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Antisense oligonucleotides (ASOs) have shown potential as therapeutic molecules for the treatment of inner ear dysfunction. The
peripheral sensory organs responsible for both hearing and equilibrium are housed within the inner ear. Hearing loss and
vestibular balance problems affect a large portion of the population and limited treatment options exist. Targeting ASOs to the
inner ear as a therapeutic strategy has unique pharmacokinetic and drug delivery opportunities and challenges. Here, we review
ASO technology, delivery, disease targets, and other key considerations for development of this therapeutic approach.
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Introduction

The inner ear is a membrane-lined cavity in the temporal bone
that contains the cochlea and peripheral vestibular apparatus,
the sensory organs responsible for hearing and equilibrium,
respectively. Loss of these senses is common and debilitating
making the development of therapies to treat their dysfunction
important for improving human health and well-being.

Hearing Loss

Hearing loss is the most common neurological disorder in
humans. More than 500 million people (nearly 7% of the
world’s population) have disabling hearing loss, a number
expected to rise to nearly 1 billion by 2050 (http://www.
who.int/mediacentre/factsheets/fs300/en/) [1]. Significant
hearing loss is found in 2 to 3 of every 1000 newborns and
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approximately one third of people over 65 years of age.
Despite the enormous burden on human health, relatively
few drugs have been approved to prevent or treat hearing
disorders. Commonly, the goal is to manage symptoms
using steroids and antibiotics, for example, or to use
assistive devices that rely on sound amplification (e.g.,
hearing aids) or surgical placement of electrodes (e.g.,
cochlear implants) that stimulate the auditory nerve.
Although such devices have been invaluable in improving
the quality of life in those with hearing deficits, they have
shortcomings that limit their utility and make the need for
more effective treatments an important goal.

Hearing loss caused by damage or dysfunction in the inner ear
sensory apparatus, termed sensorineural hearing loss (SNHL),
accounts for 90% of all human hearing loss [2]. Approximately
75% of all SNHL is nonsyndromic [3], meaning losses limited to
the auditory system and not involving other organ systems, and
30% is syndromic [2, 3], which indicates hearing loss accompa-
nied by other organ abnormalities [4, 5]. There are many types
and causes of hearing impairment including age-related hearing
loss (presbycusis), noise-induced hearing loss, autoimmune dis-
ease, drug-induced ototoxicity, Meniere’s disease, tinnitus, and
infection, and forms caused by gene mutations. Genetic factors
are estimated to cause more than 50% of SNHL cases, most
involving a single gene or gene region. Genetic mutations can
also increase risk for age-related hearing loss and other causes of
hearing impairment. To date, more than 6000 causative gene
variants in more than 150 genes have been associated with
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nonsyndromic hearing loss [6, 7] and nearly 40 genes are impli-
cated in syndromic hearing loss, with more than 400 syndromes
having a hearing loss component [3]. Most genetic variants
(80%) associated with hearing loss are autosomal recessive and
20% are autosomal dominant.

Vestibular Dysfunction

Vestibular dysfunction manifests as dizziness and spatial dis-
orientation and often is accompanied by impaired balance [8].
Affecting as many as 90 million people in the USA alone, the
prevalence of vestibular dysfunction increases with age, with
35% of adults in their 40s suffering from the condition and as
many as 70% of people over the age of 70 [9—11]. Vestibular
problems increase the risk of falls and fall-related injuries and
death, and thereby have a major impact on health and socio-
economic well-being [8, 9, 12]. Balance disorders may result
from peripheral vestibular impairment or central nervous sys-
tem deficits. Vestibular dysfunction can have genetic causes or
can result from any number of insults, such as ototoxins or
viral infection, or conditions, such as benign paroxysmal po-
sitional vertigo, or Meniere’s disease, though many cases of
impairment are degenerative and idiopathic [8]. Considerably
less is known about genetic causes of vestibular dysfunction
compared to hearing loss. There are few known gene muta-
tions associated with vestibular problems with the exception
of those also associated with hearing loss, wherein vestibular
dysfunction has been found to affect 34% of children with
genetic forms of hearing impairment [13]. Vestibular rehabil-
itation and a compensatory process likely mediated by the
central nervous system can lessen acute symptoms, and there
are currently no effective drugs for the treatment of persistent,
or recurring vestibular dysfunction.

The Ear Anatomy and Function

The ear is an interesting target for treatments in that there are
several unique options available for the delivery of therapeutic
agents because of its location and anatomical features. Like

Fig. 1 Anatomy of the ear.
Diagram of the major structures
of the outer, middle and inner ear

any tissue, dysfunction can result from defects in different
specialized cell types, which must be considered when design-
ing delivery methods and tools [14]. The ear is comprised of
the outer, middle, and inner ear compartments. The inner ear
houses 2 sensory organs, i.e., the vestibular system, which
provides positional information crucial for balance, and the
cochlea, which detects sound and is responsible for hearing.
In some, but not all cases, vestibular problems accompany
hearing loss.

The ear is designed to detect sound by coupling the entry of
sound waves into the outer ear with the vibration of the tym-
panic membrane and mechanical movement of a chain of 3
bones (i.e., ossicles) in the middle ear, followed by the trans-
duction of the mechanical signals into electrical signals in the
inner ear (Fig. 1). The inner ear is divided into the cochlea, the
primary sensory organ for hearing, and the otoliths and semi-
circular canals, which comprise the peripheral vestibular sys-
tem. The movement of the ossicles puts pressure on a
membrane-covered opening of the inner ear called the oval
window. This pressure displaces the perilymph of the inner
ear, creating a wave that travels through the cochlea, depress-
ing the basilar membrane lining the cochlea, and this move-
ment is finally compensated for at the round window. The
round window itself is a membrane at the base of the cochlea
consisting of an outer epithelial, middle fibrous, and inner
epithelial layer. The basilar membrane forms the base of the
organ of Corti, which contains 3 types of cells, i.e., inner hair
cells (IHCs), outer hair cells (OHCs), and supporting cells
(SC) (Fig. 2). Hair cells are highly organized mechanosensory
cells with hair-like projections on their surface called stereo-
cilia that, when deflected by the movement of perilymph fol-
lowing a sound vibration, create receptor potentials that in-
duce neurotransmitter release onto the synaptic endings of
neurons of the cochlear (i.e., auditory) nerve. This sensory
signal is then transmitted through the spiral ganglion and re-
layed across nuclei in the pons, midbrain, and thalamus to the
auditory cortex in the temporal lobe. In this way, sound waves
are transmitted from the outer ear to the middle ear to the inner
ear and the cochlea and are transduced to electrical signals via
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Fig.2 Cross-section schematic of
the outer and middle ear and the
cochlea with the major structures
indicated and with delivery routes

commonly used for drug delivery canalostomy
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the IHCs. These signals are then transmitted to the brain via
afferent neurons and perceived as sound. Loss or absence of
hair cells results in the inability of neurons to relay informa-
tion to the central auditory pathways, causing hearing loss.
Hair cell loss is permanent as regeneration does not occur in
humans.

Hearing loss is typically assessed by testing hearing
sensitivity, performed by measuring hearing thresholds,
which are the lowest level of sound that can be heard
50% of the time. Hearing thresholds are measured in deci-
bels (dB) and the threshold is assessed at different frequen-
cies (Hertz, Hz) in each ear to determine the degree of
hearing loss as a function of how high a hearing threshold
is above normal. For example, thresholds that are 20 to
40 dB higher than normal indicate mild hearing loss,
whereas thresholds of 90 dB are an indication of profound
loss. A widely used test used to determine a hearing re-
sponse and thereby assess thresholds is the auditory
brainstem response (ABR), which is an auditory-evoked
potential generated in response to sound stimulation that
is produced by electrical impulses of the cochlear nerve
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cochlear nerve

and brainstem. These neural impulses are detected as
waves and are indicative of the response in the peripheral
system (i.e., cochlear nerve) followed by waves of activity
in central nervous system auditory circuits [15]. Delays, or
absence of ABR responses, indicate auditory dysfunction.
Additional measurements of hearing that are often used in
evaluating loss include the assessment of otoacoustic emis-
sions (OAEs), which are sounds generated from the inner
ear as a result of sound amplification by the outer hair
cells. OAEs are absent following damage of OHCs, and
thus measurement of these sounds allows the direct evalu-
ation of outer hair cell function.

The brain requires the vestibular system to understand its
position and movement. The peripheral vestibular apparatus is
comprised of the otoliths and semi-circular canals, which re-
port to the brain on linear and rotational head movement,
respectively. Similar to the cochlea, the vestibular organs also
function through the movement of stereocilia on the surface of
sensory hair cells; though here, unlike cochlear hair cells, the
mechanical activation of the stereocilia is largely engaged
through changes in head position and angle with respect to
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Earth’s gravitational pull. Like hearing, balance can be evalu-
ated by behavioral and physiological methods [13]. One direct
measure of vestibular function is the vestibular sensory
evoked potential (VSEP), which involves an evaluation of
the action potentials generated by the vestibular nerve in re-
sponse to head movement as recorded from the surface of the
skull, similar to the ABR.

Treatment of Inner Ear Dysfunction

In order to develop effective drugs to treat hearing loss, careful
consideration must be given to the specific type of hearing
loss and the cause of the deficit. Estimates indicate that 50%
of congenital hearing loss, that which is present at or soon
after birth, has a genetic etiology, which presents opportunity
for correction by gene therapy approaches. However, hearing
loss at birth likely indicates a problem with development of
the hearing apparatus which would necessitate intervention at
carly stages of fetal development in humans, where differen-
tiation of hair cells begins during the third month of pregnancy
(10 to 12 weeks postconception) [16, 17]. Unlike humans, in
mammals such as the mouse, which is the most common
animal model for genetic hearing loss, the cochlea is not fully
developed or functional at birth, allowing for effective early
interventions by treating shortly after birth. Thus, translating
results from mouse models of hearing loss to humans must
consider the differences in hearing development between
species.

Though many forms of hearing and vestibular dysfunction
are developmental and suggest that treatment would require
early intervention to restore appropriate gene expression at the
required time point, there are many cases of late-onset or
slowly progressing hearing loss caused by genetic mutations
that could respond to therapies applied later in life. In addition,
age-related and noise-induced hearing loss and other degener-
ative forms of inner ear dysfunction could be treated in a
responsive or prophylactic manner in children and adults.
While many approaches that have demonstrated therapeutic
benefit to hearing loss and vestibular function have treated
mice at early postnatal time points during the developmental
period of the inner ear, there have been some studies demon-
strating therapeutic efficacy in juvenile and adult inner ears,
suggesting that the organ will be responsive to therapies that
are engaged at later stages and that timing will depend on the
specific target and deficit rather than any intrinsic barriers to
therapy [18, 19].

For genetic forms of hearing loss, information about the
effect of a mutation is important for designing therapeutics.
For example, whether a mutation is autosomal dominant or
recessive offers insight into whether an approach to knock-
down toxic gain-of-function gene products or correct aberrant
gene expression resulting from loss-of-function mutations

would be beneficial. Both of these outcomes can be achieved
by appropriate ASO design as described below.

Delivery of therapeutic molecules to the ear is another issue
in drug development that must be addressed. Though in some
ways the inner ear is an ideal organ for drug delivery due to its
isolation within the bony capsule of the temporal bone and the
relatively easy access via the middle ear, there are unique
barriers to drug entry into the system that must be overcome
[20, 21]. There are a number of different routes for drug de-
livery to the inner ear that have been explored that can be
broadly classified as systemic or local. For ease of delivery,
a therapeutic administered systemically, via intravenous, in-
tramuscular, or oral delivery, for example, may be ideal if the
molecule can gain access to the relevant cells of the inner ear.
However, endothelial cells of blood vessels create a blood-
perilymph and blood-strial barrier that restrict the entry of
systemically applied drugs into the inner ear and also control
elimination of locally administered reagents. Thus, local de-
livery could be advantageous in that it would provide drug
presentation directly and exclusively to the target organ, there-
by maximizing local concentration and minimizing systemic
effects while also bypassing many of the physical barriers
present following systemic delivery. Local delivery routes that
have been explored include (1) intratympanic (IT) administra-
tion via injection through the tympanic membrane and into the
middle ear, (2) intracochlear through the round window or
cochleostomy, and (3) intralabyrinthine to the posterior
semi-circular canal via canalostomy (Fig. 2a) [22-28]. IT ap-
plication is limited by passage through the middle ear epithe-
lium, which covers the round window and the oval window,
and elimination through the Eustachian tube. IT administra-
tion of therapeutic molecules in hydrogel systems, in some
cases, has been shown to address some of these problems
[29, 30]. The latter 2 methods have an advantage in that they
deliver directly to the perilymphatic system, bypassing ad-
sorption barriers, though, at the same time, these may be con-
sidered more invasive and with more potential risks than sys-
temic or intratympanic delivery approaches. Indeed, round
window injection has variable efficacy, possibly due to the
increased risk of middle ear effusion [31]. Canalostomy may
have some advantages for drug delivery directly to the inner
ear without the risk for hearing loss [22, 32]. One important
consideration for either route of delivery is the limited volume
of drug that can be introduced into the inner ear labyrinth, a
space that is restricted by the surrounding bony labyrinth. One
way that this volume limitation can be addressed is to inject
through the round window membrane following fenestration
of the semi-circular canal, which adds an egress for fluid and
effectively doubles the allowable injection volume [23].
Ultimately, the type of drug, the target cells, the protein func-
tion/dysfunction, mutation type, and developmental require-
ments will all need careful consideration when designing
treatments for the inner ear [33].
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Current therapies that are in the clinic for inner ear condi-
tions are primarily pharmaceuticals such as aminoglycosides
and steroids; however, many other treatment reagents are in
development including small-molecule drugs, gene editing,
viral vectors for exogenous gene expression, and antisense
oligonucleotides [34].

Antisense Oligonucleotide Therapeutics

Targeting and modifying gene expression with short nucleic acid
sequences that function, in part, by complementary base-pairing
to a target RNA has shown promise as a therapeutic strategy.
There are a number of different types of antisense molecules that
have been explored as therapeutics, differing primarily in their
mechanism of action. These include antisense oligonucleotides
(ASOs) that alter their target by creating a steric block upon
binding, or those that degrade the targeted RNA upon binding,
such as ribozymes, siRNA/miRNAs, or RNase H-dependent
ASOs. In general, unmodified RNA or DNA molecules are un-
stable and degrade rapidly in vivo. Most ASOs are chemically
modified to improve their pharmacological profile. The specific
chemical modifications that are being made to ASOs are depen-
dent on the type of ASO. Modifications to the ASO have been
crucial to stabilize the ASO in vivo, increase binding affinity
towards its target and improve cellular uptake and release, and,
more recently, provide selective tissue and cell type-specific
targeting features, all of which have been extensively reviewed
elsewhere [35-38].

Two types of oligonucleotides that have been explored as
therapeutics for hearing loss include splice-switching ASOs
and RNA interference (RNAi) with siRNAs or miRNA
sequences.

RNA Interference

ASOs that target RNA for degradation by the RNA-induced
silencing complex (RISC) are designed as small interfering
RNAs (siRNAs) or microRNAs (miRNAs) that trigger RNA
degradation via the RNA interference (RNAi) pathway [39,
40]. RNAI refers to the phenomenon by which double-
stranded RNAs (dsRNA) induce sequence-specific posttran-
scriptional silencing of a gene with a sequence homologous to
the dsRNA by targeting its RNA transcript (Fig. 3a). This
process involves the cleavage of a region of dsRNA into a
shorter 21- to 23-nucleotide dsRNA fragment by the
dsRNA-specific nuclease, Dicer. The resulting dsRNA is
bound by an Argonaut protein, forming the RISC complex
where 1 strand of the dsRNA is removed and the other strand
is delivered to the target RNA sequence for base-pairing. After
binding, the targeted RNA is either cleaved, degraded, or oth-
erwise translationally repressed [40].
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Fig.3 Examples of antisense approaches for the treatment of hearing loss
and vestibular dysfunction. (a) A miRNA-mediated knockdown of the
semi-dominant gain-of-function allele 7TMC1/Bth by RNAI. An artificial
miRNA gene targeting TMC/Bth expressed from a cassette within the
adeno-associated virus (AAV2/9) vector following viral transduction is
processed to generate a short 21- to 23-nt double-stranded RNA that is
bound by the RNA-induced silencing complex (RISC). One strand of the
duplex is removed and the remaining single-stranded antisense RNA base
pairs to the TMC1/Bth mRNA, which initiates cleavage or degradation,
resulting in a decrease in overall mRNA abundance. (b) Scheme of a
splice-switching ASO for the correction of splicing. A mutation
(216G>A) in exon 3 of USHIC creates a cryptic splice site that results
in mis-splicing and the creation of an open reading frameshift and the loss
of full-length Harmonin, thereby causing Usher syndrome type 1C. The
ASO (shown in blue) base pairs across the cryptic splice site blocks the
aberrant splicing, thereby redirecting to the wild-type splice site and re-
storing the USHC open reading frame and full-length Harmonin. Boxes
represent exons and lines are introns. Diagonal lines indicate the splicing
pathway

Utilizing the cells’ natural RNAi mechanism to specifically
downregulate gene expression by introducing siRNAs to the
cell has been an intensely studied tool for gene-based therapy,
and the first siRNA drug, patisiran (ONPATTRO™) [41, 42],
which targets and downregulates 77R gene expression in the
liver, has recently been approved by the FDA for the treatment
of hereditary transthyretin amyloidosis. Patisiran is a 21-
nucleotide double-stranded nucleic acid with a portion of the
sequence modified with 2’-O-methylcytidines and 2'-O-
methyluridines. The modified nucleic acid is formulated as a
lipid complex for delivery to hepatocytes. A key development
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leading to the successful advancement of this siRNA treat-
ment was the formulation of lipid nanoparticles as agents to
deliver the siRNAs.

For the treatment of or protection against hearing loss, a num-
ber of different RNALI strategies differing in RNA targets, deliv-
ery modalities, and types of siRNA/miRNA molecules have
shown efficacy in animal models. These include but are not
limited to RNA approaches involving the knockdown of
mRNA encoding toxic, gain-of-function proteins [26, 43] or
modulation of gene pathways that limit regeneration or protect
against noise-induced hearing loss [44-46] or cisplatin-induced
ototoxicity [47—49]. In most cases reported, unformulated
siRNAs were delivered via trans-tympanic injection to the mid-
dle ear prior to the induction of hearing and hair cell damage,
which results in modest protection from hearing loss. This mode
of delivery appears to be effective for siRNAs, though improve-
ments in delivery could elevate protection [50]. Promising results
with AAV-mediated transduction of artificial miRNAs or
nanoparticle-formulated siRNAs indicate alternative effective ap-
proaches for RNAi-based knockdown of gene expression. Here,
we expand on examples of RNAi approaches for the treatment of
2 different types of hearing loss.

DFNA36/TMC1

The use of RNALI to suppress autosomal-dominant mutant alleles
associated with hearing loss has been identified as an effective
approach in an animal model of human autosomal-dominant
NSHL, wherein a missense mutation in a single gene allele is
responsible for the deficit. For this, a mouse carrying the semi-
dominant 7mc/ ¢.1235T>A (p.M412K) allele, also known as the
Beethoven (Bth) missense mutation, was treated with an artificial
miRNA expressed from an adeno-associated virus (AAV) vector
administered by injection through the round window membrane
(Fig. 3a) [26, 51]. The orthologous human mutation, 7MC!
c.1253T>A (p.M418K), is associated with progressive
postlingual sensorineural hearing loss with an age of onset that
varies from 5 to 25 years of age [52, 53]. Similarly in mice, the
Bth allele causes progressive hearing loss. A single injection of
AAV-TMCI1 miRNA into postnatal day 0 to postnatal day 2 (P0-
P2) mice resulted in a nearly 90% reduction in the targeted 7mcl
c.1235T>A allele 4 weeks after injection. This knockdown of the
disease-associated allele improved hair cell survival compared to
control mice. Expression of the Tmcl-targeted miRNA also
slowed progression of hearing loss, as measured by ABR, for
up to 21 weeks with some mice exhibiting stable ABR thresholds
for up to 35 weeks, the latest time point assessed. Hearing pres-
ervation was significant at 8 and 16 kHz but not at 32 kHz,
similar to reports from others on the lack of efficacy of hearing
therapeutics in the high-frequency range in mice and may be
related to the amount of exposure of treatment to the cells in
the region of the cochlea that is responsible for detection of
high-frequency tones [27, 54].

In a follow-up study, in which delivery was performed by
injection through the round window membrane in combina-
tion with semi-circular canal fenestration, treatment of adult
mice with the TMC/-targeted miRNA was found to slow the
progression of hearing loss and stereocilia bundle degenera-
tion, and improve hair cell survival [51]. This study demon-
strated for the first time that antisense-based genetic therapies
are effective when administered to an adult mouse model of
human deafness, providing exciting proof of concept of the
efficacy of treatment later in life. Also important to note, de-
spite having only a single-nucleotide difference in the targeted
sequence, expression of the miRNA reduced expression of the
mutated allele only without affecting wild-type allele expres-
sion. This allele-specific knockdown is particularly important
in cases of targeting a dominant negative target as the wild-
type protein product likely is required and must be maintained
in order to support normal hearing after the dominant negative
protein is knocked down. Overall, these results demonstrate
the feasibility of RNAi for the suppression of deafness-
associated gene expression to treat hearing loss. Although this
approach utilizes an AAV-mediated expression of the siRNA
molecule, which has the benefit of long-term expression of the
interfering RNA, the option of nonviral delivery similar to
patisiran is a possibility if appropriate formulation could be
developed for efficient inner ear delivery.

Other nucleic acid-based therapeutic approaches for inner ear
dysfunction are being pursued and have shown good therapeutic
benefit in mouse models [55-57]. The use of different ap-
proaches in the same mouse models of human deafness have
allowed a comparison of treatments. For example, the
DFNA36/TMC1 mice that were effectively treated with AAV-
delivered artificial miRNAs to downregulate dominant negative
TMC/Bth expression, discussed above, also have been shown to
respond positively to a gene-editing strategy using the clustered
regularly interspaced short palindromic repeats (CRISPR)/Cas9
gene editing system to correct the causative TMC1 Bth mutation.
In this case, the Cas9 protein was packaged with its guide RNA
in a lipid droplet that can fuse with cells. Injection of the nano-
particles into the inner ear of newborn mice resulted in delivery to
the cells and establishment of inner hair cells and temporary
improvement of hearing despite genomic editing that was limited
to a small number of cells [58].

Hes1 and Noise-Induced Hearing Loss

Another RNAI strategy that has been investigated as a thera-
peutic approach for hearing loss caused by damage is the
downregulation of gene expression pathways that suppress
regeneration. Regeneration of hair cells following damage is
considered an important goal for the treatment of hearing loss.
Induction or expression of the transcription factor Atoh-1,
which plays a role in hair cell differentiation during develop-
ment but is not expressed at high levels in adults, has been a
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target for activating cell regeneration in the inner ear. One
approach has been to downregulate repressors of Atoh-1 gene
expression, such as the transcriptional repressors in the Hes
gene family, using siRNAs [59]. To this end, the knockdown
of HESI gene expression with siRNAs resulted in hair cell
differentiation and some improvement in auditory thresholds
in guinea pigs following noise injury [19]. In this case, 3 days
after injury, siRNAs were delivered encapsulated in
poly(lactide-co-glycolide acid) (PLGA) nanoparticles for
sustained release following administration via a mini-
osmotic pump infusions through a cochleostomy lateral to
the round window.

Splice-Switching Antisense Oligonucleotides

Splice-switching ASOs are typically comprised of 12-30 nu-
cleotides that are chemically modified to improve stability,
deliverability, and binding affinity [60, 61]. This type of
ASO functions by binding alone. ASOs that confer their ef-
fects by simply binding to a target RNA can be designed to
block interactions of a specific single-stranded region of RNA
with proteins or other RNA sequences, thereby altering RNA
processing. For splice-switching activity, an ASO base-
pairing to a target RNA can alter the recognition of splice sites
by the spliceosome, which leads to an alteration of normal
splicing of the targeted transcripts. Importantly, in order to
avoid cleavage by the endogenous nuclease, RNase H, which
cleaves RNA that is duplexed with DNA, the ASO must be
chemically modified to escape enzymatic cleavage [62, 63].
Chemical modifications to the backbone, such as
phosphorodiamidate morpholino linkages, and to the sugar,
such as 2'-modified and conformationally constrained nucle-
otides, have improved nuclease resistance [64, 65]. Thus, with
appropriate chemical modifications, splice-switching ASOs
modify gene expression without altering the overall abun-
dance of the target RNA. Splice-switching ASOs are the basis
of the FDA-approved drugs for spinal muscular atrophy
(SMA), nusinersen (SPINRAZA™) [66], and Duchenne mus-
cular dystrophy (DMD), eteplirsen (EXONDYS 51™) [67].

Though not yet explored as a therapeutic approach for in-
ner ear dysfunction, the use of RNase H-dependent ASOs
could be an effective tool when downregulation of gene ex-
pression is the goal, much in the way siRNAs and the RNAi
pathway have been utilized for downregulation of gene ex-
pression. ASOs can be designed to have a core of DNA nu-
cleotides flanked by modified RNA nucleotides for stability.
These so-called gapmers, when duplexed with RNA, create a
DNA:RNA duplex in which the RNA becomes a substrate for
cleavage by the endogenous nuclease, RNAse H [68].
Gapmers are currently in the clinic for the treatment of familial
hypercholesterolemia, mipomersen (KYNAMRO™) [69, 70],
and TTR amyloidosis, inotersen (TEGSEDI™) [71].
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Usher Syndrome

Splice-switching ASOs have been used to correct gene ex-
pression and rescue hearing and vestibular function in mouse
models of Usher syndrome. Usher syndrome (USH) is char-
acterized by the combination of sensorineural hearing loss
with retinitis pigmentosa and progressive vision loss. With a
prevalence of as much as 1 in 6000, it is the most common
hereditary cause of combined deafness—blindness [72]. By
some counts, more than 10% of children with hearing loss
have a mutation in an Usher syndrome gene [72]. The onset
of symptoms is variable but typically occurs during childhood.
Usher syndrome is clinically classified by severity [73]. Usher
type 1, caused by a mutation in 1 of 6 genes or loci, accounts
for ~40% of cases, and hearing loss is congenital, profound,
and often associated with vestibular areflexia. Usher type 2,
caused by mutations in 3 genes, accounts for about 60% of
cases, which exhibit moderate to severe, slow progressing,
prelingual hearing loss without vestibular dysfunction. Usher
type 3 is associated with mutations in 1 gene which results in
rapidly progressing hearing loss, variable vestibular involve-
ment, and vision loss that progresses slowly to blindness in
early to mid-adulthood. In some people with Usher syndrome,
the genetic cause of the condition has not been identified and it
is likely that additional genes are associated with the disorder.
Most of the gene mutations associated with Usher syndrome
result in a loss of hair cells in the inner ear and a loss of
photoreceptors in the retina, which cause the hearing loss,
balance problems, and vision loss [73].

USH1C/Harmonin

The first demonstration that ASOs could be used to treat hear-
ing loss came in 2013 with the report of hearing and vestibular
rescue in a mouse model of Usher syndrome type 1C follow-
ing ASO treatment [54]. Usher type 1C is caused by mutations
in USH1C which encodes the protein Harmonin, a scaffolding
protein involved in interactions critical for establishing and
maintaining stereocilia structures and organization of hair
cells in the cochlea [74—76]. A splice-switching ASO was
designed to base-pair to a donor 5' splice site sequence that
was created by a G>A mutation at position ¢.216 in exon 3 of
the USHIC gene (Fig. 3b). When treated with a single intra-
peritoneal injection at postnatal day 5 (P5), hearing was res-
cued to wild-type levels at some frequencies, as assessed by
auditory-evoked brainstem response analysis [54]. This rescue
was complete at low frequencies, 8 and 16 kHz, and to a lesser
degree at 32 kHz. Outer hair cells were also functional in
ASO-treated mice as demonstrated by significant DPOAE
recordings in treated mice, which were absent in mice treated
with a control, nontargeted ASO [77]. ABR and DPOAE
analysis revealed that treatment of mice at earlier time points
at P1 compared to P5 resulted in better IHC and OHC function
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[54, 77]. Remarkably, hearing was maintained for at least
6 months after treatment, though an increase in thresholds
was observed compared to measurements at earlier time
points. Immunohistochemical analysis of ASO localization
in the cochlear hair cells using an ASO-specific antibody
showed widespread distribution of the ASO through the bas-
ilar membrane with greater intensity of signal in the inner hair
cells relative to the outer hair cells [77]. The rescue of hearing
was accompanied by a significant preservation of OHC num-
ber and organization of the stereocilia [54]. Surprisingly,
though there was a robust increase in Harmonin protein levels
in the cochlea of Usher mice treated with the ASO targeted to
the 216G>A mutation, there was a relatively low level of
corrected splicing compared to splicing at the aberrant site
[54, 77, 78]. This result suggests that a low amount of
Harmonin RNA is sufficient to support hearing in these mice.

ASO treatment of Usher mice also eliminated all behaviors
suggestive of vestibular dysfunction in the mice including
circling, head-tossing, and inability to swim [54]. A more
detailed investigation of the treatment of vestibular dysfunc-
tion was performed by testing the Usher mice for vestibular
sensory evoked potentials (VsEPs), which directly assesses
vestibular function. Interestingly, it was found that if treatment
was administered during a critical period between postnatal
day 1 and postnatal day 5 (P1-P5), mice had normal vestibular
function as indicated by VSEP, whereas mice treated at P15
did not display abnormal vestibular behavior (circling and
swim dysfunction) but had abnormal VsEPs [78].
Exploratory behavior is also disrupted in Usher mice, a deficit
not entirely related to the abnormal vestibular behavior. An
investigation of the organization of exploratory movements in
these mice was used to assess spatial organization in both dark
and light settings. Typically, mice utilize a combination of
environmental as well as self-movement cues as they explore
and these activities were found to be disrupted in Usher mice
and recovered in Usher mice treated with ASO to correct
Ushlc splicing [79].

Hearing development in mice continues postnatally until
approximately P15. This developmental period corresponds
to the time frame in which ASO-Ush must be delivered to
confer therapeutic benefit to hearing and balance phenotypes,
suggesting that a window of opportunity for treatment exists
during hearing development. However, in humans, the audi-
tory system becomes functional at around 25 to 29 weeks
gestational age with the earliest evidence of ABRs at 16 weeks
gestational age [16, 55]. This developmental window suggests
that a treatment for congenital hearing loss would likely re-
quire administration in utero. With this in mind, a recent study
found that an intra-amniotic cavity delivery of ASO results in
a significant effect on the target RNA in the inner ear. When
injected into the amniotic cavity of E13-13.5 embryos, the
ASO targeting the UshIc c.216A aberrant splice site increased
correctly spliced Ushlc mRNA to a level comparable to that

observed when the ASO was delivered by IP injection at PS5
[80]. These results suggest that intra-amniotic delivery of
ASOs could be considered a therapeutically relevant route of
delivery for a relatively noninvasive treatment approach for
fetal and congenital diseases.

Other strategies for the treatment of Usher syndrome type
1C have also been reported. An AAV-mediated gene delivery
approach has been shown to have similar efficacy in the
Ushlc c.216AA mice as a splice-switching ASO [27]. In this
case, the AAV-Ushlc virus was injected directly into the inner
ear via the round window and similar to the outcomes with the
ASO, vestibular function and auditory function were recov-
ered for up to 6 months post-treatment. Similar to results with
ASO treatment, therapeutic benefit was restricted to treat-
ments that occurred before P10-P12 and to low-frequency
hearing, with little recovery in the 32-kHz range. A more
direct comparison of these 2 approaches will require a study
to test the activity of the ASO delivered directly to the inner
ear and a more long-term assessment of sustained auditory
function. Together these studies demonstrate the utility of both
ASOs and traditional gene therapy in the treatment of this
form of Usher syndrome. Importantly, the 2 treatments are
not expected to interfere with each other and, thus, could be
used in combination, an advantage that could prove important,
for instance in cases where AAV treatment/redosing may be
limited by immunogenicity.

USH2A/Usherin

Mutations in the USH2A gene, encoding the Usherin protein,
are the most frequent causes of Usher Type 2 (USHbases;
http://www.lovd.nl/USH2A) [81]. One mutation, USH2A c.
7595-2144A>G creates a new donor splice site within intron
40 of the gene that results in splicing of a 40 nucleotide
pseudoexon (PE40) into the USH2A mRNA [82]. ASOs de-
signed to base-pair to the 3’ splice acceptor site region of PE40
effectively block PE40 splicing and restore appropriate splic-
ing of USH2A in patient-derived fibroblasts [83] as well as in a
humanized zebrafish knockin model, though aberrant splicing
of PE40 was minimal in these animals [84].

Further analysis of the USH2A gene in individuals with
Usher type 2, as determined by the identification of a hetero-
zygous mutation in the gene, identified 3 additional deep
intronic mutations in the gene, all of which are predicted to
create de novo splice sites and inclusion of pseudoexons [85].
The effectiveness of splice-switching ASOs in blocking
pseudoexon splicing was demonstrated in vitro using a
morpholino antisense oligonucleotide to block the aberrant
splicing caused by 1 of the mutations ¢.9959-4159A>G.

USH?2A exon 13 mutations, such as c¢. 2299delG, are found
in a large proportion of Usher type 2 patients [86—89]. Many
of these mutations introduce premature termination codons
(PTCs) or frameshifts that result in loss of Usherin protein.
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The complete elimination of exon 13 does not disrupt the open
reading frame of the protein and, thus, inducing skipping of
the exon with splice-switching ASOs would eliminate stop
mutations, essentially correcting the reading frame and recov-
ering Usherin protein expression, albeit an isoform lacking the
214 amino acids encoded by exon 13. Analysis of patients
revealed that those with 2 truncating USH2A mutations devel-
oped more severe hearing impairment than patients with only
1 truncating mutation or 2 nontruncating mutations [90], sug-
gesting that using ASOs to induce skipping to essentially
change a truncating mutation to a nontruncating mutation
may be a viable therapeutic approach. A similar rationale is
the basis of the ASO therapeutic for Duchenne’s Muscular
Dystrophy, EXONDYS 51 [67]. This approach for USH2A
is being pursued by ProQR as QR-421a, which recently re-
ceived fast-track designation from the FDA, for treatment of
vision loss in USH patients with USH2A exon 13 mutations
(http://www.proqr.com; patent no. US 10,131,910 B2).

These ASO approaches for Usher type 2 caused by muta-
tions in USH2A have not yet been shown to have therapeutic
effects on hearing, due to the lack of appropriate animal
models, but nonetheless demonstrate that ASOs can induce
the desired effect on splicing. Given the demonstration of
therapeutically relevant ASO delivery to the inner ear to pre-
vent hearing impairment and vestibular dysfunction in Usher
mice with the USH1C mutation, as described above, there is a
strong precedence that ASOs with similar characteristics will
have efficacy in vivo.

Conclusions and Future Directions

Many issues must be addressed when developing an inner ear
therapy for hearing loss and/or vestibular dysfunction includ-
ing the specific drug design, the age at treatment, target tissue
and cell type, and the route of injection/delivery. There are
many opportunities for the use of this technology for the treat-
ment of inner ear conditions. For example, missense muta-
tions are responsible for most cases of autosomal-dominant
(AD) nonsyndromic hearing loss. Eliminating the mutant
RNA transcript by RNAi or RNAse H-mediated cleavage
using antisense molecules is a broadly applicable approach
to eliminating RNAs associated with toxic gain-of-function
protein products typical in AD NSHL. Furthermore, AD
NSHL is typically postlingual and progressive, offering a rel-
ative long therapeutic window of opportunity for intervention.
For other types of mutations, splice-switching ASOs, similar
to the 1 described to target the Ushlc ¢.G216A mutation, are
promising as therapeutic molecules. An example of another
splicing mutations that results in a form of Usher syndrome is
Usher 3A. Here, a CLRNI (USH3A) mutation that creates a
new splice site activates splicing of an aberrant pseudoexon,
resulting in a frameshift and premature termination codon in
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the mRNA [91]. In addition to blocking the use of cryptic or
de novo splice sites activated by mutations, splice-switching
ASOs can also be designed to induce splicing events that
would correct the reading frame in cases of frameshift and
stop mutations. The demonstrations to date that antisense ol-
igonucleotides and other forms of nucleic acid therapeutics
can successfully access and affect targeted gene expression
are a major achievement that sets a precedence for further
development of this form of therapeutic for hearing loss.

Drug delivery to the inner ear has a number of advantages
compared to other organs such as the potential for access to
the cochlea and/or vestibular organ via a number of different
direct injection routes [56]. Additionally, there is evidence that
ASOs can access the cochlea when delivered systemically or
even to the amniotic cavity [54, 80]. Future developments in
ASO delivery will likely benefit treatment development for
the inner ear. For example, delivery of ASOs in nanoparticles,
such as PLGA used in delivery of siRNAs targeting HES/,
described above, could aid in inner ear treatment, although in
this case the nanoparticle was injected through the round win-
dow membrane [19]. There has been limited research to date
on targeted nanoparticles systemically delivered to the inner
ear or through the round window [29]. Additionally, though
not yet explored for inner ear targeting, tissue-specific deliv-
ery of ASOs has been rapidly developing, predicting modifi-
cations to the antisense molecules themselves that will maxi-
mize delivery to the cells of interest [38]. Together, antisense
approaches to treat hearing and vestibular dysfunction offer a
number of different options for therapies, many of which have
shown therapeutic promise in animal models of human deaf-
ness, setting a precedence for future work and more aggressive
pursuit of antisense technology for inner ear therapy.
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