlc mutants indicating the absence of nonspe-
cific antibody binding (Figure 2B, Untreated mutant). Con-
sistent with the detection of ASO-29 in IHCs and OHCs,
correctly spliced harmonin mRNA was detected in all four
ASO-29 treated Ushlic P30 cochleac examined (Figure 2C).
The percentage of correctly spliced Ushlc mRNA in ASO-
29-treated mutants and heterozygotes was 4.84 + 1.61 and
28.7 £ 5.14, respectively (P < 0.05, two-tailed Student’s t-
test). No correctly spliced harmonin mRNA was detected in
untreated mutants. Importantly, the percentage of splicing
correction achieved by intra-otic administration of ASO-29
at E12.5 did not rise to wild type splicing levels but was
comparable to the levels achieved by amniotic cavity de-
livery (32) and by intraperitoneal injection of ASO-29 into
neonates at P3—P5 (9). In summary, the splicing correction
data suggest that intra-otic injections of ASO-29 may also
support therapeutic levels of wild type Ushlc mRNA syn-
thesis in the adult cochlea.

Harmonin protein expression is restored in the stereociliary
bundle of ASO-treated Ushlc mice

To assess harmonin protein expression in stereociliary bun-
dles of ASO-29-treated mutants, whole mount immunoflu-
orescence was conducted at P30 (Figure 2D, E). The dis-
tribution of harmonin in ASO-29-treated mutant THCs
and OHCs was similar to that of ASO-29-treated het-
erozygotes (Figure 2D, ASO-29 het and ASO-29 mutant).
Harmonin was undetectable in untreated mutants (Figure
2D,E). Intriguingly, the ASO-29-treated mutant mice ap-
peared to have a full complement of IHCs and OHCs in
their stereotyped row distributions (Figure 2D) compared
to untreated mutants that displayed OHC loss characteris-
tic of the Ushlc mutation (Figure 2B, asterisks) (7,9).

Hair cell survival is enhanced in ASO-treated Ushlc mice

To rigorously quantify the ASO-29 effect on hair cell sur-
vival, Myo7a-labeled hair cells were counted in represen-
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tative regions along the tonotopic axis 0.5-4 mm from the
cochlear apical tip (8-32 kHz inclusive) (Figure 3 and Sup-
plementary Figure S2A). The number of IHCs and OHCs
in ASO-29-treated mutants compared to heterozygotes was
not significantly different at any cochlear location other
than for OHCs at 4 mm (P < 0.05), indicating that ASO-
29 preserved wild-type numbers of auditory hair cells (Fig-
ure 3B). Importantly, ASO-29-treated mutants displayed
increased IHC counts at 1-2 mm and at 3 mm from the
cochlear apical tip compared to untreated mutants (Fig-
ure 3B). Similarly, OHC counts were improved at all of
the cochlear locations assessed in ASO-29-treated mutants
compared to untreated mutants (Figure 3B).

Stereociliary bundle morphology is improved in ASO-treated
Ushl ¢ mice

To evaluate hair cell morphology, scanning electron mi-
croscopy was conducted at 1, 2 and 3 mm from the apical
tip of the P30 cochlea, corresponding to 8-24 kHz sensitiv-
ity (Figure 4A, Supplementary Figure S2B). The majority
of OHC bundles in ASO-29-treated mutants were grossly
intact and approximated the V- or W-shape characteris-
tic of wild-type bundles (Figure 4A). Misshapen and dis-
continuous stereociliary bundles, however, were observed in
the treated mutants (Figure 4A and Figure 2D, E, arrow
and arrowheads). All of the ASO-29 treated mutant OHCs
sampled 1 mm from the apex displayed bundles and <4%
were morphologically atypical (Figure 4B). While 98.5%
and 95.7% of OHCs displayed bundles at 2 and 3 mm, re-
spectively, the percentage of atypical bundles in these loca-
tions was increased to 17.7% and 40.7%. By contrast, un-
treated mutants presented progressive loss of OHC bundles
from 1 to 3 mm from the apical cochlear tip (13.0-37.7%)
with 77-84% of bundles atypical (Figure 4B). In summary,
transuterine microinjection of ASO-29 into the E12.5 otic
vesicle localized ASO to hair cells and supporting cells in
the mature cochlea; enabled wild type harmonin RNA splic-
ing; enhanced harmonin protein expression in stereociliary
bundles; preserved IHC and OHC numbers to wild type lev-
els; and improved stereociliary bundle morphology.

Hearing sensitivity is rescued by fetal, intra-otic administra-
tion of ASO

To assess auditory function in treated Ushlc mutants, hear-
ing sensitivity was measured by auditory brainstem re-
sponse (ABR) testing at P30. ABR waveforms at 8 kHz
from representative mice showed ASO-29-treated mutant
responses that were nearly indistinguishable from those of
the ASO-29-treated heterozygote (Figure 5A,B). By con-
trast, ASO-C-treated or untreated mutants were effectively
deaf (Figure 5C,D). Remarkably, ASO-29-treated mutants
presented significantly improved ABR thresholds at 8§,
16 and 24 kHz (Figure SE-G). These data show that fetal
ASO pharmacotherapy restores hearing in the Ushlc mu-
tant mouse.

The ABR thresholds for the 30 treated mutant mice
ranged from 20 to 85 dB SPL (Figure 5E-H) and we fo-
cused on understanding the in vivo biological variability of

the pharmacotherapeutic response. We defined a dose re-
sponse relationship between ASO-29 and auditory thresh-
old responses from 1.9 to 19 wM (Supplementary Figure
S1). The steepness of the dose response curve suggested that
small variations in the amount of ASO-29 delivered has a
dramatic effect on hearing recovery. Intrinsic to the tran-
suterine microinjection procedure is the unavoidable leak-
age of ASO-29 injectate out of the otic vesicle along the
path formed by the retracted microinjection pipette (Sup-
plementary Movie S2). This limitation likely contributes
to the biological variability we observed. We examined the
top-performing quartile of treated mutants reasoning that
ASO leakage was minimized in these ears. The average
ABR thresholds of the top-performing quartile of ASO-29-
treated mutant mice at 8, 16 and 24 kHz were 34 3.2, 53 &
5.1 and 46 £ 7.4 decibels sound pressure level (dB SPL) at
P30 (Figure 5I). High frequency threshold recovery is typ-
ically the most difficult to secure, and the top-performing
quartile displayed an elevated but improved average thresh-
old at 32 kHz of 70 & 4.6 dB SPL (Figure 5I).

Sensitive hearing thresholds persist into adulthood

The persistence of auditory recovery is a critical measure of
efficacy, and the ASO-29 treatment preserved 8 kHz thresh-
olds within a 21 dB SPL range through 220 days (Figure 5J).
Critically, 8 kHz thresholds in the top-performing quartile
were sustained from 26 to 38 dB SPL through 220 days (Fig-
ure 5J). Similarly, auditory recovery in the top-performing
quartile at 16 and 24 kHz was also maintained (Supple-
mentary Figure S5). ABR waveforms at 30, 120 and 220
days from an ASO-29-treated mutant in the top-performing
quartile further illustrate the magnitude and persistence of
the auditory recovery at the four frequencies tested (Supple-
mentary Figures S6-S8).

Auditory recovery was also assessed in treated Ushlc mu-
tants at P30 by distortion product otoacoustic emissions
(DPOAE) testing which measures cochlear nonlinearity, a
property that is closely influenced by OHC function (48).
DPOAE responses of the top-performing quartile of ASO-
29-treated mutants to an 2 stimulus of 60 dB SPL at 8,
12 and 16 kHz were improved at 8.4 + 1.1, 9.5 £+ 1.6,
12.3 + 2.6 dB SPL compared to untreated mutants, re-
spectively. Lastly, we determined whether the rescued hear-
ing was beneficial to treated animals by measuring acous-
tic startle reflex responses. Impressively, treated mutant
mice displayed startle responses that were significantly im-
proved compared to untreated mutants suggesting that ap-
propriate behavioral responses to brief intense sound were
partially restored (Figure 5L). In summary, the ASO-29-
treated mutants displayed rescued auditory thresholds that
are sustained longitudinally; improved DPOAE responses
at lower frequencies; and improved acoustic startle reflex
responses.

Vestibular function is rescued and sustained into adulthood

To assess vestibular recovery in treated Ushlc mutants,
equilibrium was measured by open field behavior, mus-
culoskeletal coordination, swimming, and reaching. Ac-



Nucleic Acids Research, 2020, Vol. 48, No. 9 5073

A ASO0-29 ASO0-29 Untreated B . .

Inner hair cells Outer hair cells

het mutant mutant

T 2 149w 500 v v v e e e e s
E o } ** ** * XX KX KR XX XX AKX AR KX
~ S i 1-
a ] c 40 .—._H—‘m
o = 12
= = 304
(2] 2
g° s | 20
£ o o 10 -0~ ASO-29 het
4 -~ ASO-29 mutant 10
: -8 Untreated mutant
g o 8 T T T T © 1T 11 0 L | L T 1
8 © o 1 2 3 4 o 1 2 3 4
g Distance from apical tip (mm)

Figure 3. ASO-29 enhances inner and outer hair cell survival. (A) Representative whole mount Myosin7a (Myo7a) confocal microscopic projections
showing enhanced hair cell survival at 1.0, 2.0 and 3.0 mm from the tip of the cochlear apex (8-24 kHz inclusive) in ASO-29-treated mutants at P30.
Distance from the apical tip was translated to frequencies using the cochlear place frequency map shown in Supplementary Figure S2A. Scale bar: 20 pm.
(B) Quantification of IHCs and OHCs + SEM 0.5 to 4 mm from the tip of the cochlear apex (8-32 kHz inclusive). Untreated mutants were compared
to the two ASO-29 treatment groups by two-way repeated measures ANOVA with Tukey’s Multiple Comparison Test: *P < 0.05, **P < 0.01, n = 5 per
group. The number of outer hair cells in ASO-29 mutants and ASO-29 heterozygotes was significantly different only at 4 mm by two-way repeated measures
ANOVA with Tukey’s Multiple Comparison Test: TP < 0.05, n = 5 per group.
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Figure 4. ASO-29 treatment improves outer hair cell stereociliary bundle morphology. (A) OHC stereociliary bundle morphology is improved in ASO-
29-treated mutant inner ears 1.0, 2.0 and 3.0 mm from the tip of the cochlear apex (8-24 kHz inclusive) at P30. White boxes indicate the bundles shown in
the subjacent high magnification panels. Arrows indicate misshapen bundles. Arrowheads indicate discontinuous bundles. Scale bars: 5 wm and 10 pm for
the high and low magnification panels, respectively. (B) The percentage of OHCs with stereociliary bundles and with atypical bundles in ASO-29 treated
mutant cochlea and untreated mutant cochleae at P30. Bundle presence and morphology were scored in 120 pm arcs from scanning electron micrographs
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Figure 5. ASO-29 rescues behaviorally-relevant auditory function that is sustained longitudinally. (A-D), ABR waveforms at 8 kHz from a representative
of each of the four treatment groups. ABR thresholds are indicated by the thickened traces in (A) and (B); no thresholds were detected in the ASO-
C treated mutant or the untreated mutant in (C) and (D). (E-H) Individual ABR thresholds at the four frequencies tested for every animal in the six
treatment groups at P30. (I) ABR thresholds + SEM for the cohorts in (E-H). The dotted line shows the average ABR thresholds + SEM for seven ASO-
29-treated animals in the upper (top-performing) quartile. (J) ABR thresholds = SEM for 12 ASO-29-treated mutants followed through 220 days. Average
thresholds for the upper quartile (n = 3) are significantly different from treated heterozygotes only at 140 days. (K) Distortion product otoacoustic emission
(DPOAE) responses to an 2 stimulus of 60 dB SPL across frequencies £ SEM. The dotted line shows the average of 7 ASO-29-treated animals in the upper
quartile (same subjects as in 51, dotted line). n values in (E) apply to panels (F-I) and (K). (L) Acoustic startle reflex responses - SEM. Statistical tests:
panels (E-I) and (K): Kruskal-Wallis H Test with Dunn’s Multiple Comparison Test comparing all groups to untreated Ushlc mutant; panel (J): repeated
measures two-way ANOVA with Dunnett’s Multiple Comparison Test comparing ASO-29-treated mutants to ASO-29-treated heterozygotes. (L), same as
(J), but comparing all groups to untreated Ushlc mutant. *P < 0.05 and **P < 0.01. Level of significance for the comparisons involving each of the three
heterozygous control groups is P < 0.01 and represented by a single asterisk pair in (I) and (K) (**) to reduce the visual complexity of the graph.

tivity traces from representative mice show that ASO-29-
treated mutants appropriately preferred the periphery of
their cages, traveled similar distances at the same average ve-
locity, and rarely circled compared to ASO-C-treated or un-
treated mutants (Figure 6A-G, Supplementary Movie S3).
Moreover, ASO-29-treated mutant mice balanced on an ac-
celerating, rotating rod; swam; and reached with equal skill
compared to the three heterozygous control groups (Fig-
ure 6H-J, Supplementary Movie S4 and S5). Significantly,
ASO-29-treated mutants sustained wild-type vestibular be-
haviors through 6 months of age, the latest age tested (Sup-
plementary Figure S9).

DISCUSSION

Our previous work demonstrated that ASO-29 delivery to
the E13-13.5 amniotic cavity modulates Ushlc pre-mRNA
splicing in the cochlea of juvenile Ushlc mutant mice (32).
The sub-optimal recovery of hearing and vestibular func-
tion in treated Ushlc mutants drove efforts to deliver ASO-
29 directly to the developing inner ear at an earlier stage
to effect splicing correction in auditory progenitors and
nascent vestibular hair cells prior to endogenous harmonin
expression and bundle morphogenesis. Reliable amniotic
cavity injections were prohibitive at earlier embryonic stages
due to the propensity for leakage outside the restricted vol-
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Figure 6. ASO-29 rescues behaviorally-relevant vestibular function that is sustained longitudinally. (A-D) Thirty second activity traces from a represen-
tative of each of the four treatment groups. (E-J) Graphs show average values & SEM for: (E) distance traveled; (F) average velocity; (G) number of 360
degree rotations; (H) latency to fall; (I) swim score (individuals were plotted so that the zero scores of ASO-C and untreated mutants are readily detected
on the X-axis); (J) average number of nose translocations past the shoulder line per trial (i.e., reaching caudally). One-way ANOVA with Tukey’s Multiple
Comparison Test; **P < 0.01 with comparisons indicated by the hatched bars above each panel.  values in (E) apply to (F) and (G); n values in (H) apply
to (I) and (J). The 180 day vestibular function test data are presented in Supplementary Figure S9.

ume of the cavity. To overcome this limitation, we microin-
jected ASO-29 directly into the otic vesicle at E12.5. This
approach bypasses the undefined pharmacokinetics predi-
cated by amniotic cavity delivery and introduces the splice
switching ASO directly to the epithelial layer of the inner
ear 1-1.5 days earlier than the E13-13.5 amniotic cavity in-
jections. Our data demonstrate that ASO-29 delivered into
the E12.5 mouse otic vesicle corrects RNA splicing and en-
hances harmonin protein expression in sensory hair cells at
P30 and rescues auditory thresholds and vestibular function
in the Ushlc mutant mouse well into adulthood.

The magnitude and persistence of the auditory and
vestibular recovery achieved in the Ushlc mutants after a
single fetal dose of ASO-29 is surprising and may be associ-
ated with the timing of hair cell fate specification in the de-
veloping inner ear. Progenitors giving rise to auditory hair
cells in the organ of Corti exit the cell cycle from ~E12-14
in a gradient beginning in the cochlear apex and progress-
ing sequentially to the base (49-51). The proximity of the
ASO-29 injection at E12.5 to the exit of hair cell progeni-
tors from the cell cycle is anticipated to limit mitotic dilu-
tion of ASO-29 and support long-term retention of bioac-
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tive levels of drug. Similarly, nascent vestibular hair cells be-
gin to be specified prior to E12.5 when ASO-29 was injected
(52), again mitigating the role of mitotic dilution. Once
inside sensory cells, the fully-modified phosphorothioate
backbone and 2'-O-methoxyethyl substitutions on sugars at
all positions of ASO-29 further enhance intracellular stabil-
ity and likely contribute to sustained bioactivity. The ASO-
29 efficacy defined in our study is consistent with the sta-
bility and activity of ASO therapeutics in spinal muscu-
lar atrophy (SMA) patients treated intrathecally with ASO
(53) and in treated non-human primates (54). Finally, our
data dovetail with the ability of ASOs to ameliorate disease
phenotypes for extended periods of time in animal mod-
els of SMA (55,56); spinocerebellar ataxia type 2 and type
3 (57,58); Huntington’s disease (59); amyotrophic lateral
sclerosis (60,61); Alzheimer’s disease (62,63); nonalcoholic
fatty liver disease (64); alpha-1 antitrypsin deficiency (65);
autism-like disorder (66); and Angelman syndrome (67) as
well as in our previous work with Usher syndrome (9).

The harmonin b isoform consists of 3 PDZ domains,
2 coiled-coiled domains, and a proline-serine-threonine
(PST) rich domain (68,69). This scaffolding protein local-
izes to the upper tip link density of the stereocilium where
the cadherin 23 (CDH23) component of the tip link in-
serts into the plasma membrane (22,70). Harmonin b in-
teracts with CDH23 through its PDZ 2 domain and with F-
actin through coiled-coiled and PST domains. It is unclear if
harmonin, and attendant splicing correction of Ushlc pre-
mRNA, is required only during stereociliary bundle mor-
phogenesis to structure the upper tip link density or if de
novo production of harmonin is also needed throughout life
to maintain auditory and vestibular function. Importantly,
harmonin b has been detected in mature mouse hair cells in
the vicinity of the upper tip link density (70). Conditional
deletion of harmonin at different stages of bundle morpho-
genesis and after hearing onset in juvenile and adult mice
will further refine the timing and duration of harmonin ex-
pression required to maintain hearing and vestibular func-
tion.

Two previous gene replacement strategies targeting otic
epithelial progenitors in mouse models of human hearing
loss were effective in temporarily restoring inner ear func-
tion. Adeno-associated virus (AAV)-mediated gene trans-
fer of methionine sulfoxide reductase B3 (Msrb3) into the
E11.5 otocyst of the Msrb3 knockout mouse restored 15%
of the protein content and lowered ABR thresholds to wild
type levels. Hearing in the treated Msrb3 mutant deteri-
orated after four weeks of age as stereociliary bundle in-
tegrity was lost (71). Similarly, electroporation-mediated
gene transfer of connexin 30 (Cx30) into the E11.5 otocyst
of the Cx30 knockout mouse restored auditory thresholds
and endocochlear potential at P30 (72). The extent of the
auditory recovery in the Cx30 mutant beyond P30 was not
reported (72). This work demonstrates that otic epithelial
progenitors are a viable target for therapeutic intervention
in a gene replacement context. The present study extends
these findings demonstrating that otic progenitor targeting
in the organ of Corti and nascent hair cell targeting in the
vestibular sensory epithelia with a splice-switching ASO can
modify intrinsic mRNA expression and lead to sustained
recovery of sensory function into adulthood.

Identification of genetic mutations early during develop-
ment is a prerequisite to enable fetal gene therapy for con-
genital deafness and vestibular dysfunction. By GA10, fe-
tal DNA is present in sufficient quantity in maternal blood
to enable detection of aneuploidies, sex-linked, and single
gene mutations (73-79). Strategies to detect recessive and
de novo mutations from cell-free fetal DNA are emerging as
are approaches to first deduce and then screen the entire fe-
tal genome (80,81). Advances in noninvasive prenatal test-
ing will ensure that the molecular basis of mutations that
cause congenital deafness and vestibular dysfunction in the
neonate will be known with sufficient lead-time to intervene
fetally (82-84).

Therapies administered to the developing inner ear in
utero are expected to be influenced by variations in over-
all maternal and fetal health; the complexity of in utero
drug delivery to the central and peripheral auditory sys-
tems; and the pharmacokinetics of ASO metabolism in the
developing inner ear. It is therefore likely that the degree
and the longevity of sensory rescue achieved with fetal inner
ear therapeutics will be represented on a continuum with
ASO-29-mediated splicing correction of Ushlc ¢.216A4 oc-
cupying one end of the spectrum. It is intriguing to con-
sider an alternative, non-curative role for fetal therapeu-
tics: to create a more receptive physiological environment
in the inner ear for downstream, post-hearing therapeutic
intervention that further augments sensory rescue. The re-
cent hearing rescue achieved with dual AAV strategies to
deliver otoferlin to inner hair cells of the otoferlin knock-
out mouse is predicated on the observation that affected in-
ner hair cells remain structurally intact through P30 and are
viable targets for functional rescue for an extended period
of time (16,17). Fetal therapeutics may provide an oppor-
tunity to temporarily rescue sensory cells affected by dele-
terious genetic mutations that would otherwise cause cell
death by birth, thus enabling adjuvant therapeutic engage-
ment in these rescued cells postnatally. Ideally, these syner-
gistic treatment paradigms would be tested in higher ver-
tebrate model systems characterized by the fetal onset of
hearing to closely model the developmental progression of
human hearing.

Fetal gene therapeutics to treat neuronopathic Gaucher
disease, beta thalassemia, tyrosinemia, and SMA have been
defined in mouse models. An ASO with a similar chem-
istry to ASO-29 and targeted to increase exon inclusion
in survival motor neuron 2 (SMN2) pre-mRNA in an
animal model of SMA successfully improved SMN pro-
tein expression and ameliorated mutation-associated phe-
notypes in mice treated by intracerebroventricular injection
into a lateral brain ventricle at E15 (55). AAV9-mediated
gene transfer of glucocerebrosidase beta (GBA) to the
E16 lateral ventricle of Gha mutant mice restored neu-
ronal GBA expression, prevented neuronal degeneration,
and mitigated neuroinflammation (85). Injection of peptide
nucleic acid/DNA nanoparticles into the fetal vitelline vein
at E15.5 edited a B-thalassemia-associated splice site muta-
tion in intron 2 increasing hemoglobin concentrations at 6—
10 weeks of age with improved red blood cell morphology,
reduced splenic enlargement, and improved survival (86).
Adenovirus-mediated transfer of base editor 3 targeting the
4-hydroxyphenylpyruvate dioxygenase gene in fumarylace-



toacetate hydrolase mutant mice rescued the lethal pheno-
type, and improved body weight and liver function without
significant inflammation (87,88). In each of these diseases,
fetal intervention either enhanced therapeutic outcomes or
enabled postnatal survival.

In a compelling study validating human fetal therapy for
X-linked hypohidrotic ectodermal dysplasia (XHED), ec-
todysplasin A-IgG1 fusion protein injected into the amni-
otic cavity of fetuses at GA26 and GA31 restored sweat-
duct density, pilocarpine-induced sweating, improved eyelid
meibomian-gland formation, and partially restored tooth
germs (89). These data indicate that genetic mutations in
the mammalian fetus are suitable targets for reparative
gene therapies that effectively ameliorate disease pheno-
types and, in the case of XHED, dramatically improve hu-
man health.

The translatability of fetal ASO pharmacotherapy for
the treatment of congenital inner ear disease would likely
be facilitated by dosing the amniotic cavity or other extra-
embryonic target rather that engaging the embryo or fe-
tal inner ear directly. The injection scheme deployed in the
mouse otic vesicle at E12.5 suggests that the carlier deliv-
ery of ASO to otic progenitors and nascent vestibular hair
cells is a critical parameter to achieve optimal therapeutic
outcomes. Given the small volume of the amniotic cavity
at early stages of inner ear development and the attendant
challenges with drug retention, the mouse is not an ideal
model system to further interrogate amniotic cavity or pla-
cental dosing strategies. We acknowledge a pressing need for
higher vertebrate model systems with larger amniotic cavity
volume that will enable testing of diverse dosing paradigms
at different stages of inner ear development prior to the on-
set of hearing in order to fully assess pharmacotherapeutics
to treat inner ear disease.

Our results demonstrate that an ASO pharmacothera-
peutic administered to a developing organ system in utero
corrects pre-mRNA splicing to preempt elaboration of the
disease phenotype. We anticipate that fetal pharmacother-
apeutics will become an essential tool for the treatment of
congenital deafness and vestibular dysfunction given the
precocious emergence of hearing in humans and the resis-
tance of functionally mature hair cells to molecular cor-
rection. We conclude that the genetic modulation of the
intrinsic reparative capacity of the developing fetus holds
promise for improved management of intractable congeni-
tal diseases.
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