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The cochlea is a complex organ comprising diverse cell types with highly specialized
morphology and function. Until now, the molecular underpinnings of its
specializations have mostly been studied from a transcriptional perspective, but
accumulating evidence points to post-transcriptional regulation as a major source
of molecular diversity. Alternative splicing is one of the most prevalent and well-
characterized post-transcriptional regulatory mechanisms. Many molecules
important for hearing, such as cadherin 23 or harmonin, undergo alternative
splicing to produce functionally distinct isoforms. Some isoforms are expressed
specifically in the cochlea, while some show differential expression across the
various cochlear cell types and anatomical regions. Clinical phenotypes that arise
from mutations affecting specific splice variants testify to the functional relevance of
these isoforms. All these clues point to an essential role for alternative splicing in
shaping the unique molecular landscape of the cochlea. Although the regulatory
mechanisms controlling alternative splicing in the cochlea are poorly characterized,
there are animal models with defective splicing regulators that demonstrate the
importance of RNA-binding proteins in maintaining cochlear function and cell
survival. Recent technological breakthroughs offer exciting prospects for
overcoming some of the long-standing hurdles that have complicated the analysis
of alternative splicing in the cochlea. Efforts toward this end will help clarify how the
remarkable diversity of the cochlear transcriptome is both established and maintained.
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1 Introduction

The cochlea is a highly specialized organ responsible for hearing. Its function depends on the
intricate organization of its myriad cell types, including mechanosensory hair cells (HCs), more
than five types of supporting cells (SCs), and many other non-sensory cells that contribute to the
survival and function of the sensory cells. All these constituents of the mature cochlea are
generated from the otocyst, a spherical and seemingly homogenous population of epithelial cells.
How does the cochlea achieve its distinct anatomy, and how is its remarkable cellular diversity
created and maintained? Until now, efforts to address these questions have focused largely on
regulation at the transcription level. Conditional knockout studies and transcriptomic analyses
have identified key transcription factors governing cochlear development (Elliott et al,, 2021).
Single cell RNA-sequencing techniques are now revealing transcriptomic heterogeneity with
unprecedented resolution (Kelley, 2022). Transcriptional control, however, is only one aspect of
genetic regulation. A complete picture of the formation and maintenance of molecular diversity
in the cochlea requires consideration of post-transcriptional regulation as well.
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Proteomic studies have shown that roughly 37% of human
protein-coding genes encode multiple isoforms, allowing the
20,000 genes in the genome to produce more than
290,000 peptides (Kim et al, 2014). Alternative promoters,
alternative translation start/stop sites, and post-translational
modifications are all examples of post-transcriptional regulatory
mechanisms that can contribute to isoform diversity (Hu et al., 2015;
Reyes and Huber, 2018). Recent studies have explored the result of
these processes in the cochlea, and comprehensive reviews have been
written on this subject (Booth et al., 2018a; Shi et al.,, 2022). In this
article, we focus on alternative splicing (AS), a post-transcriptional
modification process that allows the production of multiple mRNA
transcripts from a single gene.

AS is exceptional in both its extent and its contribution to
transcriptomic diversity. AS is estimated to occur in roughly 95% of
human multi-exon genes (Pan et al., 2008; Wang et al., 2008), about
two-thirds of which are tissue-specific (Wang et al., 2008). During
development, AS acts as a source of transcriptomic variation
required to meet the increasingly specialized demands imposed
upon different tissues or cell types (Baralle and Giudice, 2017).
Therefore, it is possible that 1) cochlea-specific AS might aid in
shaping the unique anatomy of the organ, and 2) region- or cell type-
specific AS might help generate heterogeneity within the cochlea.

Although no systematic attempt has yet been made to assess its
splicing profiles, several reports hint at an active role for AS in the
cochlea. Many of the molecules essential for hearing exist in multiple
splice variants, some of which are expressed specifically in the
differ
Functional and morphological defects observed in isoform-
specific (KO) and different
phenotypes arising from mutations that affect different isoforms

cochlea. Biochemical properties among  isoforms.

knock-out animals clinical
testify to the distinct roles assumed by the splice variants.
Furthermore, AS patterns vary according to cell type, spatial
location, and developmental stage, suggesting the possibility that
AS plays a role in creating morphological and functional
heterogeneity within the cochlea. Finally, mice deficient for
certain splicing regulators show hearing impairment, although
the detailed pathogenic mechanisms underlying this defect
remain unclear. These results highlight the importance of AS
regulation in the normal development and function of the cochlea.

This article aims to provide a comprehensive review of the
literature focusing on the physiological relevance of AS in cochlear
development and hearing function. We will first give a basic
overview of AS and cochlear biology, and then explore the rich
transcriptomic diversity of the cochlea conferred by AS and its
regulator RNA-binding proteins (RBPs). Finally, we will discuss
clinical cases of hearing loss caused by abnormal AS regulation and
potential therapeutic approaches utilizing AS for correcting
deafness-causing mutations.

2 Background
2.1 Overview of alternative splicing
Primary transcripts from most eukaryotic genes contain splice

sites. A ribonucleoprotein complex known as the spliceosome excises
parts of pre-mRNAs whose borders are defined by splice site
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sequences (Figure 1A); this is how the task of intron removal is
accomplished. Some introns are defined by splice sites “strong”
enough to be invariably recognized by the spliceosome, so these are
constitutively spliced out. Other introns may or may not be removed
depending on circumstances. A diverse array of transcripts may be
generated from a single gene as a result of such alternative splicing. It
is customary to describe any AS event as one (or a combination) of
5 types of binary processes: skipping of an alternative or “cassette”
exon, alternative 5’ splice site usage, alternative 3’ splice site usage,
utilization of mutually exclusive exons, and intron retention
(Figure 1B). As a result, the quantity and kind of processed
transcripts are affected. When a premature termination codon is
introduced via AS, the transcript is likely to be degraded by the non-
sense-mediated decay pathway (Titus et al., 2021). Modification of
untranslated region (UTR) sequences may influence mRNA
localization or stability (Titus et al., 2021). Finally, when a coding
sequence is differentially spliced, the resulting protein isoforms may
differ in stability, localization, or function (Titus et al., 2021).

Factors affecting splicing outcomes can be broadly categorized
as either cis- or trans-acting (Figure 1C). Cis-regulatory elements are
pre-mRNA sequences near the splice site that influence recognition
by the spliceosome. These are further classified as exonic or intronic
splicing enhancers or silencers according to their location and
function. Trans-regulatory elements refer to factors—usually
RBPs—that localize to cis-regulatory sequences and affect binding
of the splicing machinery to the pre-mRNA. Regulation of trans-
acting factor expression can alter splicing outcomes to suit various
physiologic requirements. In addition, since splicing occurs
concurrently with transcription, various aspects of transcription,
such as elongation rate, can also affect splicing outcomes (Kornblihtt
et al., 2013).

2.2 Overview of cochlear structure and
function

The cochlea consists of three chambers (Figures 2A,B). The scala
vestibuli and scala tympani are spaces filled with a fluid called
perilymph. These spaces together function as a conduit for
incoming sound waves. Sandwiched between these two spaces is
the scala media, a blind tube surrounded by three walls. Reissner’s
membrane and the cochlear floor constitute the scala media’s
borders with the scala vestibuli and scala tympani, respectively.
The wall facing the lateral side houses a special kind of epithelium,
the stria vascularis, which is important for maintaining ion
homeostasis. Vibrations in the perilymph are converted to
undulations of the basilar membrane underlying the cochlear
floor. Within the cochlear floor resides the organ of Corti, the
auditory sensory organ that harbors the mechanosensory hair
cells (HCs) and supporting cells (SCs). Movements of the basilar
membrane displace the HCs relative to the overlying tectorial
membrane, deflecting their hair bundles.

Each hair bundle is an array of actin-based protrusions called
stereocilia located on the apical surface of every HC (Figures 2C,D).
A variety of structures work together to translate these mechanical
stimulations into electric signals. These include various hair bundle
links, which ensure the entire hair bundle moves in concert to
generate a coherent signal (Figures 2D,F). Horizontal top connectors
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Overview of alternative splicing. (A) The splicing reaction. The core spliceosome consists primarily of five small nuclear ribonucleoproteins (SnRNPs):

U1, U2, U4, U5, and U6. The splicing reaction begins when the U1 snRNP binds the 5’ splice site (5’ SS). Next, U2 and some non-snRNP factors recognize
other important sequences, including the 3’ splice site (3’ SS) and the branch point (BP). The resulting RNA-protein complex then undergoes a series of
conformational rearrangements, becoming catalytically active. Finally, in a two-step transesterification reaction, two exons are ligated and the
intervening intron is spliced out in the form of a ‘lariat’ before being subsequently degraded. (B) The major types of binary AS events. (C) The determinants
of splicing outcomes. Exonic/intronic splicing enhancer (ESE/ISE) sequences are recognized by splicing activators, such as the serine-rich (SR) family of
proteins, which facilitates the action of the splicing machinery. Repressors, such as the heterogeneous nuclear ribonucleoproteins (hnRNPs), bind to
exonic/intronic splicing silencers (ESSs/ISSs) to inhibit the components of the spliceosome from recognizing splice site sequences.

connect adjacent rows of stereocilia, while tectorial membrane
attachment crowns anchor the tips of tallest stereocilia to the
tectorial membrane. Some structures, such as ankle links, appear
transiently during development and are thought to be involved in
hair bundle maturation. Most importantly, tip links connect the
uppermost regions of adjacent rows of stereocilia with one another
(Richardson and Petit, 2019). Tip links are somehow coupled to the
mechanoelectrical transduction (MET) machinery, an apparatus
consisting of molecules such as TMC1, LHFPL5, and TMIE that
triggers the influx of K* and Ca®" in response to mechanical tension
(Zheng and Holt, 2021). Depolarization of the HC membrane leads
to additional Ca®* influx through Cay1.3 L-type Ca®* channels,
further accelerating depolarization (Brandt et al., 2003; Sidi et al.,
2004). Increased intracellular Ca** concentration leads to K* outflow
through Ca**-sensitive K* channels located at the basolateral
membranes of the HCs. This triggers cell repolarization so the
cycle can begin again (Fettiplace, 2017).

In mammals, the subsequent response depends on the type of
HC. Inner hair cells (IHCs) receive the majority of auditory
afferent innervation and possess specialized structures called
ribbon synapses at their interface with nerve fibers (Figures
2C,E). Depolarization in the IHCs leads to glutamate release at
these synapses, propagating the sound-evoked electrical signals to
the neurons, which carry it to the brain. On the other hand, outer
hair cells (OHCs) receive only a limited number of afferent fibers.
Electrical excitation of these cells, rather than promoting
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neurotransmission, triggers cell contraction (Fettiplace, 2017).
This cochlear amplifier mechanism acts to augment the acoustic
signal in a non-linear fashion.

3 Cochlear transcriptomic diversity
from alternative splicing

The intricate organization and function of the cochlea suggests
its transcriptome must also be quite specialized and diversified. Does
AS contribute to sculpting the unique and diverse transcriptome of
the cochlea? Compiling known cases of cochlear AS could be a good
starting point for answering this question, but few such attempts
have been made. One study found 20 unannotated, highly conserved
exons in 12 deafness-related genes (Ranum et al., 2019). This hints
that vast areas of the cochlear transcriptome remain unexplored.
Although unbiased, transcriptome-wide analyses are still wanting,
some isoforms of important proteins have been documented. For
example, proteins related to Usher syndrome—a group of genetic
conditions characterized by hearing loss and blindness—tend to
exist in multiple isoforms with unique functions and distribution
patterns (Whatley et al,, 2020). An earlier review summarized the
most well-known examples of cochlear AS (Wang et al., 2016). Here,
we have created a more comprehensive and up-to-date catalogue of
cochlear splice variants, which is presented in Supplementary
Table S1.
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FIGURE 2

Gross and molecular anatomy of the mammalian cochlea. (A) The structure of the inner ear. (B) Transverse section of the cochlea. (BC: Boettcher

cell; BM: Basilar membrane; CC: Claudius cell; DC: Deiters cell; HeC: Hensen cell; IBC: Inner border cell; IHC: Inner hair cell; IPC: Inner pillar cell; IPhC:

Inner phalangeal cell; ISC; Inner sulcus cell; OHC: Outer hair cell; OPC: Outer pillar cell) (C) Enlarged view of the two kinds of cochlear HCs depicting the

locations of the most important ion channels. Efferent fibers from the olivary complex synapse mainly with OHCs. (BK channel: large-conductance

Ca?*-activated K* channel; nAChR: a9/a10 nicotinic acetylcholine receptor; SK channel: small-conductance Ca®*-activated K* channel) (D-F) Important

structures are labeled in blue with their molecular constituents listed below in black. (D) Enlarged view of the HC apical surface depicting various types of

hair bundle links. The asterisk (*) indicates that ankle links are transient structures absent from the mature hair bundle. (Inset: A section parallel to the

cochlear floor at the level of the tight junctions. Specialized structures called tricellular junctions are formed at points of tricellular contact.) (E) The
(Continued)
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FIGURE 2 (Continued)

components of a ribbon synapse. (F) The components of the tip link and its adjacent structures. The insertion sites of the tip links into neighboring
stereocilia appear as electron-dense structures when viewed under electron microscopes, which earned them the names upper and lower tip link
densities (UTLD and LTLD). Various Usher proteins form scaffolds that connect the tip link to the actin core, which is stabilized by other actin-binding

proteins.

In this section, we will examine whether and how AS helps to
address the following two challenges: to specialize the cochlear
transcriptome so that it becomes distinct from that of other
organs, and to diversify the transcriptome so as to distinguish
various cochlear cell types or anatomical regions. One caveat is
that transcript diversity does not necessarily translate into diversity
at the protein level. And even when it does, the mere existence of
protein isoforms is not necessarily evidence of functional relevance.
Ideally, we need clinical or experimental evidence that depletion of
different isoforms affects cochlear anatomy or physiology in
different ways. Biochemical studies could directly prove that
molecular characteristics differ among isoforms, but it is possible
that each splice variant performs its unique function in every cell,
whatever the circumstances. To argue that AS accounts for
differences among cells or tissues, it must be shown that the
expression of the splice variants is differentially regulated in
those environments. With this in mind, we now proceed to
inspect several selected AS events and discuss their potential
significance.

3.1 Alternative splicing events with cochlea-
specific roles

How does the cochlear transcriptome differ from that of other
organs, and how does AS contribute to this difference? To date, no
high-throughput study has yet been conducted specifically to
address this question, but the wealth of publicly available RNA-
sequencing datasets provides opportunities to mine cochlea-specific
AS events. One study took advantage of published transcriptome
datasets to compare exon inclusion rates in different cell types (Ling
etal, 2020). Although the focus was on neurons, the paper presented
as an example one cassette exon of Sptanl used specifically in
cochlear HCs. Sptanl is a cytoskeletal protein expressed broadly
in many tissues, and has been shown in vivo to be necessary for hair
bundle morphogenesis and HC survival (Yao et al., 2022). It would
be worth investigating whether the exon confers an HC-specific
function to the protein.

Further research using a similar approach will help to
characterize the unique cochlear transcriptome on a large scale.
At present, a number of studies have reported inner ear- or cochlea-
specific AS in genes important for hearing. We will examine those
examples and try to infer the role of such AS events in cochlear
function.

3.1.1 Cadherin 23

Cadherin 23 (CDH23, USHID) is an Usher protein that
constitutes the upper part of the stereociliary tip link (Figure 2F).
The inclusion of CDH23 exon 68 is probably the best-known inner
ear-specific AS event (Figure 3A) (Di Palma et al,, 2001; Siemens
et al., 2002; Siemens et al., 2004; Xu et al., 2008). Given the essential
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role of CDH23 in hearing, the specificity of this AS event strongly
suggests the peptide encoded by exon 68 (hereafter abbreviated
peptide 68) must perform some function unique to the inner ear. For
example, one study reported that peptide 68 contained a cysteine
residue that could induce conformational changes in a redox-
dependent manner. The authors speculated that this may help
relieve some of the mechanical stress caused by stereociliary
deflection (Yonezawa et al, 2008). But since the cytoplasmic
domain of CDH23 has been best characterized in its interaction
with other Usher proteins such as harmonin (USH1C), most efforts
to determine the significance of peptide 68 have focused on these
interactions as well.

CDH23 interacts with a PDZ domain of harmonin via its
C-terminal PDZ-binding motif (PBM) (Boéda et al., 2002; Pan
et al, 2009), and with an N-terminal domain (NTD) of
harmonin via an internal cytoplasmic domain (Siemens et al,
2002; Pan et al., 2009). In vitro comparisons of variants with and
without peptide 68 have generally indicated that peptide 68 inhibits
the CDH23-harmonin interaction (Siemens et al.,, 2002; Xu et al,,
2008; Xu et al., 2010). One group conjectured that harmonin may
not be the primary interaction partner of CDH23, and used yeast
two-hybrid screening to identify two novel PDZ domain-containing
proteins that bind CDH23: MAGI-1 and PIST (Xu et al., 2008; Xu
et al., 2010). Harmonin, MAGI-1, and PIST compete for the same
C-terminal PBM on CDH23. The presence of peptide 68 induced
stronger colocalization of CDH23 with PIST than with harmonin,
leading to its partial retention in the trans-golgi network (Xu et al.,
2010).

In contrast, a separate study reported that peptide 68 is a
facilitator of protein-protein interactions. Wu et al. (2012) found
that peptide 68 can bind two mutually exclusive targets: either the
harmonin NTD or peptide 68 of another CDH23 molecule. Large-
molecular weight complexes formed when CDH23 and harmonin
were mixed, but only in the presence of peptide 68. Peptide
68 seemed, therefore, to contribute to CDH23-harmonin complex
formation by providing an additional interface for harmonin NTD-
binding and by facilitating self-dimerization. The authors speculated
that such polymers could create a dense web-like structure that
augments the stability of the stereociliary tip links (Wu et al., 2012).
This hypothesis would explain the significance of inner ear-specific
AS of CDH23, but it will have to be corroborated with biophysical
measurements. To pinpoint the exact role of peptide 68 in cochlear
function, it will be necessary to study exon-specific KO models.

3.1.2 Harmonin

Another well-known inner ear-specific AS event concerns
harmonin (USHIC), a scaffolding protein thought to act as a
hub for Usher protein interactions (Reiners et al., 2006; Whatley
et al., 2020). Harmonin splice variants comprise three classes: a, b,
and c (Figure 3C). Class a includes the canonical isoform, as well as
an alternative transcript that utilizes exon A instead of exon 15. Class
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Usher gene splice variants. The major classes of Usher protein isoforms and the AS events responsible for producing them. Protein regions affected

by AS are indicated in orange boxes. In the transcript diagrams, the different colors indicate different splice variant classes. Exons (or more generally,
transcript regions) selectively utilized in a certain class are indicated with corresponding colors. Dark gray boxes represent constitutively included exons,
while light gray boxes denote alternative exons that do not belong to a single isoform class. Arrows labeled 'STOP’ indicate stop codons specific to

the splice variant class of the corresponding color. (A) Cadherin 23 isoform classes a, b, ¢ are produced by utilization of alternative promoters. All three
types of transcripts can either include or exclude exon 68. (B) Splice variants of protocadherin 15 are classified into 4 categories according to their
cytoplasmic domains. Although AS can also affect the number of EC repeats, 11 repeats are usually assumed to comprise the standard extracellular
domain. (C) Splice variants of harmonin are divided into three classes—a, b, and c—according to the arrangement of the functional domains in their
encoded proteins. (CC: coiled coil domain; CD: cytoplasmic domain; EC: extracellular cadherin repeat; NBM: harmonin N-terminal-binding domain;
NTD: N-terminal domain; PBM: PDZ-binding motif; PST: proline, serine, threonine-rich region; TM: transmembrane domain).

a proteins possess three PDZ domains. Class b includes transcripts
that lack exon 15 but contain alternative exons A-F, which encode
Class ¢, which includes the
remaining isoforms, encodes proteins with only two PDZ
domains (Verpy et al., 2000).

additional functional domains.

Harmonin-b is considered the primary isoform in the cochlea.
Two types of class b transcripts are detected only in the inner ear
(Verpy et al., 2000), and harmonin-b proteins are restricted to HC
stereocilia (Figure 2F) (Boéda et al., 2002; Michalski et al., 2009).
Whereas harmonin-a and ¢ mainly interact with other Usher
proteins, the domains encoded by the alternative exons allow
harmonin-b to interact with actin filaments and harmonin
molecules as well (Boéda et al., 2002; Adato et al.,, 2005). Mice
homozygous for a mutation that specifically affected the b isoform
were profoundly deaf and had vestibular dysfunction (Johnson et al.,
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2003), which is probably caused by the structural and functional
defects in OHCs and the ensuing HC degeneration (Johnson et al.,
2003; Michalski et al., 2009). In contrast, harmonin-a is expressed
broadly, including in the retina (Verpy et al.,, 2000). Harmonin-a
proteins localize to the basolateral membranes of retinal
photoreceptors (Reiners et al., 2003) and HCs (Gregory et al,
2011), rather than to their apical surfaces or stereocilia. Class a
isoforms associate with Cay 1.3 channels, which reduces the number
of channels available at the basal cell surface (Gregory et al., 2011).

These findings suggest a model in which the more widespread
harmonin-a performs some common function in regulating synaptic
transmission at the basal membranes of retinal photoreceptors and
inner ear HCs, while the inner ear-specific harmonin-b uses its
additional functional domains to target apical plasma membranes
and form scaffolds therein. Clinical data contribute to the
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plausibility of this model. Mutations in USHIC exons B and D
underlie DFNB18, a non-syndromic hearing loss disorder (Ouyang
et al., 2002). In addition, a mutation in exon 15 was identified as the
pathological variant in some families with retinitis pigmentosa,
which is the ocular component of the Usher phenotype (Khateb
etal, 2012). Patients with this variant displayed late-onset, mild-to-
severe hearing impairment (Khateb et al., 2012). Hearing loss due to
USHIC mutation is usually congenital and profound (Castiglione
and Moller, 2022), so the newfound mutation represented the first
deviation from this standard pattern (Khateb et al, 2012). These
observations make sense when isoform distribution is considered;
mutations in inner ear-specific exons should spare the retina and
exon 15 mutations should still allow proper class b isoform function
in HC stereocilia. Therefore, organ-specific AS is essential for
harmonin’s unique localization and scaffolding function in the
inner ear.

3.1.3 Protocadherin 15

Protocadherin 15 (PCDH15, USHIF) is the component of the
stereociliary tip link that connects to both CDH23 and the MET
machinery (Figure 2F). Many PCDHI15 splice variants exist in the
cochlea, with transmembrane isoforms belonging to one of three
categories—CD1, CD2, and CD3—according to their cytoplasmic
domains (Figure 3B) (Ahmed et al, 2006; Ahmed et al.,, 2008).
USHIF mutations usually manifest with hearing loss accompanied
by vestibular and visual defects, but mutations that selectively affect
CD2 isoforms cause non-syndromic hearing loss (Pepermans et al.,
2014). This suggests CD2 splice variants perform some unique
function in the mature cochlea. Unlike in our previous examples,
however, this organ-specificity cannot be attributed to differential
AS alone. Although it is true that the distribution of the CD1 and
CD2 isoforms is restricted compared to the CD3 isoforms,
CD2 isoforms appear in several tissues other than the cochlea,
such as the retina, spleen, and testis (Ahmed et al., 2008).

The uniqueness of the cochlea in this case seems to lie in its
specific requirement for AS, rather than in its AS profile. While each
isoform is dispensable for the initial formation of hair bundles and
for acquisition of MET (Webb et al, 2011), CD2 isoforms are
necessary for maintenance of the tip links and for hearing at
later stages (Webb et al., 2011; Pepermans et al., 2014). We can
speculate as to the molecular nature of this isoform-specific
requirement. The subcellular expression patterns of the three
isoform classes are distinct and change dynamically during
development (Ahmed et al., 2006; Michel et al., 2020). Perhaps,
the precise localization of each isoform is essential in the mature
cochlea but not in the vestibule, retina, or immature cochlea. It is
also possible that PCDH15-CD2 binds directly to the MET
machinery component TMIE, whereas the interactions of the
CDI1 and CD3 isoforms with TMIE depend on LHFPL5 (Zhao
et al,, 2014). The CD2 isoforms might be required because of the
relatively low level of LHFPL5 expression in the mature cochlea
(Xiong et al., 2012; Mahendrasingam et al., 2017) or because of some
unique geometric configuration formed by the direct interaction
between PCDHI15-CD2 and TMIE. Regardless, the example of
PCDHI15 illustrates that unique requirements for AS can also
contribute to the specialization of the cochlear transcriptome.
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3.2 Cell type-specific splicing in the cochlea

Although the cochlea is a small organ, it is astoundingly
complex. It is conceivable that AS might help achieve the precise
level of transcriptomic heterogeneity required for creating
distinct anatomic regions and cell types within the cochlea.
One study using single cell long-read RNA-sequencing found
considerable AS variation between cell types, although the
authors only provided a detailed analysis of isoform diversity
and distribution for one example gene (Ranum et al., 2019).
Further unbiased analyses of cell type-specific splicing profiles
are needed to bolster this hypothesis.

There are only a few published reports of cell type-specific
splicing, most of which relate to genes encoding ion channels.
C-terminal splice variants of CACNAID encode truncated
Cayl.3 channel a subunits with peculiar electrophysiological
characteristics (Figure 4A). One isoform that is expressed more
abundantly in OHCs than in IHCs nearly lacks the Ca®*-dependent
inactivation property typical of Cay1.3 channels. It is possible that
current through the channels may drive synaptic transmission to the
few afferent nerve endings that terminate at the OHCs, mediating
activity-dependent transcriptional changes during maturation or in
some way contributing to the cochlear amplifier function (Shen
et al., 2006).

Another example is the ATP2B2 gene, which encodes the
PMCA2 channels that are the primary route by which Ca*" is
removed from the HCs (Lumpkin and Hudspeth, 1998). Two
classes of splice isoforms, w and z, differ in the number of cassette
exons inserted in a specific splice site (Figure 4B). As a result, w
and z isoforms are selectively targeted to the apical and
basolateral membranes of epithelial cells, respectively (Chicka
and Strehler, 2003; Grati et al., 2006; Hill et al., 2006). The w
isoform is predominant in cochlear HCs, where the channels are
localized exclusively to stereociliary hair bundles (Grati et al.,
2006; Hill et al., 2006; Chen et al., 2011). In contrast, the z isoform
is expressed mainly in spiral ganglion neurons where it localizes
to the membranes of their cell bodies and neurites (Chen et al.,
2011). It is plausible that AS serves to optimize PMCA?2 function
according to the unique Ca** dynamics of each cell type. The
validation of these hypotheses will require cell type-specific
knockout studies.

A final example illustrates how cell type-specific transcriptome
data could be exploited to analyze differences in AS patterns. In a
feat of precision, He et al. (2000) pioneered the suction pipette
technique, in which dissociated cells are manually separated based
on morphological differences (He et al., 2000). Transcriptomes of
4 cell types have been characterized using this method (Liu et al,
2018). Zhou et al. (2021) probed this database for previously
unknown splice variants of MET machinery components. Four
AS events were identified in the Tmcl, Lhfpl5, and Tmie genes
and subsequently verified through RT-PCR. Three of these events
occurred in significantly higher frequencies in OHCs than in THCs
(Zhou et al.,, 2021). Although they avoided speculation as to the
possible implications of these data, the authors of the study did
demonstrate that data generated via high-throughput pipelines can
help identify potentially important AS events.
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the sites reported to be utilized in murine inner ears by Miranda-Rottmann et al. (2010) are colored in orange. (D) Splice variants of delayed rectifier K*

channel Kv7.4 (KCNQ4) as identified by Beisel et al. (2005).

3.3 Alternative splicing and cochlear
tonotopy

We now turn to a particularly interesting case of
heterogeneity within the cochlea, that of tonotopy. The
information content of a sound is encoded in its frequency
makeup. How does the auditory system analyze and interpret
this signal? Viewed from the middle ear, the distal end of the
cochlear duct is called the apex, whereas the most proximal region
is called the base (Figure 5). Various mechanical and
electrophysiological parameters vary systematically along the
apicobasal (longitudinal) axis. As a result, the resonant
frequency of each HC—the input frequency at which its
receptor potential amplitude is maximized—exhibits a spatial
gradient. The apex of the cochlea responds most efficiently to
low-frequency sounds, whereas the base responds best to high-
frequency sounds. Taking advantage of this organization, which
is known as tonotopy, the cochlea effectively performs a Fourier
transformation, such that the frequency composition of the sound
stimulus is converted into an amplitude distribution of HC
receptor potentials along the longitudinal axis (Fettiplace, 2020).

Frontiers in Cell and Developmental Biology

Many studies have tried to uncover the molecular basis of
tonotopy (Frucht et al.,, 2011; Kowalik and Hudspeth, 2011; Son
et al, 2012). Although there has been remarkable progress in
elucidating the formation and maintenance of tonotopy during
cochlear development (Mann et al., 2014; Thiede et al., 2014; Son
etal, 2015; Koo et al., 2023), the molecular apparatus responsible for
transforming an embryonic blueprint into an actual gradient of
anatomical and physiological features is largely unknown. Here, we
explore those studies that included AS in their attempts to solve the
riddle of tonotopy. Overall, the results are far from conclusive,
perhaps again owing to the technical difficulties of having to analyze
subregions of an already miniscule organ. Nevertheless, these offer
hypothesis that AS
complements the regulation of gene expression required to create
spatial heterogeneity within the cochlea.

tantalizing hints towards a plausible

3.3.1 BK channels

In amphibians and reptiles, a short tubular structure called the
basilar papilla takes on the role of sound detection. Unlike in the
cochlea, where gradients in the mechanical properties of the basilar
membrane are most relevant for frequency discrimination, it is
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Tonotopic AS events. The cochlea is depicted unwound such

that its longitudinal axis is straightened. The region of the straightened
cochlear duct farthest from the middle ear is called the apex, the most
proximal region is the base, and the virtual line joining these
regions is the longitudinal or tonotopic axis. The colored triangles
represent the relative abundance of splice variants for the indicated
gene along the axis. The numbers inside the triangles refer to the
exons that characterize each variant, and the cartoons next to the
triangles indicate the organism in which the tonotopic expression of
each splice variant has been verified.

electrical resonance that predominates in the basilar papilla. HC
resonant frequency is determined by the properties of each cell’s ion
channels (Fettiplace, 2020). In particular, the density and kinetics of
large-conductance Ca**-activated K* channels, or BK channels, are
the major determinants of resonant frequency in turtles (Crawford
and Fettiplace, 1981; Art and Fettiplace, 1987; Art et al., 1995; Wu
etal,, 1995). These are the channels primarily responsible for the fast
outward K" currents observed in THCs.

Channel density might be controlled through the regulation of
gene expression, but how might the kinetic properties of a channel
be tweaked to form a systematic gradient? It was hypothesized that
AS of KCNMAI, the gene encoding the pore-forming o subunit,
underlies this phenomenon. Two studies examined the chicken
basilar papilla and found isoforms with distinct expression
patterns along the longitudinal axis also showed distinct
electrophysiological ~ properties 1997;
Rosenblatt et al., 1997). Studies in turtles yielded similar results
(Jones et al., 1998; Jones et al., 1999a; Jones et al., 1999b). Models
incorporating splice variant distribution succeeded in explaining a

(Navaratnam et al,

frequency range of 300-1,100 Hz (Ramanathan et al, 2000;
Ramanathan and Fuchs, 2002). Although this range fell short of
covering the entire range of chicken hearing (up to roughly
5,000 Hz), there was reason for optimism. Perhaps unknown
splice variants or subunits account for the unexplained portion of
the hearing range (Ramanathan and Fuchs, 2002). After all, the
combinatorial inclusion of 11 alternative exons at 7 splice sites could
in theory generate up to 576 splice variants (Navaratnam et al., 1997;
Rosenblatt et al., 1997). The fact that only a few transcripts have been
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detected (Ramanathan et al., 2000) may indicate the existence of
undetected isoforms.

Later investigations employing genome-wide technologies,
however, yielded results that were far from what was hoped for
(Miranda-Rottmann et al., 2010). The transcript diversity promised
by AS failed to materialize, with only 4 of the 7 potential AS sites
being utilized (Figure 4C). This meant that the number of possible
combinations fell from 576 to only 48. Worse still, only 28 of those
48 were detected in the basilar papilla. Then, only 5% of the
identified transcripts included alternative exons. Even after
compensating for possible artifacts, the estimated proportion of
transcripts undergoing AS was no more than 30%. No systematic
differences in exon combinations were observed between the basal
and apical regions. Transcripts containing exons 34 and 35, which
encode slower channels, tended to be more abundant in the apex
(Figure 5), but the difference between fast and slow channels seemed
too meager to explain the observed variance in kinetics (Miranda-
Rottmann et al., 2010). In summary, the contribution of AS to the
variation of BK channel kinetics seems minor if it exists at all. There
have been attempts to interpret the significance of KCNMA 1 splicing
in different contexts (Kim et al., 2010; Sakai et al., 2011), but the
gradient of AS that does exist along the tonotopic axis still awaits
interpretation.

3.3.2 Kv7.4

The differential AS of an ion channel gene along the tonotopic
axis has been pointed to as the explanation for some peculiar
characteristics of a congenital hearing loss disorder. The voltage-
gated K* channel Kv7.4, which is known as a delayed rectifier
potassium channel for its function in cardiomyocytes, is encoded
by the KCNQ4 gene. This channel accounts for the majority of
outward K* conductance in mature OHCs, although IHCs also
partly depend on this channel (Oliver et al, 2003). Thus, it is
unsurprising that those who mapped the KCNQ4 gene to the
autosomal-dominant deafness locus DFNA2 immediately pointed
to OHC dysfunction as the key pathological mechanism (Kubisch
etal., 1999). Their observation that KCNQ4 transcripts are expressed
specifically in OHCs lent further credibility to their hypothesis
(Kubisch et al., 1999).

One problem with their hypothesis, however, was that the
eventual degree of hearing loss was more severe than what would
be expected from OHC dysfunction alone (Marres et al., 1997). To
clarify the reason for this discrepancy, Beisel et al. (2000) examined
Kcng4 expression in the mouse cochlea, finding the highest levels of
expression in basal auditory neurons and IHCs, as well as a
reciprocal gradient in OHCs (Beisel et al., 2000). Combined with
the slow progression of the relevant deafness from high to low
frequencies (Marres et al, 1997), it seemed that spiral ganglion
neuron or IHC pathology may be to blame for the progressive
hearing loss of DFNA2. Studies using mouse models, however,
showed that Kcng4 disruption selectively affected OHCs, leaving
ITHC morphology and function mostly intact. Of note, OHC
degeneration progressed from the base towards the apex
(Kharkovets et al., 2006), implying that Kcng4 deficiency affects
more severely the regions in which its expression levels are normally
the lowest.

Although this puzzle is far from solved, studies of Kcng4 AS
might provide some hints. Four splice isoforms of Kcng4, v1-4, have
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been identified (Figure 4D), and the v3 variant was predominant in
both types of HCs in the basal region (Figure 5) (Beisel et al., 2005).
In addition to affecting channel expression levels, AS affected the
electrophysiological properties of each variant as well (Xu et al,
2007). Perhaps OHC survival depends on the base-specific Kcng4
variant v3 rather than on overall gene expression. Investigating such
possibilities may help us uncover the roles played by the tonotopic
AS of Kcng4 in cochlear physiology. For example, why is there a
gradient in the size of the outward K* current along the tonotopic
axis (Jeng et al, 2020)? As with the case of KCNMAI, the
phenomenon is there, but its significance needs to be elucidated.

3.3.3 Transcriptome-wide studies of tonotopic
splicing

With the considerable interest surrounding tonotopy, it is
surprising how little attention has been given to tonotopic AS.
Although many studies have used transcriptome-wide techniques
to identify tonotopically expressed genes (Frucht et al., 2011;
Kowalik and Hudspeth, 2011; Son et al, 2012), only one study
examined splicing differences. Koo et al. (2021) divided the chicken
basilar papilla at post-hatch day 1 into three segments along the
longitudinal axis and looked for differential inclusion of cassette
exons (Koo et al, 2021). Genes such as LMO7, EPB41L3, and
KCNMAI showed tonotopically differential AS, and this was
confirmed via RT-PCR (Figure 5). One specific C-terminal tail
variant of KCNMAI was more abundant at the apex than either
the middle or the base, which was consistent with previous isoform
distribution measurements (Rosenblatt et al, 1997; Miranda-
Rottmann et al., 2010). In another example validated by RT-PCR,
CDH23 exon 32, the chicken exon orthologous to mouse Cdh23
exon 68, showed differential inclusion in a gradient increasing from
base to apex (Koo et al,, 2021). This novel result requires further
verification, but if it is true, it suggests several interesting questions.
For example, how is the tonotopic splicing of CDH23 related to the
gradient of hair bundle mechanical properties observed along the
longitudinal axis (Tobin et al., 2019)? Overall, this study illustrates
the strengths of an unbiased approach towards AS analysis: past
findings are readily verified, novel events are easily discovered, and
sometimes unexpected heterogeneity may emerge from well-known
results.

4 Regulation of alternative splicing in
the cochlea

The discoveries outlined above offer a glimpse into the rich
diversity of the cochlear transcriptome created by AS. But which
trans-acting regulators are responsible for those AS events? Research
in this direction has only just begun. For example, two studies
attempted to uncover the basis of the tonotopic gradient of AS we
introduced in the previous section (Miranda-Rottmann et al., 2010;
Koo et al,, 2021). One study conducted a microarray analysis of the
chicken basilar papilla and found no significant difference in the
expression of splicing regulators between the apex and the base, but
quantitative PCR results indicated that some regulator transcripts
have been filtered out of the microarray results (Miranda-Rottmann
et al, 2010). Using RNA-sequencing, another study identified
tonotopic expression of several splicing regulator genes, including
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PTBP3, ESRPI, and ESRP2 (Koo et al, 2021). Interestingly, by
performing a motif enrichment analysis, the authors also found
an enrichment of PTB-like binding motifs and ESRP motifs near
alternative exons (Koo et al., 2021). These could be taken as indirect
evidence of the importance of RBPs in forming the tonotopic
organization of the cochlea.

To infer causality, however, knockout experiments would have
to be conducted. Only a handful of such endeavors have been
undertaken, but even the results of such loss-of-function analyses
should be interpreted with caution. Because constitutive splicing is
obviously necessary for cell survival, any abnormal phenotype may
simply indicate a requirement for that RBP’s role in constitutive
splicing. Specific expression must be confirmed to argue for the
importance of an RBP in regulating AS. Also confounding any
conclusion are the many roles RBPs play in mRNA regulation,
which include coordination of translation, monitoring of mRNA
stability and decay, and mRNA transport between organelles
(Gerstberger et al., 2014). Indeed, there is ample evidence that
RBPs regulate cochlear development via mechanisms unrelated to
AS (Shi et al., 2022). Therefore, the effect of an RBP on cell function
or survival cannot be attributed to AS alone without sufficient
evidence. All told, not a single RBP has been conclusively proven
to govern the unique AS events of the cochlea. The diverse array of
splice variants introduced thus far will require much more work to
explain.

4.1 ESRP1

The only splicing regulator that may legitimately be considered
necessary for cochlear development is ESRPI1. In the fibroblast
growth factor (FGF) signaling pathway, three FGF receptors
(FGFRs) are alternatively spliced to produce two isoforms each.
of these
communication across the epithelial-mesenchymal boundary
(Zhang et al., 2006). ESRP1 was initially identified in a screen for
RBPs governing the production of epithelium-specific FGFR

Selective  expression isoforms enables  specific

isoforms (Warzecha et al, 2009). Since FGF signaling is
implicated in various stages of cochlear development (Ebeid and
Huh, 2017), the identification of ESRPI mutations in a patient with
congenital hearing loss naturally led one group of researchers to
hypothesize that ESRP1-mediated splicing of FGFRs is essential for
hearing (Rohacek et al, 2017). Indeed, mice deficient for Esrpl
displayed a widened and shortened cochlear duct, expanded
A
sequencing analysis of the mutant embryos revealed expression
of the mesenchymal FGFR2-Illc isoform in the cochlear
epithelium. Unlike the typical epithelial FGFR2-IIIb isoform,
which binds the ligand FGF10, FGFR2-IIIc binds FGF9 and
induces inappropriate FGF signaling. Reduction of FGF9 gene

Reissner’s membrane, and a contracted stria vascularis.

dosage restored the proportions of Reissner’s membrane and the
stria vascularis almost to normal, proving that the abnormalities in
non-sensory development were indeed attributable to aberrant
FGEFR splicing (Rohacek et al., 2017).

The case of ESRP1 clearly illustrates that AS fine tunes
developmental signaling to enable precise communication
between tissue compartments. In this case, however, the RBP

itself is broadly expressed in epithelial tissues and governs an
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epithelium-specific splicing program rather than performing an
organ-specific function. In fact, Esrpl mutant mice exhibit many
phenotypes other than inner ear malformation, including cleft lip
and palate arising from a defective epithelial-to-mesenchymal
transition (Lee et al.,, 2020). To identify the regulators that shape
the unique splicing landscape of the cochlea, it will perhaps be more
prudent to take inspiration from mutants that display more specific
phenotypes. This is what we will do in the following paragraphs.

4.2 SRRM4

The Bronx Waltzer (bv) mouse, a spontaneous mutant
characterized by recessively inherited hearing and balance
abnormalities, harbors a large deletion in Srrm4 (nSR100).
Srrm4 encodes a splicing factor predominantly expressed in
neurons and HCs (Nakano et al., 2012). A microarray analysis
identified several AS defects in the vestibular organs of bv mice,
including an aberrant skipping of Rest exon 4 (Nakano et al,,
2012). REST was a transcription factor described in vitro as a
target of SRRM4. SRRM4 promoted Rest exon 4 inclusion,
which reduced REST’s transcriptional repressor activity,
upregulating expression of its target genes (Raj et al., 2011).
Experiments in an exon-specific KO mouse model showed that
Rest exon 4 was indeed necessary for HC survival (Nakano et al.,
2018). Later, the REST-dependence of the Srrm4-induced
cochlear phenotype was confirmed when transgenic
REST restored HC

numbers and hearing function to bv mice (Nakano et al,

expression of a dominant-negative

2020). This was the first splicing regulator that was found
essential for hearing, and it remains, alongside ESRP1, one of
the only examples in which AS has been conclusively
demonstrated to be the underlying mechanism.

The bv mutation has long been noted to affect IHCs more
severely than OHCs (Whitlon et al., 1996; Sobkowicz et al., 2002).
SRRM4 is expressed in both IHCs and OHCs in wildtype mice,
and absent from both cell types in bv mice (Nakano et al., 2012).
What difference between the two types of HCs could account for
this phenotypic discrepancy? It was later found that OHCs
transiently repress Rest transcription independently of
SRRM4 during development (Nakano et al, 2020). The
authors proposed a model that includes a negative feedback
loop between REST and SRRM3, a splicing regulator expressed
in HCs that inactivates REST like SRRM4. Once SRRM3 is
derepressed in OHCs due to transient REST downregulation, it
inactivates REST independently of SRRM4 and ensures cell
survival (Nakano et al, 2020). The precise relationship
between SRRM4, REST, and SRRM3 activity and cell survival
remains unclear. Mice doubly deficient for Srrm3 and Srrm4
suffer degeneration of both IHCs and OHCs, although this
could only be confirmed in culture conditions due to the early
lethality of the double mutant. Forced expression of dominant-
negative REST restored survival to IHCs but not OHCs (Nakano
et al., 2020). These results suggest the 2 cell types have different
More with
conditional knockout models will be necessary to clarify how

survival requirements. focused experiments
the regulation of splicing and transcription interact to cause such

a cell type-specific phenotype.
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4.3 SFSWAP

Another hearing-related splicing regulator was discovered in a
lentiviral mutagenesis screen. The study identified a mouse strain
that exhibited circling behavior because of a mutation in an intron of
the Sfswap gene (Moayedi et al., 2014). First identified in Drosophila,
SESWAP (SFRS8) is an RBP that regulates the splicing of several
genes, including Sfswap itself (Chou et al., 1987; Zachar et al., 1987;
Sarkissian et al., 1996). Mutant mice exhibited hearing and balance
deficits, possessed shorter cochleae and smaller vestibules than
wildtype, and had fewer third row OHCs and SCs, as well as
some ectopic IHCs (Moayedi et al, 2014). The authors noted
that this phenotype was similar to that observed in mice
heterozygous for Jagl, a Notch ligand crucial for cochlear sensory
development (Kiernan et al, 2001). The severe functional and
morphological defects seen in Sfswap™~;Jagl*~ mice were argued
to be evidence of a synergistic relationship between the two genes
(Moayedi et al., 2014). Although a subsequent RT-PCR experiment
revealed the downregulation of some Notch pathway genes, the
expression of Jagl itself was unaffected. Neither were any splicing
defects observed in the affected genes (Moayedi et al., 2014). Since
then, only one further study of the Sfswap mutant has been
published, and it concerned the biophysical properties of the
mutant cochleae (Gao et al., 2014). It remains unclear whether
splicing dysregulation is even occurring at all. Transcriptome-wide
studies will probably be necessary to confirm this, as well as to
identify the underlying mechanism.

4.4 RBM24

RBM24 is an RBP that was first implicated in muscle
development, but RBM24 expression was also found via
immunostaining in HCs of both the cochlea and vestibule
(Grifone et al., 2018). Rbm24 has been identified as a target of
ATOH1 and GFI1, key transcription factors required for HC
differentiation, through DNA-protein interaction assays and in
vivo knockout studies (Cai et al., 2015; Jen et al., 2022). Whole-
body deletion of rbm24a in zebrafish embryos disrupted HC
morphogenesis and led to hearing and balance deficits (Zhang
et al,, 2020a; Cheng et al., 2020). Deletion of Rbm24 in 2-month-
old mice also resulted in auditory and vestibular dysfunction (Zheng
et al, 2021). Interestingly, although Rbm24 was expressed in both
types of HCs, its mutation selectively affected OHCs (Zheng et al.,
2021). This cell type-specific phenotype was replicated in a mouse
study that deleted Rbm24 in all cells that express Atohl, including
cochlear HCs. Although OHC numbers were normal at PO, they
were greatly reduced by P19 (Wang et al,, 2021). Thus, this RBP
seems to be important for postnatal survival of OHCs in the cochlea.

Since RBM24 immunofluorescence was mainly observed in the
cytoplasm in head sensory epithelia, it was initially suggested that
the protein plays a role in mRNA stabilization (Grifone et al., 2018).
Consistent with this prediction, RNA-sequencing revealed no
significant splicing changes in the otic vesicles of rbm24 mutant
zebrafish. This was despite many changes in gene expression,
including those in the expression of several orthologues of
human deafness genes (Zhang et al., 2020a). Nevertheless, it was
previously demonstrated in vitro that RBM24 regulated AS of
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CDH23 exon 68 (Li et al., 2020a). RT-PCR revealed that inclusion of
CDH23 exon 68 was indeed reduced in rbm24 mutant zebrafish
(Zhang et al., 2020a). In addition, several RBM24-dependent
alternative exons were identified in mice, including Cdh23 exon
68 and Kcng4 exon 9 (Zheng et al,, 2021). Some of these exons seem
to be cochlea-specific, and their corresponding genes include Usher
genes (Myo7a, Ushlc, Pcdhl5), hair bundle link genes (Ptprq), and
ion channel genes (Cacnald, Atp2b2) (Zheng et al., 2021).

In summary, it is far from clear whether the phenotypes of
RBM24-deficient attributed splicing
dysregulation. Although the inclusion of Cdh23 exon 68 does

cochleae can be to
seem to be genuinely regulated by RBM24, there is ample
residual expression of the exon 68-containing isoform in mutant
cochleae to cast doubt on its implication in hearing pathogenesis
(Zhang et al., 2020a; Zheng et al., 2021). The other AS events
mentioned in the last paragraph should also be validated.
Because RBM24 participates in a variety of post-transcriptional
regulatory mechanisms in other tissues (Grifone et al, 2020),
splicing-independent mechanisms must also be considered. For
example, regulation of p53 mRNA translation by RBM24 is
required to maintain appropriate levels of programmed cell death
during heart development (Zhang et al, 2018). Comparable
mechanisms are likely at play in the postnatal OHCs. This
example illustrates the difficulty of inferring the action of an RBP
from the phenotypes of its loss-of-function mutant models.

5 Aberrant splicing as a cause of hearing
loss in humans

When splicing regulatory elements are disrupted, the ensuing
aberrant splicing can cause disease. Mutations affecting splice site
sequences or cis-regulatory elements are the most common splice-
altering mutations, and indeed a significant proportion of the
mutations associated with hearing loss belong to this category
(Abu Rayyan et al., 2020). In contrast, mutations affecting trans-
regulatory elements appear more rarely because they simultaneously
affect the splicing of many genes.

An interesting example was described in a recent study of a
of
impairment. A synonymous variant was identified in TMCI,

pedigree recessively inherited non-syndromic hearing
which had not been labeled pathogenic according to previous
classifications because it was neither predicted to affect existing
splice site sequences nor to activate new ones. Further in silico
analysis, however, suggested the mutation may disrupt exonic cis-
regulatory elements. On the basis of in vitro experiments confirming
the predicted splicing alteration, the authors proposed that the
variant be reclassified as pathogenic (Vaché et al, 2022). This
example illustrates the importance of taking splicing into
consideration when evaluating variant pathogenicity.

It is obvious that aberrant splicing of essential cochlear genes
would impair hearing, but such instances do not necessarily
demonstrate the relevance of AS in a physiological context. If the
splicing event in question occurs only in pathological conditions, all
we can learn from the phenotype is that the gene is actually required
for hearing. Therefore, these events will not be discussed further in
this review. Nevertheless, some cases of genetic hearing loss do

provide insight into the role of AS in cochlear physiology. For
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example, some hearing disorders are caused by mutations in
their
sometimes depend on the isoforms affected by the mutation.

alternative exons. Moreover, clinical manifestations
Even if the mutations are not splice-altering in nature, they allow
us to infer the role of each splice isoform by examining the
phenotype resulting from its specific disruption. Several such
examples are summarized in Table 1.

In this section, we will first look at some splice-altering
mutations that cause hearing loss. As we explained, the existence
of non-syndromic deafness caused by mutations in cis-regulatory
sequences of essential hearing genes is unsurprising. We will focus
on cases that could be expected to produce a global phenotype but
that present with the specific symptom of hearing loss. These kinds
of examples are opportunities to clarify the unique properties of the
cochlea. After exploring rare cases of hearing loss arising from the
dysregulation of trans-regulatory elements or of the core splicing
machinery, we discuss intriguing reports in which efforts to clarify
the function of deafness-associated genes have led to unexpected
discoveries suggesting their involvement in splicing. Finally, we
explore how the splicing might be engineered to tackle various

hearing loss disorders.

5.1 Alterations of cis-regulatory elements

5.1.1 DFNAS: A gain-of-function splice alteration
DFNA5 is a form of autosomal dominant non-syndromic
sensorineural hearing loss that arises via a gain-of-function
related to the Gasdermin E gene (GSDME).
Interestingly, Gsdme knockout mice exhibit normal hearing (Van
Laer et al, 2005), as do humans with whole gene deletion and

mechanism

truncation mutations in exon 5 (Duno et al., 2004; Van Laer et al,,
2007). Every pathogenic GSDME mutation identified thus far has
been found to cause exon 8 skipping. These variants include
disruptions in the consensus splice acceptor site (Bischoff et al.,
2004; Chai et al., 2014; Wang et al., 2018; Chen et al., 2020; Yuan
etal., 2020; Mansard et al., 2022), the splice donor site (Cheng et al.,
2007; Li-Yang et al., 2015), the intronic splicing regulatory elements
(Van Laer et al., 1998; Yu et al., 2003; Park et al., 2010; Nishio et al.,
2014; Nadol et al., 2015; Booth et al., 2018b; Booth et al., 2020), or
exonic splicing regulatory elements (Booth et al., 2018b).

The skipping of exon 8 leads to a frameshift and C-terminal
truncation, and expression of this truncated GSDME caused cell
death (Van Laer et al., 2004; Op de Beeck et al., 2011; Van Rossom
etal, 2012). Wildtype GSDME protein was later found to comprise a
cytotoxic N-terminal domain, a connecting hinge region, and a self-
inhibitory C-terminal domain. Cleavage of the hinge releases the
cytotoxic N-terminal domain, triggering inflammatory cell death
(Rogers et al., 2017; Zhang et al., 2020b). Together, these results
suggest constitutive cytotoxic activity of mutant GSDME may
underlie DFNAS5, with enhanced cell death eventually manifesting
as sensorineural hearing loss. Although there is no direct evidence,
the progressive nature of the hearing impairment in DENA5 is
consistent with this hypothesis (Op de Beeck et al,, 2012). Also,
histopathologic examination of temporal bone specimens from one
DENAS5 patient revealed loss of cochlear HCs, as well as
degeneration of spiral ganglion neurons and various regions of
the inner ear epithelium (Nadol et al., 2015).
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TABLE 1 Mutations associated with hearing loss that affect specific splice variants.
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Location of Molecular consequence Associated phenotype References
mutation
USHIC Exons 3 & 5, intron 5, | Constitutive exons are affected USHIG; congenital severe-to-profound Verpy et al. (2000); Ouyang et al. (2003);
intron 5/exon hearing loss along with retinitis pigmentosa Ebermann et al. (2007a)
6 junction, efc.
Exons B, D Additional domains translated only in = DFNBI18; prelingual severe-to-profound Ouyang et al. (2002)
class b isoforms are affected sensorineural hearing loss
Exon 15 Class a and c isoforms are affected Retinitis pigmentosa, together with mild late | Khateb et al. (2012)
onset hearing loss
PCDHI5 | Exons 6, 17, 32, etc. All cytoplasmic isoform classes are USHIF; congenital severe-to-profound Ahmed et al. (2008)
affected hearing loss along with retinitis pigmentosa
Exon 38 Only CD2 isoforms are affected Non-syndromic congenital, profound Pepermans et al. (2014)
sensorineural hearing loss
USH2A Exons 22-72 Only the long, transmembrane USH2A; congenital moderate-to-severe Aller et al. (2006); Dai et al. (2008); McGee
isoforms are affected hearing loss along with retinitis pigmentosa, et al. (2010); Xu et al. (2011)
usually without vestibular dysfunction
MYOI15A | Exon 2 (all mutations Isoforms including the large DFNB3; severe-to-profound hearing loss. The | Nal et al. (2007); Rehman et al. (2016)
are truncating N-terminal domain are truncated striking absence of pathogenic mis-sense
mutations) mutations in exon 2 implies a milder, clinically
overlooked phenotype
TRIOBP Exons 7 & 9 One copy of TRIOBP-4 is functional, DENB28, but with a milder or later-onset Pollak et al. (2017); Wesdorp et al. (2017)
(compound) while TRIOBP-5 and 6 isoforms are phenotype compared to the usual congenital,
completely deleted profound hearing loss
ATP2B2 | Exon 8 Isoform w is affected while x and z DENAS82; childhood-onset, rapidly progressive | Smits et al. (2019)
remain intact sensorineural hearing loss
OTOF Exon 48 Highly conserved C-terminal domain = AUNBI; non-syndromic autosomal recessive = Yasunaga et al. (2000);
of the major cochlear isoform is auditory neuropathy Rodriguez-Ballesteros et al. (2003); Varga
disrupted et al. (2003); Choi et al. (2009)

It remains unclear, however, why activation of GSDME
promotes enough cell death in the cochlea to produce a
discernible phenotype but not in other organs. It is possible that
GSDME is simply expressed at low levels in other organs. Consistent
with this hypothesis, one study found intense expression of GSDME
mRNA in the placenta and cochlea and minimal expression in the
heart, brain, and kidney (Van Laer et al., 1998). It is also possible that
the cochlea is particularly susceptible to degeneration. Consistent
with this hypothesis is the fact that cochlear HCs are notoriously
resistant towards attempts to trigger their regeneration (Burns and
Corwin, 2013).

5.1.2 DFNA27: Tissue-specific requirements for AS

The next example concerns a gene already discussed
above—REST. In a forward genetic screen, a pathogenic locus for
an autosomal dominant form of non-syndromic hearing loss was
mapped to the REST-containing region of chromosome 4 and
designated DFNA27 (Peters et al, 2008). But no pathogenic
identified of REST, nor did
heterozygous knockout of REST result in hearing loss (Gao et al.,
2011). Later, a variant in a conserved intronic region of REST was

variants were in the exons

found in a pedigree analysis to co-segregate with hearing loss. The
variant promoted the usage of an aberrant splice site at REST exon
4a/b. Normally, SRRM4 would promote inclusion of exon 4a/b to
produce truncated, inactive proteins, but use of the aberrant splice
site in the presence of SRRM4 generates a mutant form of exon 4b.
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This mutant exon 4b does not introduce any stop codons and
enables translation of the full-length product, albeit with some
amino acid sequence differences (Nakano et al., 2018).
Downregulation of REST is required, not only in HCs, but also
in neurons (Mandel et al., 2011; Baldelli and Meldolesi, 2015; Lu
etal, 2018). How is it, then, that a REST gain-of-function mutation
leads to a cochlea-specific phenotype? As mentioned previously,
OHCs transiently repress REST transcription independently of
SRRM4 and are thought to be spared from degeneration for that
reason (Nakano et al, 2020). Similarly, differentiating neurons
employ a variety of strategies other than AS to ensure robust
of REST,
ubiquitination, and phosphorylation (Nesti et al., 2014). Thus, in

inactivation including transcriptional  silencing,
this case, the tissue-specific nature of the phenotype seems to arise

from differential requirements for AS.

5.1.3 DFNB39: Tissue-specific splicing at play?
DFNB39, an autosomal recessive form of non-syndromic
sensorineural hearing loss (Wajid et al, 2003), is caused by
mutations in the hepatocyte growth factor gene (HGF). Three
potentially pathogenic variants have been reported. One is a
synonymous substitution that led in vitro to greatly reduced use
of exon 5a relative to exon 5b. The other two variants are deletions in
a conserved intronic region transcribed as the 3'-UTR of a short
splice variant of HGF (Schultz et al., 2009). Mice homozygous for
one of the deletions faithfully reproduced the early-onset non-
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syndromic hearing loss phenotype of DFNB39, which was attributed
to defective incorporation of melanocytes into the stria vascularis
due to disruption of HGF-MET signaling (Shibata et al., 2016;
Morell et al., 2020).

Inquiries into this tissue-specific phenotype led to some
intriguing findings. Although HGF is normally expressed at high
levels in organs other than the cochlea (e.g., lung, kidney), these
organs were normal in homozygous knock-in mice. Comparisons
between these organs revealed that the intronic mutation reduced
Hgf mRNA expression in the cochlea, but not in the lung or kidney.
When transcripts including exons 6a and 6b (the mouse equivalents
of human exons 5a and 5b) were quantified separately, the use of
exon 6a was reduced in the cochleae of mutant mice but not in other
organs (Morell et al., 2020).

It is tempting to assume that this reflects tissue-specific
regulation of splicing. The intronic deletion may require cochlea-
specific trans-regulatory elements to affect splicing decisions.
Considering that all three pathogenic variants reduce the
inclusion of exon 5a, functional differences among the various
isoforms may also contribute to tissue specificity. We must also
consider mutations in the MET gene, which encodes an HGF
receptor, mutations of which can lead to non-syndromic hearing
loss (DFNB97) (Mujtaba et al., 2015; Bousfiha et al., 2019). As HGF-
MET signaling is implicated in a myriad of biological processes
(Baldanzi and Graziani, 2015), it is surprising that mutations of both
HGF and MET can show such tissue-specific effects on the cochlea.
Perhaps cochlear development requires specific isoforms of a
component of the HGF-MET signaling pathway. Regardless of its
mechanism, this is an interesting instance of tissue-specific AS co-
occurring with, if not causing, a cochlea-specific phenotype.

5.2 Alterations of trans-regulatory elements

As mentioned above, mutations in ESRPI, a splicing factor and
regulator of cochlear non-sensory development, have been
associated with hearing loss. Not only was the splicing of ESRP1-
dependent cassette exons altered in patient-derived induced
pluripotent stem cells carrying ESRPI mutations, but the splicing
defects were restored when the ESRP1 mutations were corrected. In
fact, this very finding was the motivation for an investigation into
the role of this splicing factor in cochlear development (Rohacek
et al, 2017). To this day, this remains the only instance where
mutations in a known splicing regulator gene have been implicated
in human hearing loss.

5.3 Dysregulation of the core splicing
machinery

Mutations affecting the core splicing machinery can also cause
disease. Since core spliceosome components are, by definition,
required constitutively in every cell, their disruption usually
results in embryonic lethality. In some cases, however, their
disruption can preferentially affect some cell types over others,
the most prominent example being neural crest cells (Beauchamp
etal,, 2020). This implies that certain cells are particularly vulnerable
to splicing dysregulation (Olthof et al., 2022).
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Hearing loss is a component of several developmental disorders
caused by mutations in core splicing machinery genes (Ritter and
Martin, 2019). Does this imply that cochlear cells are particularly
vulnerable to aberrant splicing? Rather than arising from defective
splicing in the cochlea, these developmental forms of hearing loss are
more likely caused by defective neural crest cell migration into the
stria vascularis where they normally form melanocytes (Ritter and
Martin, 2019). In this regard, an interesting observation was made in
a study of a zebrafish model of Nager syndrome. Maharana and
Saint-Jeannet, (2021), noting that Nager and Rodriguez syndrome
patients typically exhibit hearing loss, hypothesized that the splicing
factor Sf3b4 might be necessary for cochlear development. Sf3b4
depletion in zebrafish led to reduced expression of genes related to
development of the otic placode—the embryonic structure that
develops into the otocyst. After also observing smaller otocysts in
Sf3b4 mutant zebrafish, the authors concluded that Sf3b4 is
addition
development (Maharana and Saint-Jeannet, 2021). It remains

important in otic placode in to neural crest
unclear whether this is a first hint at an inner ear-specific
requirement for correct splicing regulation or merely a non-
specific phenomenon that should be expected to accompany

housekeeping gene deletion.

5.4 Splice-altering activity of hearing-
related proteins

5.4.1 SANS

Recently, it has been suggested that splicing dysregulation may
play a role in the pathogenesis of Usher syndrome (Yildirim et al.,
2021). While the hearing loss of Usher syndrome arises from
the
mechanism of its associated retinitis pigmentosa remains rather

dysregulation of stereocilia development, pathological
unclear. Yildirim et al. (2021) found via yeast two-hybrid screening
that the Usher protein SANS (USH1G) may interact with several
components of the spliceosome (Yildirim et al., 2021). They then
found that knockdown of SANS in vitro resulted in slower splicing
kinetics and altered inclusion of several cassette exons. Most
interestingly, two of the exons they studied belonged to the
MYO7A and USHIC genes. The authors then proposed a model
in which SANS promotes the transportation of spliceosome
components to nuclear speckles, where they are stored
temporarily before being recruited to sites of active spliceosome
assembly (Yildirim et al., 2021).

In wvivo confirmation of these results would constitute
compelling evidence for a role for SANS in splicing regulation,
but it remains unclear whether such a mechanism is necessary in
accounting for the auditory phenotype of Usher syndrome. SANS
interacts with other Usher proteins to form the scaffolds that
support the stereociliary tip links (Caberlotto et al., 2011; Grati
and Kachar, 2011). In mouse models, SANS depletion leads to
abnormal stereocilia development in HCs (Kitamura et al., 1992).
Although defective stereocilia morphogenesis seems to be the
primary pathology in the Usher syndrome cochlea, it is possible
that aberrant splicing of Usher genes due to SANS depletion also
contributes to hair bundle malformation. Alternatively, splicing
dysregulation could represent an entirely different mechanism

underlying Usher syndrome pathogenesis. Another recent report
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of an interaction between splicing-related proteins and the Usher
protein VLGRI lends more credibility to the latter suggestions
(Knapp et al, 2022). It will be interesting to see how these
findings generalize to the retinae and cochleae of live animal models.

5.4.2 ILDR1

Efforts to uncover the pathogenesis of DFNB42, a non-
syndromic hearing loss disorder caused by mutations in the
ILDRI gene, also led to some unexpected discoveries (Borck
et al,, 2011; Liu et al.,, 2017). Ildrl knockout mice are profoundly
deaf due to loss of cochlear HCs (Higashi et al., 2015; Morozko et al.,
2015; Sang et al,, 2015), but what causes the degeneration? Initial
investigations that focused on the role of ILDRI1 in cochlear
tricellular junctions (tTJs) were rather inconclusive (Higashi
et al, 2015; Morozko et al, 2015). Using a yeast two-hybrid
approach to search for alternative ILDRI functions, one group
discovered that ILDR1 binds the splicing factors TRA2A, TRA2B,
and SRSFI, translocating into the nucleus when these factors are
present (Liu et al., 2017). They found ILDRI1 affected the AS of
Tubdl, 1qcbl, and Pcdh19 transcripts in vitro, but they were unable
to discern any differences in the splicing patterns of wildtype and
Ildr]l knockout mouse cochleae. Since ILDR2 interacted with the
same splicing factors as ILDRI and similarly affected AS in cultured
cells, compensatory upregulation of ILDR2 could account for the
discordance. Selective and simultaneous knockdown of ILDRI and
ILDR2 in cells indicated that the effects of the two proteins on
splicing were additive (Liu et al., 2017).

Is splicing dysregulation an additional pathway that contributes
to epithelial barrier disruption? Or does it affect hearing through an
altogether different mechanism? Since the proposed target genes of
ILDR1 have not been implicated in hearing, more unbiased analyses
may be necessary to identify relevant pathways. The hypothesis
proposed by the authors will have to be tested by generating mice
doubly deficient for ILDRI and ILDR2.

5.5 Antisense oligonucleotides for treating
hearing loss

An emerging therapeutic strategy against splicing dysregulation
caused by mutations in cis-regulatory elements is the delivery of
antisense oligonucleotides (ASOs). Splice-switching ASOs are short
oligonucleotides designed to bind specific RNA sequences and alter
splicing, preventing the production of pathogenic transcripts. Splice-
switching ASOs are actively being developed with the aim of treating
hearing loss arising from cis-acting mutations (Hastings and Jones,
2019). We will discuss some prominent examples in the following
paragraphs.

5.5.1 Usher syndrome

A G>A mutation at position ¢.216 in USHIC exon 3 accounts for
most cases of type 1 Usher syndrome in Acadian and related
populations (Ouyang et al., 2003; Ebermann et al., 2007a). This
mutation strengthens a latent 5'splice site, facilitating its preferential
utilization over the constitutive splice site. As a result, a premature
termination codon is introduced and truncated proteins are
produced (Lentz et al, 2005). Mice homozygous for this
mutation were deaf and displayed behavior suggestive of
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When a ASO
complementary to the aberrant splice site sequence was injected

vestibular  dysfunction. splice-switching
intraperitoneally at P5, the mis-splicing of Ushlc was partially
corrected and hearing was restored. This rescue was complete at
lower frequencies and partial at higher frequencies, persisting for at
least 6 months. Vestibular dysfunction was also ameliorated (Lentz
et al., 2013; Vijayakumar et al., 2017; Donaldson et al., 2018). This
was the first demonstration in an animal model of the potential of
ASOs for treating inner ear dysfunction caused by a mutation
identified in human patients. Several groups are working
continuously to optimize the timing (Vijayakumar et al, 2017;
Donaldson et al., 2018; Ponnath et al., 2018) and route (Depreux
et al., 2016; Lentz et al, 2020; Wang et al, 2020) of ASO
administration in hope of extending their application to human
patients.

Analogous strategies have been pursued for other types of Usher
syndrome (Liquori et al., 2016; Slijkerman et al., 2016; Slijkerman
etal., 2018; Panagiotopoulos et al., 2020; Dulla et al., 2021), although
none have focused on the inner ear phenotype. One specific ASO
construct is worth discussing because it illustrates the important
principle that splice-switching ASOs can be effective even when the
mutation in question is not splice-altering in nature and because it is
closest to being used in the clinic as we write this article. Ultevursen,
which was previously dubbed QR-421a, was designed to induce the
skipping of USH2A exon 13 (Dulla et al, 2021). Truncating
mutations in exon 13, such as ¢.2299delG, account for a large
proportion of type 2A Usher syndrome cases (Yan et al., 2009).
Skipping this exon does not cause a frameshift, and so it leads to the
translation of partially functional proteins. Positive results were
reported in a phase 1/2 clinical trial evaluating the safety and
tolerability of ultevursen in retinitis pigmentosa patients (Audo
et al,, 2022), and a phase 2/3 clinical trial is currently under way
(https://clinicaltrials.gov/ct2/show/NCT05158296).

5.5.2 DFNB4/pendred syndrome

Mutations in the SLC26A4 gene can cause both non-syndromic
(e.g., DFNB4) and syndromic (e.g., Pendred syndrome, PS) forms of
deafness (Li et al., 1998). The ¢.919-2A>G mutation of the SLC26A4
gene is one of the most frequent mutations causing deafness in East
Asian populations (Park et al., 2005; Du et al., 2013). This mutation,
which is located at the 3'splice site of intron 7, promotes exon
8 skipping, which, in turn, introduces a premature termination
codon (Yang et al,, 2005). One study, using a multi-step screening
process, identified an ASO that could correct a splicing defect in
patient-derived blood cells and in mouse models (Feng et al., 2022).
The ASO was predicted to prevent the binding of splicing silencers
to a regulatory element located within intron 8 (Feng et al.,, 2022).
Another study evaluated the feasibility of using small molecules to
correct deafness-causing splicing defects (Lee et al., 2019). Some
SLC26A4 mutations occur in 5'splice sites where they are predicted
to hinder recognition by the Ul snRNA, a component of the core
splicing machinery. Synthetic Ul snRNAs were created with
sequences perfectly complementary to those of the mutated splice
sites. In many cases, these modified Ul snRNAs prevented mis-
splicing, but some mutations near exon 8 were resistant to this type
of treatment. In the presence of these resistant mutations, a nearby
cryptic splice site was being used instead. To reduce competition for
U1 snRNA binding, ASOs designed to mask the cryptic splice site

frontiersin.org


https://clinicaltrials.gov/ct2/show/NCT05158296
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1143428

Kim et al.

were delivered together with the modified Ul snRNAs, and this
restored normal splicing of exon 8 (Lee et al., 2019). These results
show that different strategies for modulating splicing can be used
together to produce a synergistic effect.

6 Conclusion

In this review, we covered many clues that point to the importance
of AS in the cochlea. Both unbiased studies and targeted approaches will
be necessary to proceed further. Unbiased high-throughput studies will,
first of all, help to quantify the extent to which AS contributes to the
unique transcriptomic landscape of the cochlea, which still has not been
adequately assessed. The task of identifying AS events that occur
differentially either along the tonotopic axis or among the various
cochlear cell types will also benefit from such unbiased studies. In
addition, uncovering the network of splicing regulators that govern
cochlear development will require further unbiased analysis of gene
expression, transcript usage, and RBP motif distribution. Meanwhile, as
more AS events are identified, targeted investigations will be required to
identify their full physiological significance. Examples of AS events that
demand interpretation include the usage of CDH23 exon 68 and the
tonotopic splicing of KCNMA I and KCNQ4. Clarifying the precise ways
RBPs such as SRRM4, SESWAP, and RBM24 affect cochlear function is
yet another task where much work remains.

Transcriptome studies of the cochlea have typically been limited
by its small size and considerable heterogeneity. In bulk RNA-
sequencing, the diverse cell types within each sample are all lumped
together, while the high levels of dropout in single cell sequencing
data make it difficult to computationally quantify isoform
abundance with any accuracy (Buen Abad Najar et al, 2020;
Westoby et al,, 2020). Yet as in all fields, technological advances
promise new opportunities. Methods such as fluorescence-activated
cell sorting allow bulk RNA-sequencing to be applied at higher
resolution, rendering it more suitable for inspecting heterogeneous
tissues like the cochlea (Liu et al., 2018; Hertzano et al., 2021). On the
other hand, single cell long-read RNA sequencing pipelines are
continuously being refined, and the algorithms used to analyze their
output are rapidly improving (Olivieri et al., 2022). As these tools
become more powerful and effective, it will soon be possible to assess
cochlear AS at sufficiently high resolution to draw more clear
conclusions.

New venues of research are constantly opening up. For example,
single cell-RNA sequencing has revealed unexpected cell type
heterogeneity within the cochlear epithelium (Kelley, 2022) or
the auditory ganglion (Petitpré et al., 2018; Shrestha et al., 2018;
Sun et al, 2018). It would be worthwhile to investigate the
contribution of AS to this newly discovered transcriptomic
diversity. Also, splicing outcomes are governed not only by the
mRNA sequence and the presence of trans-acting regulators, but
also by chromatin structure and transcription kinetics (Kornblihtt
etal,, 2013). The interaction between splicing, transcription kinetics,
and epigenetics could be investigated using recent techniques that
allow simultaneous analysis of gene expression and chromatin
accessibility at single-cell resolution. Finally, there are
mechanisms other than AS that merit investigation as sources of
molecular diversity. Many isoforms of hearing-related proteins are
produced via alternative transcription/translation site usage, and
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they show different expression patterns (Sekerkova et al., 2006; Li
etal., 2020b), subcellular localization patterns (Ebrahim et al., 2016),
and associations with clinical phenotypes (Mburu et al., 2003; Tlili
et al., 2005; Ebermann et al., 2007b; Audo et al., 2011; Besnard et al.,
2012; Mathur et al., 2015). Isoform sequencing technologies could be
employed to examine how the various post-transcriptional
regulatory mechanisms contribute to molecular diversity in the
cochlea. In summary, clarifying the role of AS in the cochlea is a
viable goal that offers the enticing prospect of understanding the
mechanisms that underlie the formation and function of
transcriptomic diversity in the cochlea.

Author contributions

KK reviewed the literature and wrote the manuscript. KK, HK,
and JB proofread and corrected the manuscript. JB conceived and
supervised the research.

Funding

This research was supported by a grant from the MD-PhD/
Medical Scientist Training Program through the Korea Health
Industry Development Institute (KHIDI) funded by the Ministry
of Health and Welfare, Republic of Korea (to KSK), and by a
Grant (NRF-

National Research Foundation of Korea

2022R1A2C3007281 to JB).

Acknowledgments

The authors thank Medical Illustration and Design, part of the
Medical Research Support Services of Yonsei University College of
Medicine, for all artistic support related to this work.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcell.2023.1143428/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcell.2023.1143428/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2023.1143428/full#supplementary-material
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1143428

Kim et al.

References

Abu Rayyan, A., Kamal, L., Casadei, S., Brownstein, Z., Zahdeh, F., Shahin, H,, et al.
(2020). Genomic analysis of inherited hearing loss in the Palestinian population. Proc.
Natl. Acad. Sci. 117 (33), 20070-20076. doi:10.1073/pnas.2009628117

Adato, A., Michel, V., Kikkawa, Y., Reiners, J., Alagramam, K. N., Weil, D,, et al.
(2005). Interactions in the network of Usher syndrome type 1 proteins. Hum. Mol.
Genet. 14 (3), 347-356. doi:10.1093/hmg/ddi031

Ahmed, Z. M., Goodyear, R,, Riazuddin, S., Lagziel, A., Legan, P. K, Behra, M,, et al.
(2006). The tip-link antigen, a protein associated with the transduction complex of
sensory hair cells, is protocadherin-15. J. Neurosci. 26 (26), 7022-7034. doi:10.1523/
JNEUROSCI.1163-06.2006

Ahmed, Z. M., Riazuddin, S., Aye, S., Ali, R. A,, Venselaar, H., Anwar, S, et al. (2008).
Gene structure and mutant alleles of PCDH15: Nonsyndromic deafness DFNB23 and
type 1 usher syndrome. Hum. Genet. 124 (3), 215-223. doi:10.1007/s00439-008-0543-3

Aller, E., Jaijo, T., Beneyto, M., Néjera, C., Oltra, S., Ayuso, C., et al. (2006).
Identification of 14 novel mutations in the long isoform of USH2A in Spanish
patients with Usher syndrome type II. J. Med. Genet. 43 (11), e55. doi:10.1136/jmg.
2006.041764

Art, J. J., and Fettiplace, R. (1987). Variation of membrane properties in hair cells
isolated from the turtle cochlea. J. Physiol. 385 (1), 207-242. doi:10.1113/jphysiol.1987.
sp016492

Art, J. J, Wu, Y. C, and Fettiplace, R. (1995). The calcium-activated potassium
channels of turtle hair cells. . Gen. Physiol. 105 (1), 49-72. doi:10.1085/jgp.105.1.49

Audo, I, Birch, D. G., Thiran Jayasundera, K., Meunier, I, Huckfeldt, R. M.,
Koenekoop, R. K., et al. (2022). QR-421a RNA therapy in retinitis pigmentosa due
to mutations in USH2A: Stellar trial Phase[AP1] 1b/2 interim results. Acta Ophthalmol.
(Copenh) 100 (5267). doi:10.1111/j.1755-3768.2022.205

Audo, I, Bujakowska, K., Mohand-Said, S., Tronche, S., Lancelot, M. E., Antonio, A.,
et al. (2011). A novel DENB31 mutation associated with Usher type 2 syndrome
showing variable degrees of auditory loss in a consanguineous Portuguese family. Mol.
Vis. 17, 1598-1606.

Baldanzi, G., and Graziani, A. (2015). Physiological signaling and structure of the
HGF receptor MET. Biomedicines 3 (1), 1-31. doi:10.3390/biomedicines3010001

Baldelli, P., and Meldolesi, J. (2015). The transcription repressor REST in adult
neurons: Physiology, pathology, and diseases. eneuro 2 (4), 0010. doi:10.1523/ENEURO.
0010-15.2015

Baralle, F. E., and Giudice, J. (2017). Alternative splicing as a regulator of development
and tissue identity. Nat. Rev. Mol. Cell Biol. 18 (7), 437-451. doi:10.1038/nrm.2017.27

Beauchamp, M.-C,, Alam, S. S., Kumar, S., and Jerome-Majewska, L. A. (2020).
Spliceosomopathies and neurocristopathies: Two sides of the same coin? Dev. Dyn. 249
(8), 924-945. doi:10.1002/dvdy.183

Beisel, K. W., Nelson, N. C., Delimont, D. C., and Fritzsch, B. (2000). Longitudinal
gradients of KCNQ4 expression in spiral ganglion and cochlear hair cells correlate with
progressive hearing loss in DENA2. Mol. Brain Res. 82 (1), 137-149. d0i:10.1016/S0169-
328X(00)00204-7

Beisel, K. W., Rocha-Sanchez, S. M., Morris, K. A,, Nie, L., Feng, F., Kachar, B., et al.
(2005). Differential expression of KCNQ4 in inner hair cells and sensory neurons is the
basis of progressive high-frequency hearing loss. J. Neurosci. 25 (40), 9285-9293. doi:10.
1523/jneurosci.2110-05.2005

Besnard, T., Vaché, C., Baux, D., Larrieu, L., Abadie, C., Blanchet, C., et al. (2012).
Non-USH2A mutations in USH2 patients. Hum. Mutat. 33 (3), 504-510. doi:10.1002/
humu.22004

Bischoff, A. M., Luijendijk, M. W., Huygen, P. L., van Duijnhoven, G., De Leenheer, E.
M., Oudesluijs, G. G, et al. (2004). A novel mutation identified in the DFNAS5 gene in a
Dutch family: A clinical and genetic evaluation. Audiol. Neurootol 9 (1), 34-46. doi:10.
1159/000074185

Boéda, B., El-Amraoui, A., Bahloul, A., Goodyear, R., Daviet, L., Blanchard, S., et al.
(2002). Myosin VIIa, harmonin and cadherin 23, three Usher I gene products that
cooperate to shape the sensory hair cell bundle. EMBO J. 21 (24), 6689-6699. doi:10.
1093/emboj/cdf689

Booth, K. T., Azaiez, H., Jahan, I, Smith, R. ]. H., and Fritzsch, B. (2018a). Intracellular
regulome variability along the organ of Corti: Evidence, approaches, challenges, and
perspective. Front. Genet. 9, 156. doi:10.3389/fgene.2018.00156

Booth, K. T., Azaiez, H., Kahrizi, K., Wang, D., Zhang, Y., Frees, K,, et al. (2018b).
Exonic mutations and exon skipping: Lessons learned from DFNA5. Hum. Mutat. 39
(3), 433-440. doi:10.1002/humu.23384

Booth, K. T., Azaiez, H., and Smith, R. J. H. (2020). DFNA5 (GSDME) ¢.991-15_991-
13delTTC: Founder mutation or mutational hotspot? Int. J. Mol. Sci. 21 (11), 3951.
doi:10.3390/ijms21113951

Borck, G., Rehman, A. U, Lee, K., Pogoda, H.-M., Kakar, N, von Ameln, S., et al.
(2011). Loss-of-Function mutations of ILDR1 cause autosomal-recessive hearing
impairment DFNB42. Am. J. Hum. Genet. 88 (2), 127-137. doi:10.1016/j.ajhg.2010.
12.011

Frontiers in Cell and Developmental Biology

17

10.3389/fcell.2023.1143428

Bousfiha, A., Riahi, Z., Elkhattabi, L., Bakhchane, A., Charoute, H., Snoussi, K., et al.
(2019). Further evidence for the implication of the MET gene in non-syndromic
autosomal recessive deafness. Hum. Hered. 84 (3), 109-116. doi:10.1159/000503450

Brandt, A., Striessnig, J., and Moser, T. (2003). CaV1.3 channels are essential for
development and presynaptic activity of cochlear inner hair cells. J. Neurosci. 23 (34),
10832-10840. doi:10.1523/J]NEUROSCI.23-34-10832.2003

Buen Abad Najar, C. F., Yosef, N,, and Lareau, L. F. (2020). Coverage-dependent bias
creates the appearance of binary splicing in single cells. eLife 9, e54603. doi:10.7554/
eLife.54603

Burns, J. C., and Corwin, J. T. (2013). A historical to present-day account of efforts to
answer the question: “What puts the brakes on mammalian hair cell regeneration?”.
Hear Res. 297, 52-67. doi:10.1016/j.heares.2013.01.005

Caberlotto, E., Michel, V., Foucher, I, Bahloul, A., Goodyear Richard, J., Pepermans,
E., et al. (2011). Usher type 1G protein sans is a critical component of the tip-link
complex, a structure controlling actin polymerization in stereocilia. Proc. Natl. Acad.
Sci. 108 (14), 5825-5830. doi:10.1073/pnas.1017114108

Cai, T, Jen, H.-I, Kang, H., Klisch, T. J., Zoghbi, H. Y., and Groves, A. K. (2015).
Characterization of the transcriptome of nascent hair cells and identification of direct
targets of the Atohl transcription factor. J. Neurosci. 35 (14), 5870-5883. doi:10.1523/
JNEUROSCI.5083-14.2015

Castiglione, A., and Méller, C. (2022). Usher syndrome. Audiol. Res. 12 (1), 42-65.
doi:10.3390/audiolres12010005

Chai, Y., Chen, D., Wang, X, Wu, H,, and Yang, T. (2014). A novel splice site
mutation in DFNA5 causes late-onset progressive non-syndromic hearing loss in a
Chinese family. Int. J. Pediatr. Otorhinolaryngol. 78 (8), 1265-1268. doi:10.1016/j.ijporl.
2014.05.007

Chen, Q., Chu, H.,, Wy, X,, Cui, Y., Chen, J,, Li, ], et al. (2011). The expression of
plasma membrane Ca(2+)-ATPase isoform 2 and its splice variants at sites A and C in
the neonatal rat cochlea. Int. J. Pediatr. Otorhinolaryngol. 75 (2), 196-201. doi:10.1016/j.
ijporl.2010.10.033

Chen, X, Jia, B. L, Li, M. H,, Lyu, Y., and Liu, C. X. (2020). Case report: Novel
heterozygous DFNA5 splicing variant responsible for autosomal dominant non-
syndromic hearing loss in a Chinese family. Front. Genet. 11, 569284. doi:10.3389/
fgene.2020.569284

Cheng, J., Han, D., Dai, P, Sun, H, Tao, R, Sun, Q. et al. (2007). A novel
DFNA5 mutation, IVS8+4 A>G, in the splice donor site of intron 8 causes late-
onset non-syndromic hearing loss in a Chinese family. Clin. Genet. 72 (5), 471-477.
doi:10.1111/j.1399-0004.2007.00889.x

Cheng, X, Zhang, J. J., and Shi, D. L. (2020). Loss of Rbm24a causes defective hair cell
development in the zebrafish inner ear and neuromasts. J. Genet. Genomics 47 (7),
403-406. doi:10.1016/j.,jgg.2020.07.002

Chicka, M. C,, and Strehler, E. E. (2003). Alternative splicing of the first intracellular
loop of plasma membrane Ca2+-ATPase isoform 2 alters its membrane targeting. J. Biol.
Chem. 278 (20), 18464-18470. doi:10.1074/jbc.M301482200

Choi, B., Ahmed, Z., Riazuddin, S., Bhinder, M., Shahzad, M., Husnain, T., et al.
(2009). Identities and frequencies of mutations of the otoferlin gene (OTOF) causing
DFNB9 deafness in Pakistan. Clin. Genet. 75 (3), 237-243. d0i:10.1111/§.1399-0004.
2008.01128.x

Chou, T. B., Zachar, Z., and Bingham, P. M. (1987). Developmental expression of a
regulatory gene is programmed at the level of splicing. EMBO J. 6 (13), 4095-4104.
doi:10.1002/j.1460-2075.1987.tb02755.x

Crawford, A. C,, and Fettiplace, R. (1981). An electrical tuning mechanism in turtle
cochlear hair cells. J. Physiol. 312 (1), 377-412. doi:10.1113/jphysiol.1981.sp013634

Dai, H., Zhang, X., Zhao, X,, Deng, T., Dong, B., Wang, J., et al. (2008). Identification
of five novel mutations in the long isoform of the USH2A gene in Chinese families with
Usher syndrome type II. Mol. Vis. 14, 2067-2075.

Depreux, F. F., Wang, L., Jiang, H., Jodelka, F. M., Rosencrans, R. F., Rigo, F., et al.
(2016). Antisense oligonucleotides delivered to the amniotic cavity in utero modulate
gene expression in the postnatal mouse. Nucleic Acids Res. 44 (20), 9519-9529. doi:10.
1093/nar/gkw867

Di Palma, F., Pellegrino, R., and Noben-Trauth, K. (2001). Genomic structure,
alternative splice forms and normal and mutant alleles of cadherin 23 (Cdh23).
Gene 281 (1-2), 31-41. doi:10.1016/s0378-1119(01)00761-2

Donaldson, T. N, Jennings, K. T., Cherep, L. A,, McNeela, A. M., Depreux, F. F,,
Jodelka, F. M., et al. (2018). Antisense oligonucleotide therapy rescues disruptions in

organization of exploratory movements associated with Usher syndrome type 1C in
mice. Behav. Brain Res. 338, 76-87. doi:10.1016/j.bbr.2017.10.012

Du, W,, Guo, Y., Wang, C., Wang, Y., and Liu, X. (2013). A systematic review and
meta-analysis of common mutations of SLC26A4 gene in Asian populations. Int.
J. Pediatr. Otorhinolaryngol. 77 (10), 1670-1676. doi:10.1016/j.ijporl.2013.07.023

Dulla, K., Slijkerman, R., van Diepen, H. C., Albert, S., Dona, M., Beumer, W., et al.
(2021). Antisense oligonucleotide-based treatment of retinitis pigmentosa caused by

frontiersin.org


https://doi.org/10.1073/pnas.2009628117
https://doi.org/10.1093/hmg/ddi031
https://doi.org/10.1523/JNEUROSCI.1163-06.2006
https://doi.org/10.1523/JNEUROSCI.1163-06.2006
https://doi.org/10.1007/s00439-008-0543-3
https://doi.org/10.1136/jmg.2006.041764
https://doi.org/10.1136/jmg.2006.041764
https://doi.org/10.1113/jphysiol.1987.sp016492
https://doi.org/10.1113/jphysiol.1987.sp016492
https://doi.org/10.1085/jgp.105.1.49
https://doi.org/10.1111/j.1755-3768.2022.205
https://doi.org/10.3390/biomedicines3010001
https://doi.org/10.1523/ENEURO.0010-15.2015
https://doi.org/10.1523/ENEURO.0010-15.2015
https://doi.org/10.1038/nrm.2017.27
https://doi.org/10.1002/dvdy.183
https://doi.org/10.1016/S0169-328X(00)00204-7
https://doi.org/10.1016/S0169-328X(00)00204-7
https://doi.org/10.1523/jneurosci.2110-05.2005
https://doi.org/10.1523/jneurosci.2110-05.2005
https://doi.org/10.1002/humu.22004
https://doi.org/10.1002/humu.22004
https://doi.org/10.1159/000074185
https://doi.org/10.1159/000074185
https://doi.org/10.1093/emboj/cdf689
https://doi.org/10.1093/emboj/cdf689
https://doi.org/10.3389/fgene.2018.00156
https://doi.org/10.1002/humu.23384
https://doi.org/10.3390/ijms21113951
https://doi.org/10.1016/j.ajhg.2010.12.011
https://doi.org/10.1016/j.ajhg.2010.12.011
https://doi.org/10.1159/000503450
https://doi.org/10.1523/JNEUROSCI.23-34-10832.2003
https://doi.org/10.7554/eLife.54603
https://doi.org/10.7554/eLife.54603
https://doi.org/10.1016/j.heares.2013.01.005
https://doi.org/10.1073/pnas.1017114108
https://doi.org/10.1523/JNEUROSCI.5083-14.2015
https://doi.org/10.1523/JNEUROSCI.5083-14.2015
https://doi.org/10.3390/audiolres12010005
https://doi.org/10.1016/j.ijporl.2014.05.007
https://doi.org/10.1016/j.ijporl.2014.05.007
https://doi.org/10.1016/j.ijporl.2010.10.033
https://doi.org/10.1016/j.ijporl.2010.10.033
https://doi.org/10.3389/fgene.2020.569284
https://doi.org/10.3389/fgene.2020.569284
https://doi.org/10.1111/j.1399-0004.2007.00889.x
https://doi.org/10.1016/j.jgg.2020.07.002
https://doi.org/10.1074/jbc.M301482200
https://doi.org/10.1111/j.1399-0004.2008.01128.x
https://doi.org/10.1111/j.1399-0004.2008.01128.x
https://doi.org/10.1002/j.1460-2075.1987.tb02755.x
https://doi.org/10.1113/jphysiol.1981.sp013634
https://doi.org/10.1093/nar/gkw867
https://doi.org/10.1093/nar/gkw867
https://doi.org/10.1016/s0378-1119(01)00761-2
https://doi.org/10.1016/j.bbr.2017.10.012
https://doi.org/10.1016/j.ijporl.2013.07.023
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1143428

Kim et al.

USH2A exon 13 mutations. Mol. Ther. 29 (8), 2441-2455. doi:10.1016/j.ymthe.2021.
04.024

Dune, M., Hove, H,, Kirchhoff, M., Devriendt, K., and Schwartz, M. (2004). Mapping
genomic deletions down to the base: A quantitative copy number scanning approach
used to characterise and clone the breakpoints of a recurrent 7p14.2p15.3 deletion.
Hum. Genet. 115 (6), 459-467. doi:10.1007/s00439-004-1174-y

Ebeid, M., and Huh, S.-H. (2017). FGF signaling: Diverse roles during cochlear
development. BMB Rep. 50 (10), 487-495. doi:10.5483/BMBRep.2017.50.10.164

Ebermann, I, Lopez, L, Bitner-Glindzicz, M., Brown, C., Koenekoop, R. K., and Bolz,
H.]J. (2007a). Deafblindness in French Canadians from quebec: A predominant founder
mutation in the USH1Cgene provides the first genetic link with the acadian population.
Genome Biol. 8 (4), R47. doi:10.1186/gb-2007-8-4-r47

Ebermann, I, Scholl, H. P. N., Charbel Issa, P., Becirovic, E., Lamprecht, J., Jurklies, B.,
etal. (2007b). A novel gene for usher syndrome type 2: Mutations in the long isoform of
whirlin are associated with retinitis pigmentosa and sensorineural hearing loss. Hum.
Genet. 121 (2), 203-211. doi:10.1007/s00439-006-0304-0

Ebrahim, S., Ingham, N. J., Lewis, M. A., Rogers, M. J. C., Cui, R,, Kachar, B,, et al.
(2016). Alternative splice forms influence functions of whirlin in mechanosensory hair
cell stereocilia. Cell Rep. 15 (5), 935-943. doi:10.1016/j.celrep.2016.03.081

Elliott, K. L., Pavlinkovd, G., Chizhikov, V. V., Yamoah, E. N., and Fritzsch, B. (2021).
Development in the mammalian auditory system depends on transcription factors. Int.
J. Mol. Sci. 22 (8), 4189. doi:10.3390/ijms22084189

Feng, P., Xu, Z., Chen, J., Liu, M., Zhao, Y., Wang, D,, et al. (2022). Rescue of mis-
splicing of a common SLC26A4 mutant associated with sensorineural hearing loss by
antisense oligonucleotides. Mol. Ther. Nucleic Acids 28, 280-292. doi:10.1016/j.omtn.
2022.03.015

Fettiplace, R. (2020). Diverse mechanisms of sound frequency discrimination in the
vertebrate cochlea. Trends Neurosci. 43 (2), 88-102. doi:10.1016/j.tins.2019.12.003

Fettiplace, R. (2017). Hair cell transduction, tuning, and synaptic transmission in the
mammalian cochlea. Compr. Physiol. 7 (4), 1197-1227. doi:10.1002/cphy.c160049

Frucht, C. S., Uduman, M., Kleinstein, S. H., Santos-Sacchi, J., and Navaratnam, D. S.
(2011). Gene expression gradients along the tonotopic Axis of the chicken auditory
epithelium. J. Assoc. Res. Otolaryngol. 12 (4), 423-435. d0i:10.1007/s10162-011-0259-2

Gao, S. S., Wang, R,, Raphael, P. D., Moayedi, Y., Groves, A. K., Zuo, J., et al. (2014).
Vibration of the organ of Corti within the cochlear apex in mice. J. Neurophysiol. 112
(5), 1192-1204. doi:10.1152/jn.00306.2014

Gao, Z.,, Ure, K, Ding, P., Nashaat, M., Yuan, L., Ma, J,, et al. (2011). The master
negative regulator REST/NRSF controls adult neurogenesis by restraining the
neurogenic program in quiescent stem cells. J. Neurosci. 31 (26), 9772-9786. doi:10.
1523/JNEUROSCI.1604-11.2011

Gerstberger, S., Hafner, M., and Tuschl, T. (2014). A census of human RNA-binding
proteins. Nat. Rev. Genet. 15 (12), 829-845. doi:10.1038/nrg3813

Grati, M. h., Aggarwal, N,, Strehler, E. E., and Wenthold, R. J. (2006). Molecular
determinants for differential membrane trafficking of PMCA1 and PMCA2 in
mammalian hair cells. J. Cell Sci. 119 (14), 2995-3007. doi:10.1242/jcs.03030

Grati, M. h., and Kachar, B. (2011). Myosin VIIa and sans localization at stereocilia
upper tip-link density implicates these Usher syndrome proteins in
mechanotransduction. Proc. Natl. Acad. Sci. 108 (28), 11476-11481. doi:10.1073/
pnas.1104161108

Gregory, F. D, Bryan, K. E., Pangrsi¢, T., Calin-Jageman, I. E., Moser, T., and Lee, A.
(2011). Harmonin inhibits presynaptic Cav1.3 Ca** channels in mouse inner hair cells.
Nat. Neurosci. 14 (9), 1109-1111. doi:10.1038/nn.2895

Grifone, R., Saquet, A., Xu, Z., and Shi, D.-L. (2018). Expression patterns of Rbm24 in
lens, nasal epithelium, and inner ear during mouse embryonic development. Dev. Dyn.
247 (10), 1160-1169. doi:10.1002/dvdy.24666

Grifone, R, Shao, M., Saquet, A., and Shi, D.-L. (2020). RNA-binding protein
Rbm24 as a multifaceted post-transcriptional regulator of embryonic lineage
differentiation and cellular homeostasis. Cells 9 (8), 1891. doi:10.3390/cells9081891

Hastings, M. L., and Jones, T. A. (2019). Antisense oligonucleotides for the treatment
of inner ear dysfunction. Neurotherapeutics 16 (2), 348-359. doi:10.1007/s13311-019-
00729-0

He, D. Z. Z., Zheng, J., Edge, R., and Dallos, P. (2000). Isolation of cochlear inner hair
cells. Hear Res. 145 (1), 156-160. doi:10.1016/S0378-5955(00)00084-8

Hertzano, R., Gwilliam, K., Rose, K., Milon, B., and Matern, M. S. (2021). Cell
type-specific expression analysis of the inner ear: A technical report. Laryngoscope 131
(S5), S1-S16. doi:10.1002/lary.28765

Higashi, T., Katsuno, T., Kitajiri, S.-i., and Furuse, M. (2015). Deficiency of angulin-2/
ILDRI, a tricellular tight junction-associated membrane protein, causes deafness with
cochlear hair cell degeneration in mice. PLoS One 10 (3), €0120674. doi:10.1371/journal.
pone.0120674

Hill, J. K., Williams, D. E., LeMasurier, M., Dumont, R. A., Strehler, E. E., and
Gillespie, P. G. (2006). Splice-site A choice targets plasma-membrane Ca2+-ATPase
isoform 2 to hair bundles. J. Neurosci. 26 (23), 6172-6180. doi:10.1523/J]NEUROSCIL.
0447-06.2006

Frontiers in Cell and Developmental Biology

18

10.3389/fcell.2023.1143428

Hu, Z., Scott, H. S., Qin, G., Zheng, G., Chu, X,, Xie, L., et al. (2015). Revealing missing
human protein isoforms based on ab initio prediction, RNA-seq and proteomics. Sci.
Rep. 5 (1), 10940. doi:10.1038/srep10940

Jen, H.-L, Singh, S., Tao, L., Maunsell, H. R, Segil, N., and Groves, A. K. (2022).
GFI1 regulates hair cell differentiation by acting as an off-DNA transcriptional co-
activator of ATOHI, and a DNA-binding repressor. Sci. Rep. 12 (1), 7793. doi:10.1038/
$41598-022-11931-0

Jeng, J.-Y., Ceriani, F., Hendry, A., Johnson, S. L., Yen, P., Simmons, D. D,, et al.
(2020). Hair cell maturation is differentially regulated along the tonotopic axis of the
mammalian cochlea. J. Physiol. 598 (1), 151-170. doi:10.1113/JP279012

Johnson, K. R., Gagnon, L. H., Webb, L. S., Peters, L. L., Hawes, N. L., Chang, B., et al.
(2003). Mouse models of USH1C and DFNB18: Phenotypic and molecular analyses of
two new spontaneous mutations of the Ushlc gene. Hum. Mol. Genet. 12 (23),
3075-3086. doi:10.1093/hmg/ddg332

Jones, E. M. C.,, Gray-Keller, M., Art, J. J., and Fettiplace, R. (1999b). The functional
role of alternative splicing of Ca2+-activated K+ channels in auditory hair cells. Ann. N.
Y. Acad. Sci. 868 (1), 379-385. doi:10.1111/j.1749-6632.1999.tb11299.x

Jones, E. M., Gray-Keller, M., and Fettiplace, R. (1999a). The role of Ca2+-activated
K+ channel spliced variants in the tonotopic organization of the turtle cochlea.
J. Physiol. 518 (3), 653-665. doi:10.1111/j.1469-7793.1999.0653p.x

Jones, E. M., Laus, C., and Fettiplace, R. (1998). Identification of Ca(2+)-activated K+
channel splice variants and their distribution in the turtle cochlea. Proc. Biol. Sci. 265
(1397), 685-692. doi:10.1098/rspb.1998.0348

Kelley, M. W. (2022). Cochlear development; new tools and approaches. Front. Cell
Dev. Biol. 10, 884240. doi:10.3389/fcell.2022.884240

Kharkovets, T., Dedek, K., Maier, H., Schweizer, M., Khimich, D., Nouvian, R, et al.
(2006). Mice with altered KCNQ4 K+ channels implicate sensory outer hair cells in
human progressive deafness. EMBO J. 25 (3), 642-652. doi:10.1038/sj.emboj.7600951

Khateb, S., Zelinger, L., Ben-Yosef, T., Merin, S., Crystal-Shalit, O., Gross, M., et al.
(2012). Exome sequencing identifies a founder frameshift mutation in an alternative
exon of USHIC as the cause of autosomal recessive retinitis pigmentosa with late-onset
hearing loss. PLoS One 7 (12), €51566. doi:10.1371/journal.pone.0051566

Kiernan, A. E., Ahituv, N,, Fuchs, H,, Balling, R., Avraham, K. B,, Steel, K. P., et al.
(2001). The Notch ligand Jagged1 is required for inner ear sensory development. Proc.
Natl. Acad. Sci. 98 (7), 3873-3878. doi:10.1073/pnas.071496998

Kim, J. M., Beyer, R, Morales, M., Chen, S., Liu, L. Q,, and Duncan, R. K. (2010).
Expression of BK-type calcium-activated potassium channel splice variants during
chick cochlear development. J. Comp. Neurol. 518 (13), 2554-2569. doi:10.1002/cne.
22352

Kim, M.-S,, Pinto, S. M., Getnet, D., Nirujogi, R. S., Manda, S. S., Chaerkady, R., et al.
(2014). A draft map of the human proteome. Nature 509 (7502), 575-581. doi:10.1038/
naturel3302

Kitamura, K., Kakoi, H., Yoshikawa, Y., and Ochikubo, F. (1992). Ultrastructural
findings in the inner ear of jackson shaker mice. Acta Otolaryngol. 112 (4), 622-627.
doi:10.3109/00016489209137451

Knapp, B., Roedig, J., Roedig, H., Krzysko, J., Horn, N., Giiler, B. E,, et al. (2022).
Affinity proteomics identifies interaction partners and defines novel insights into the
function of the adhesion GPCR VLGR1/ADGRV1. Molecules 27 (10), 3108. doi:10.
3390/molecules27103108

Koo, H., Hwang, J. Y., Jung, S., Park, H., Bok, J., and Park, J. W. (2021). Position
specific alternative splicing and gene expression profiles along the tonotopic Axis of
chick cochlea. Front. Mol. Biosci. 8, 726976. doi:10.3389/fmolb.2021.726976

Koo, H. Y., Kim, M.-A., Min, H.,, Hwang, J. Y., Prajapati—DiNubila, M., Kim, K. S.,
et al. (2023). Follistatin regulates the specification of the apical cochlea responsible for
low-frequency hearing in mammals. Proc. Natl. Acad. Sci. 120 (1), €2213099120. doi:10.
1073/pnas.2213099120

Kornblihtt, A. R,, Schor, 1. E., Allé, M., Dujardin, G., Petrillo, E., and Muioz, M. J.
(2013). Alternative splicing: A pivotal step between eukaryotic transcription and
translation. Nat. Rev. Mol. Cell Biol. 14 (3), 153-165. d0i:10.1038/nrm3525

Kowalik, L., and Hudspeth, A. J. (2011). A search for factors specifying tonotopy
implicates DNER in hair-cell development in the chick’s cochlea. Dev. Biol. 354 (2),
221-231. doi:10.1016/j.ydbio.2011.03.031

Kubisch, C., Schroeder, B. C., Friedrich, T., Litjohann, B., El-Amraoui, A., Marlin, S.,
etal. (1999). KCNQ4, a novel potassium channel expressed in sensory outer hair cells, is
mutated in dominant deafness. Cell 96 (3), 437-446. d0i:10.1016/S0092-8674(00)
80556-5

Lee, B., Kim, Y.-R,, Kim, S.-J., Goh, S.-H., Kim, J.-H., Oh, S.-K,, et al. (2019). Modified
Ul snRNA and antisense oligonucleotides rescue splice mutations in SLC26A4 that
cause hereditary hearing loss. Hum. Mutat. 40 (8), 1172-1180. doi:10.1002/humu.23774

Lee, S., Sears, M. J., Zhang, Z., Li, H., Salhab, I, Krebs, P., et al. (2020). Cleft lip and
cleft palate in Esrpl knockout mice is associated with alterations in epithelial-
mesenchymal crosstalk. Development 147 (21), dev187369. doi:10.1242/dev.187369

Lentz, J. ]., Jodelka, F. M., Hinrich, A. J., McCaffrey, K. E., Farris, H. E., Spalitta, M. J.,
etal. (2013). Rescue of hearing and vestibular function by antisense oligonucleotides in a
mouse model of human deafness. Nat. Med. 19 (3), 345-350. doi:10.1038/nm.3106

frontiersin.org


https://doi.org/10.1016/j.ymthe.2021.04.024
https://doi.org/10.1016/j.ymthe.2021.04.024
https://doi.org/10.1007/s00439-004-1174-y
https://doi.org/10.5483/BMBRep.2017.50.10.164
https://doi.org/10.1186/gb-2007-8-4-r47
https://doi.org/10.1007/s00439-006-0304-0
https://doi.org/10.1016/j.celrep.2016.03.081
https://doi.org/10.3390/ijms22084189
https://doi.org/10.1016/j.omtn.2022.03.015
https://doi.org/10.1016/j.omtn.2022.03.015
https://doi.org/10.1016/j.tins.2019.12.003
https://doi.org/10.1002/cphy.c160049
https://doi.org/10.1007/s10162-011-0259-2
https://doi.org/10.1152/jn.00306.2014
https://doi.org/10.1523/JNEUROSCI.1604-11.2011
https://doi.org/10.1523/JNEUROSCI.1604-11.2011
https://doi.org/10.1038/nrg3813
https://doi.org/10.1242/jcs.03030
https://doi.org/10.1073/pnas.1104161108
https://doi.org/10.1073/pnas.1104161108
https://doi.org/10.1038/nn.2895
https://doi.org/10.1002/dvdy.24666
https://doi.org/10.3390/cells9081891
https://doi.org/10.1007/s13311-019-00729-0
https://doi.org/10.1007/s13311-019-00729-0
https://doi.org/10.1016/S0378-5955(00)00084-8
https://doi.org/10.1002/lary.28765
https://doi.org/10.1371/journal.pone.0120674
https://doi.org/10.1371/journal.pone.0120674
https://doi.org/10.1523/JNEUROSCI.0447-06.2006
https://doi.org/10.1523/JNEUROSCI.0447-06.2006
https://doi.org/10.1038/srep10940
https://doi.org/10.1038/s41598-022-11931-0
https://doi.org/10.1038/s41598-022-11931-0
https://doi.org/10.1113/JP279012
https://doi.org/10.1093/hmg/ddg332
https://doi.org/10.1111/j.1749-6632.1999.tb11299.x
https://doi.org/10.1111/j.1469-7793.1999.0653p.x
https://doi.org/10.1098/rspb.1998.0348
https://doi.org/10.3389/fcell.2022.884240
https://doi.org/10.1038/sj.emboj.7600951
https://doi.org/10.1371/journal.pone.0051566
https://doi.org/10.1073/pnas.071496998
https://doi.org/10.1002/cne.22352
https://doi.org/10.1002/cne.22352
https://doi.org/10.1038/nature13302
https://doi.org/10.1038/nature13302
https://doi.org/10.3109/00016489209137451
https://doi.org/10.3390/molecules27103108
https://doi.org/10.3390/molecules27103108
https://doi.org/10.3389/fmolb.2021.726976
https://doi.org/10.1073/pnas.2213099120
https://doi.org/10.1073/pnas.2213099120
https://doi.org/10.1038/nrm3525
https://doi.org/10.1016/j.ydbio.2011.03.031
https://doi.org/10.1016/S0092-8674(00)80556-5
https://doi.org/10.1016/S0092-8674(00)80556-5
https://doi.org/10.1002/humu.23774
https://doi.org/10.1242/dev.187369
https://doi.org/10.1038/nm.3106
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1143428

Kim et al.

Lentz, J. J., Pan, B,, Ponnath, A., Tran, C. M., Nist-Lund, C., Galvin, A, et al. (2020).
Direct delivery of antisense oligonucleotides to the middle and inner ear improves
hearing and balance in usher mice. Mol. Ther. 28 (12), 2662-2676. doi:10.1016/j.ymthe.
2020.08.002

Lentz, J., Savas, S., Ng, S.-S., Athas, G., Deininger, P., and Keats, B. (2005). The
USHIC 216G—A splice-site mutation results in a 35-base-pair deletion. Hum. Genet.
116 (3), 225-227. doi:10.1007/s00439-004-1217-4

Li, N, Du, H, Ren, R, Wang, Y., and Xu, Z. (2020a). Alternative splicing of
Cdh23 exon 68 is regulated by RBM24, RBM38, and PTBP1. Neural Plast. 2020,
8898811. doi:10.1155/2020/8898811

Li, S., Mecca, A, Kim, ], Caprara, G. A., Wagner, E. L., Du, T.-T,, et al. (2020b).
Myosin-VlIIa is expressed in multiple isoforms and essential for tensioning the hair cell
mechanotransduction complex. Nat. Commun. 11 (1), 2066. doi:10.1038/s41467-020-
15936-z

Li, X. C,, Everett, L. A., Lalwani, A. K., Desmukh, D., Friedman, T. B., Green, E. D.,
et al. (1998). A mutation in PDS causes non-syndromic recessive deafness. Nat. Genet.
18 (3), 215-217. doi:10.1038/ng0398-215

Li-Yang, M. N,, Shen, X. F., Wei, Q. J., Yao, J., Lu, Y. J., Cao, X,, et al. (2015).
IVS8+1 DelG, a novel splice site mutation causing DENAS5 deafness in a Chinese family.
Chin. Med. J. Engl. 128 (18), 2510-2515. doi:10.4103/0366-6999.164980

Ling, J. P., Wilks, C., Charles, R., Leavey, P. J., Ghosh, D., Jiang, L., et al. (2020).
ASCOT identifies key regulators of neuronal subtype-specific splicing. Nat. Commun.
11 (1), 137. doi:10.1038/s41467-019-14020-5

Liquori, A., Vaché, C., Baux, D., Blanchet, C., Hamel, C., Malcolm, S., et al. (2016).
Whole USH2A gene sequencing identifies several new deep intronic mutations. Hum.
Mutat. 37 (2), 184-193. doi:10.1002/humu.22926

Liu, H., Chen, L., Giffen, K. P., Stringham, S. T., Li, Y., Judge, P. D., et al. (2018). Cell-
specific transcriptome analysis shows that adult pillar and Deiters’ cells express genes
encoding machinery for specializations of cochlear hair cells. Front. Mol. Neurosci. 11,
356. doi:10.3389/fnmol.2018.00356

Liu, Y., Nie, H,, Liu, C,, Zhai, X, Sang, Q., Wang, Y., et al. (2017). Angulin proteins
ILDR1 and ILDR?2 regulate alternative pre-mRNA splicing through binding to splicing
factors TRA2A, TRA2B, or SRSFI. Sci. Rep. 7 (1), 7466. doi:10.1038/s41598-017-
07530-z

Lu, L., Marisetty, A., Liu, B., Kamal, M. M., Gumin, J., Veo, B,, et al. (2018). REST
overexpression in mice causes deficits in spontaneous locomotion. Sci. Rep. 8 (1), 12083.
doi:10.1038/s41598-018-29441-3

Lumpkin, E. A., and Hudspeth, A.J. (1998). Regulation of free Ca;2+ concentration in
hair-cell stereocilia. J. Neurosci. 18 (16), 6300-6318. doi:10.1523/JNEUROSCI.18-16-
06300.1998

Maharana, S. K., and Saint-Jeannet, J. P. (2021). Molecular mechanisms of hearing
loss in Nager syndrome. Dev. Biol. 476, 200-208. doi:10.1016/j.ydbio.2021.04.002

Mahendrasingam, S., Fettiplace, R., Alagramam, K. N., Cross, E., and Furness, D. N.
(2017). Spatiotemporal changes in the distribution of LHFPL5 in mice cochlear hair
bundles during development and in the absence of PCDHI5. PLoS One 12 (10),
€0185285. doi:10.1371/journal.pone.0185285

Mandel, G., Fiondella, C. G., Covey, M. V,, Lu, D. D,, LoTurco, J. J., and Ballas, N.
(2011). Repressor element 1 silencing transcription factor (REST) controls radial
migration and temporal neuronal specification during neocortical development.
Proc. Natl. Acad. Sci. 108 (40), 16789-16794. doi:10.1073/pnas.1113486108

Mann, Z. F,, Thiede, B. R., Chang, W, Shin, J.-B., May-Simera, H. L., Lovett, M., et al.
(2014). A gradient of Bmp7 specifies the tonotopic axis in the developing inner ear. Nat.
Commun. 5 (1), 3839. doi:10.1038/ncomms4839

Mansard, L., Vaché, C., Bianchi, J., Baudoin, C., Perthus, L., Isidor, B., et al. (2022).
Identification of the first single GSDME exon 8 structural variants associated with
autosomal dominant hearing loss. Diagnostics 12 (1), 207. doi:10.3390/
diagnostics12010207

Marres, H., van Ewijk, M., Huygen, P., Kunst, H., Camp, G. v., Coucke, P., et al.
(1997). Inherited nonsyndromic hearing loss: An audiovestibular study in a large family
with autosomal dominant progressive hearing loss related to DFNA2. Arch.
Otolaryngol. Head. Neck Surg. 123 (6), 573-577. do0i:10.1001/archotol.1997.
01900060015002

Mathur, P. D., Zou, J., Zheng, T., Almishaal, A., Wang, Y., Chen, Q,, et al. (2015).
Distinct expression and function of whirlin isoforms in the inner ear and retina: An
insight into pathogenesis of USH2D and DFNB31. Hum. Mol. Genet. 24 (21),
6213-6228. doi:10.1093/hmg/ddv339

Mburu, P., Mustapha, M., Varela, A., Weil, D., El-Amraoui, A., Holme, R. H,, et al.
(2003). Defects in whirlin, a PDZ domain molecule involved in stereocilia elongation,
cause deafness in the whirler mouse and families with DENB31. Nat. Genet. 34 (4),
421-428. doi:10.1038/ng1208

McGee, T. L., Seyedahmadi, B. J., Sweeney, M. O., Dryja, T. P., and Berson, E. L.
(2010). Novel mutations in the long isoform of the USH2A gene in patients with Usher
syndrome type II or non-syndromic retinitis pigmentosa. J. Med. Genet. 47 (7),
499-506. doi:10.1136/jmg.2009.075143

Michalski, N., Michel, V., Caberlotto, E., Lefévre, G. M., van Aken, A. F.]., Tinevez, J.-
Y., et al. (2009). Harmonin-b, an actin-binding scaffold protein, is involved in the

Frontiers in Cell and Developmental Biology

10.3389/fcell.2023.1143428

adaptation of mechanoelectrical transduction by sensory hair cells. Pflugers Arch. 459
(1), 115-130. doi:10.1007/s00424-009-0711-x

Michel, V., Pepermans, E., Boutet de Monvel, J., England, P., Nouaille, S., Aghaie, A.,
et al. (2020). Interaction of protocadherin-15 with the scaffold protein whirlin supports
its anchoring of hair-bundle lateral links in cochlear hair cells. Sci. Rep. 10 (1), 16430.
doi:10.1038/541598-020-73158-1

Miranda-Rottmann, S., Kozlov, A. S., and Hudspeth, A. J. (2010). Highly specific
alternative splicing of transcripts encoding BK channels in the chicken’s cochlea is a
minor determinant of the tonotopic gradient. Mol. Cell Biol. 30 (14), 3646-3660. doi:10.
1128/mcb.00073-10

Moayedi, Y., Basch, M. L., Pacheco, N. L., Gao, S. S., Wang, R,, Harrison, W., et al.
(2014). The candidate splicing factor Sfswap regulates growth and patterning of inner
ear sensory organs. PLoS Genet. 10 (1), e1004055. doi:10.1371/journal.pgen.1004055

Morell, R. J., Olszewski, R., Tona, R, Leitess, S., Wafa, T. T., Taukulis, I, et al. (2020).
Noncoding microdeletion in mouse Hgf disrupts neural crest migration into the stria
vascularis, reduces the endocochlear potential, and suggests the neuropathology for
human nonsyndromic deafness DENB39. J. Neurosci. 40 (15), 2976-2992. doi:10.1523/
jneurosci.2278-19.2020

Morozko, E. L., Nishio, A., Ingham, N. J., Chandra, R,, Fitzgerald, T., Martelletti, E.,
et al. (2015). ILDR1 null mice, a model of human deafness DFNB42, show structural
aberrations of tricellular tight junctions and degeneration of auditory hair cells. Hum.
Mol. Genet. 24 (3), 609-624. doi:10.1093/hmg/ddu474

Mujtaba, G., Schultz, . M., Imtiaz, A., Morell, R. J., Friedman, T. B., and Naz, S.
(2015). A mutation of MET, encoding hepatocyte growth factor receptor, is associated
with human DFNB97 hearing loss. J. Med. Genet. 52 (8), 548-552. doi:10.1136/
jmedgenet-2015-103023

Nadol, J. B. J., Handzel, O., and Amr, S. (2015). Histopathology of the human inner
ear in a patient with sensorineural hearing loss caused by a variant in DFNAS5. Otol.
Neurotol. 36 (10), 1616-1621. doi:10.1097/mao.0000000000000888

Nakano, Y., Jahan, I, Bonde, G., Sun, X, Hildebrand, M. S., Engelhardt, J. F., et al.
(2012). A mutation in the Srrm4 gene causes alternative splicing defects and deafness in
the Bronx waltzer mouse. PLoS Genet. 8 (10), €1002966. doi:10.1371/journal.pgen.
1002966

Nakano, Y., Kelly, M. C., Rehman, A. U, Boger, E. T., Morell, R. J., Kelley, M. W., et al.
(2018). Defects in the alternative splicing-dependent regulation of REST cause deafness.
Cell 174 (3), 536-548.e21. doi:10.1016/j.cell.2018.06.004

Nakano, Y., Wiechert, S., Fritzsch, B., and Bdnfi, B. (2020). Inhibition of a
transcriptional repressor rescues hearing in a splicing factor-deficient mouse. Life
Sci. Alliance 3 (12), €202000841. doi:10.26508/15a.202000841

Nal, N., Ahmed, Z. M., Erkal, E., Alper, O. M,, Liileci, G., Ding, O., et al. (2007).
Mutational spectrum of MYO15A: The large N-terminal extension of myosin XVA is
required for hearing. Hum. Mutat. 28 (10), 1014-1019. doi:10.1002/humu.20556

Navaratnam, D. S., Bell, T. J., Tu, T. D., Cohen, E. L., and Oberholtzer, J. C. (1997).
Differential distribution of Ca2+-activated K+ channel splice variants among hair cells
along the tonotopic axis of the chick cochlea. Neuron 19 (5), 1077-1085. doi:10.1016/
50896-6273(00)80398-0

Nesti, E., Corson, G. M., McCleskey, M., Oyer, J. A,, and Mandel, G. (2014).
C-terminal domain small phosphatase 1 and MAP kinase reciprocally control REST
stability and neuronal differentiation. Proc. Natl. Acad. Sci. 111 (37), E3929-E3936.
doi:10.1073/pnas.1414770111

Nishio, A., Noguchi, Y., Sato, T., Naruse, T. K., Kimura, A., Takagi, A., et al. (2014). A
DFNAS5 mutation identified in Japanese families with autosomal dominant hereditary
hearing loss. Ann. Hum. Genet. 78 (2), 83-91. doi:10.1111/ahg.12053

Oliver, D., Knipper, M., Derst, C., and Fakler, B. (2003). Resting potential and
submembrane calcium concentration of inner hair cells in the isolated mouse cochlea
are set by KCNQ-type potassium channels. J. Neurosci. 23 (6), 2141-2149. doi:10.1523/
JNEUROSCI.23-06-02141.2003

Olivieri, J. E., Dehghannasiri, R,, and Salzman, J. (2022). The SpliZ generalizes
‘percent spliced in’ to reveal regulated splicing at single-cell resolution. Nat. Methods 19
(3), 307-310. doi:10.1038/541592-022-01400-x

Olthof, A. M., White, A. K., and Kanadia, R. N. (2022). The emerging significance of
splicing in vertebrate development. Development 149 (19), dev200373. doi:10.1242/dev.
200373

Op de Beeck, K., Van Camp, G., Thys, S., Cools, N., Callebaut, I, Vrijens, K., et al.
(2011). The DFNADS gene, responsible for hearing loss and involved in cancer, encodes a
novel apoptosis-inducing protein. Eur. J. Hum. Genet. 19 (9), 965-973. doi:10.1038/
ejhg.2011.63

Op de Beeck, K., Van Laer, L., and Van Camp, G. (2012). DFNA5, a gene involved in
hearing loss and cancer: A review. Ann. Otol. Rhinol. Laryngol. 121 (3), 197-207. doi:10.
1177/000348941212100310

Ouyang, X. M., Hejtmancik, J. F,, Jacobson, S. G., Xia, X. J., Li, A,, Du, L. L., et al.
(2003). USH1C: A rare cause of USH1 in a non-acadian population and a founder effect
of the acadian allele. Clin. Genet. 63 (2), 150-153. doi:10.1046/j.0009-9163.2002.00004.x

Ouyang, X,, Xia, X., Verpy, E,, Dy, L,, Pandya, A,, Petit, C,, et al. (2002). Mutations in
the alternatively spliced exons of USHIC cause non-syndromic recessive deafness.
Hum. Genet. 111 (1), 26-30. doi:10.1007/s00439-002-0736-0

frontiersin.org


https://doi.org/10.1016/j.ymthe.2020.08.002
https://doi.org/10.1016/j.ymthe.2020.08.002
https://doi.org/10.1007/s00439-004-1217-4
https://doi.org/10.1155/2020/8898811
https://doi.org/10.1038/s41467-020-15936-z
https://doi.org/10.1038/s41467-020-15936-z
https://doi.org/10.1038/ng0398-215
https://doi.org/10.4103/0366-6999.164980
https://doi.org/10.1038/s41467-019-14020-5
https://doi.org/10.1002/humu.22926
https://doi.org/10.3389/fnmol.2018.00356
https://doi.org/10.1038/s41598-017-07530-z
https://doi.org/10.1038/s41598-017-07530-z
https://doi.org/10.1038/s41598-018-29441-3
https://doi.org/10.1523/JNEUROSCI.18-16-06300.1998
https://doi.org/10.1523/JNEUROSCI.18-16-06300.1998
https://doi.org/10.1016/j.ydbio.2021.04.002
https://doi.org/10.1371/journal.pone.0185285
https://doi.org/10.1073/pnas.1113486108
https://doi.org/10.1038/ncomms4839
https://doi.org/10.3390/diagnostics12010207
https://doi.org/10.3390/diagnostics12010207
https://doi.org/10.1001/archotol.1997.01900060015002
https://doi.org/10.1001/archotol.1997.01900060015002
https://doi.org/10.1093/hmg/ddv339
https://doi.org/10.1038/ng1208
https://doi.org/10.1136/jmg.2009.075143
https://doi.org/10.1007/s00424-009-0711-x
https://doi.org/10.1038/s41598-020-73158-1
https://doi.org/10.1128/mcb.00073-10
https://doi.org/10.1128/mcb.00073-10
https://doi.org/10.1371/journal.pgen.1004055
https://doi.org/10.1523/jneurosci.2278-19.2020
https://doi.org/10.1523/jneurosci.2278-19.2020
https://doi.org/10.1093/hmg/ddu474
https://doi.org/10.1136/jmedgenet-2015-103023
https://doi.org/10.1136/jmedgenet-2015-103023
https://doi.org/10.1097/mao.0000000000000888
https://doi.org/10.1371/journal.pgen.1002966
https://doi.org/10.1371/journal.pgen.1002966
https://doi.org/10.1016/j.cell.2018.06.004
https://doi.org/10.26508/lsa.202000841
https://doi.org/10.1002/humu.20556
https://doi.org/10.1016/s0896-6273(00)80398-0
https://doi.org/10.1016/s0896-6273(00)80398-0
https://doi.org/10.1073/pnas.1414770111
https://doi.org/10.1111/ahg.12053
https://doi.org/10.1523/JNEUROSCI.23-06-02141.2003
https://doi.org/10.1523/JNEUROSCI.23-06-02141.2003
https://doi.org/10.1038/s41592-022-01400-x
https://doi.org/10.1242/dev.200373
https://doi.org/10.1242/dev.200373
https://doi.org/10.1038/ejhg.2011.63
https://doi.org/10.1038/ejhg.2011.63
https://doi.org/10.1177/000348941212100310
https://doi.org/10.1177/000348941212100310
https://doi.org/10.1046/j.0009-9163.2002.00004.x
https://doi.org/10.1007/s00439-002-0736-0
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1143428

Kim et al.

Pan, L, Yan, J., Wy, L,, and Zhang, M. (2009). Assembling stable hair cell tip link
complex via multidentate interactions between harmonin and cadherin 23. Proc. Natl.
Acad. Sci. 106 (14), 5575-5580. doi:10.1073/pnas.0901819106

Pan, Q,, Shai, O, Lee, L. ], Frey, B. ], and Blencowe, B. J. (2008). Deep surveying of
alternative splicing complexity in the human transcriptome by high-throughput
sequencing. Nat. Genet. 40 (12), 1413-1415. doi:10.1038/ng.259

Panagiotopoulos, A.-L., Karguth, N., Pavlou, M., Bohm, S., Gasparoni, G., Walter, J.,
et al. (2020). Antisense oligonucleotide- and CRISPR-cas9-mediated rescue of mRNA
splicing for a deep intronic CLRN1 mutation. Mol. Ther. Nucleic Acids 21, 1050-1061.
doi:10.1016/j.0mtn.2020.07.036

Park, H.-J., Cho, H.-]., Baek, J.-I., Ben-Yosef, T., Kwon, T.-]., Griffith, A. J., et al.
(2010). Evidence for a founder mutation causing DFNA5 hearing loss in East Asians.
J. Hum. Genet. 55 (1), 59-62. doi:10.1038/jhg.2009.114

Park, H. ], Lee, S. ., Jin, H. S,, Lee, J. O., Go, S. H., Jang, H. S, et al. (2005). Genetic
basis of hearing loss associated with enlarged vestibular aqueducts in Koreans. Clin.
Genet. 67 (2), 160-165. doi:10.1111/j.1399-0004.2004.00386.x

Pepermans, E., Michel, V., Goodyear, R, Bonnet, C., Abdi, S., Dupont, T, et al. (2014). The
CD2 isoform of protocadherin-15 is an essential component of the tip-link complex in mature
auditory hair cells. EMBO Mol. Med. 6 (7), 984-992. doi:10.15252/emmm.201403976

Peters, L. M., Fridell, R. A., Boger, E. T., San Agustin, T. B., Madeo, A. C,, Griffith, A.
J., et al. (2008). A locus for autosomal dominant progressive non-syndromic hearing
loss, DENA27, is on chromosome 4q12-13.1. Clin. Genet. 73 (4), 367-372. doi:10.1111/j.
1399-0004.2008.00966.x

Petitpré, C., Wu, H., Sharma, A., Tokarska, A., Fontanet, P., Wang, Y., et al. (2018).
Neuronal heterogeneity and stereotyped connectivity in the auditory afferent system.
Nat. Commun. 9 (1), 3691. doi:10.1038/s41467-018-06033-3

Pollak, A., Lechowicz, U., Murcia Pienkowski, V. A., Stawinski, P., Kosinska, J.,
Skarzynski, H., et al. (2017). Whole exome sequencing identifies TRIOBP pathogenic
variants as a cause of post-lingual bilateral moderate-to-severe sensorineural hearing
loss. BMC Med. Genet. 18 (1), 142. doi:10.1186/s12881-017-0499-z

Ponnath, A, Depreux, F. F,, Jodelka, F. M., Rigo, F., Farris, H. E,, Hastings, M. L., et al.
(2018). Rescue of outer hair cells with antisense oligonucleotides in usher mice is dependent
on age of treatment. J. Assoc. Res. Otolaryngol. 19 (1), 1-16. doi:10.1007/s10162-017-0640-x

Raj, B., O’Hanlon, D., Vessey, John P., Pan, Q., Ray, D., Buckley, Noel J., et al. (2011).
Cross-regulation between an alternative splicing activator and a transcription repressor
controls neurogenesis. Mol. Cell 43 (5), 843-850. doi:10.1016/j.molcel.2011.08.014

Ramanathan, K., and Fuchs, P. A. (2002). Modeling hair cell tuning by expression
gradients of potassium channel beta subunits. Biophys. J. 82 (1), 64-75. doi:10.1016/
S0006-3495(02)75374-5

Ramanathan, K., Michael, T. H., and Fuchs, P. A. (2000). Beta subunits modulate
alternatively spliced, large conductance, calcium-activated potassium channels of avian
hair cells. J. Neurosci. 20 (5), 1675-1684. doi:10.1523/J]NEUROSCI.20-05-01675.2000

Ranum, P. T., Goodwin, A. T., Yoshimura, H., Kolbe, D. L., Walls, W. D., Koh, J.-Y.,
et al. (2019). Insights into the biology of hearing and deafness revealed by single-cell
RNA sequencing. Cell Rep. 26 (11), 3160-3171.e3. doi:10.1016/j.celrep.2019.02.053

Rehman, A. U,, Bird, J. E., Faridi, R., Shahzad, M., Shah, S., Lee, K., et al. (2016).
Mutational spectrum of MYOI5A and the molecular mechanisms of DFNB3 human
deafness. Hum. Mutat. 37 (10), 991-1003. doi:10.1002/humu.23042

Reiners, J., Nagel-Wolfrum, K., Jirgens, K., Mirker, T., and Wolfrum, U. (2006).
Molecular basis of human Usher syndrome: Deciphering the meshes of the Usher
protein network provides insights into the pathomechanisms of the Usher disease.
Exp. Eye Res. 83 (1), 97-119. doi:10.1016/j.exer.2005.11.010

Reiners, J., Reidel, B., El-Amraoui, A., Boéda, B., Huber, 1., Petit, C., et al. (2003).
Differential distribution of harmonin isoforms and their possible role in usher-1 protein
complexes in mammalian photoreceptor cells. Invest Ophthalmol. Vis. Sci. 44 (11),
5006-5015. doi:10.1167/iovs.03-0483

Reyes, A., and Huber, W. (2018). Alternative start and termination sites of
transcription drive most transcript isoform differences across human tissues. Nucleic
Acids Res. 46 (2), 582-592. doi:10.1093/nar/gkx1165

Richardson, G. P., and Petit, C. (2019). Hair-bundle links: Genetics as the gateway to
function. Cold Spring Harb. Perspect. Med. 9 (12), a033142. doi:10.1101/cshperspect.a033142

Ritter, K. E., and Martin, D. M. (2019). Neural crest contributions to the ear:
Implications for congenital hearing disorders. Hear Res. 376, 22-32. doi:10.1016/j.
heares.2018.11.005

Rodriguez-Ballesteros, M., del Castillo, F. J., Martin, Y., Moreno-Pelayo, M. A.,
Morera, C., Prieto, F., et al. (2003). Auditory neuropathy in patients carrying mutations
in the otoferlin gene (OTOF). Hum. Mutat. 22 (6), 451-456. doi:10.1002/humu.10274

Rogers, C., Fernandes-Alnemri, T., Mayes, L., Alnemri, D., Cingolani, G., and
Alnemri, E. S. (2017). Cleavage of DFNA5 by caspase-3 during apoptosis mediates
progression to secondary necrotic/pyroptotic cell death. Nat. Commun. 8 (1), 14128.
doi:10.1038/ncomms14128

Rohacek, A. M., Bebee, T. W., Tilton, R. K., Radens, C. M., McDermott-Roe, C., Peart,
N., et al. (2017). ESRP1 mutations cause hearing loss due to defects in alternative
splicing that disrupt cochlear development. Dev. Cell 43 (3), 318-331.e5. doi:10.1016/j.
devcel.2017.09.026

Frontiers in Cell and Developmental Biology

10.3389/fcell.2023.1143428

Rosenblatt, K. P, Sun, Z. P, Heller, S., and Hudspeth, A. J. (1997). Distribution of
Ca2+-activated K+ channel isoforms along the tonotopic gradient of the chicken’s
cochlea. Neuron 19 (5), 1061-1075. doi:10.1016/s0896-6273(00)80397-9

Sakai, Y., Harvey, M., and Sokolowski, B. (2011). Identification and quantification of
full-length BK channel variants in the developing mouse cochlea. J. Neurosci. Res. 89
(11), 1747-1760. doi:10.1002/jnr.22713

Sang, Q., Li, W,, Xu, Y,, Qu, R, Xu, Z, Feng, R, et al. (2015). ILDRI deficiency causes
degeneration of cochlear outer hair cells and disrupts the structure of the organ of Corti: A
mouse model for human DFNB42. Biol. Open 4 (4), 411-418. doi:10.1242/bio0.201410876

Sarkissian, M., Winne, A., and Lafyatis, R. (1996). The mammalian homolog of
suppressor-of-white-apricot regulates alternative mRNA splicing of CD45 exon 4 and
fibronectin IIICS. J. Biol. Chem. 271 (49), 31106-31114. doi:10.1074/jbc.271.49.31106

Schultz, J. M., Khan, S. N., Ahmed, Z. M., Riazuddin, S., Waryah, A. M., Chhatre, D.,
et al. (2009). Noncoding mutations of HGF are associated with nonsyndromic hearing
loss, DENB39. Am. J. Hum. Genet. 85 (1), 25-39. doi:10.1016/j.ajhg.2009.06.003

Sekerkova, G., Zheng, L., Mugnaini, E., and Bartles, J. R. (2006). Differential expression of
espin isoforms during epithelial morphogenesis, stereociliogenesis and postnatal maturation
in the developing inner ear. Dev. Biol. 291 (1), 83-95. doi:10.1016/j.ydbio.2005.12.021

Shen, Y., Yu, D., Hiel, H., Liao, P., Yue, D. T., Fuchs, P. A, et al. (2006). Alternative
splicing of the CaV1.3 channel IQ domain, a molecular switch for Ca2+-dependent
inactivation within auditory hair cells. J. Neurosci. 26 (42), 10690-10699. doi:10.1523/
jneurosci.2093-06.2006

Shi, D.-L., Cheng, X.-N., Saquet, A., and Grifone, R. (2022). Emerging roles of RNA-
binding proteins in inner ear hair cell development and regeneration. Int. J. Mol. Sci. 23
(20), 12393. doi:10.3390/ijms232012393

Shibata, S., Miwa, T., Wu, H.-H., Levitt, P., and Ohyama, T. (2016). Hepatocyte
growth factor-c-MET signaling mediates the development of nonsensory structures of
the mammalian cochlea and hearing. J. Neurosci. 36 (31), 8200-8209. doi:10.1523/
jneurosci.4410-15.2016

Shrestha, B. R., Chia, C., Wu, L., Kujawa, S. G., Liberman, M. C., and Goodrich, L. V.
(2018). Sensory neuron diversity in the inner ear is shaped by activity. Cell 174 (5),
1229-1246.e17. doi:10.1016/j.cell.2018.07.007

Sidi, S., Busch-Nentwich, E., Friedrich, R., Schoenberger, U., and Nicolson, T. (2004).
Gemini encodes a zebrafish L-type calcium channel that localizes at sensory hair cell ribbon
synapses. J. Neurosci. 24 (17), 4213-4223. doi:10.1523/JNEUROSCI.0223-04.2004

Siemens, J., Kazmierczak, P., Reynolds, A., Sticker, M., Littlewood-Evans, A., and
Miiller, U. (2002). The Usher syndrome proteins cadherin 23 and harmonin form a
complex by means of PDZ-domain interactions. Proc. Natl. Acad. Sci. U. S. A. 99 (23),
14946-14951. doi:10.1073/pnas.232579599

Siemens, J., Lillo, C., Dumont, R. A., Reynolds, A., Williams, D. S., Gillespie, P. G.,
et al. (2004). Cadherin 23 is a component of the tip link in hair-cell stereocilia. Nature
428 (6986), 950-955. doi:10.1038/nature02483

Slijkerman, R. W. N., Goloboroko, A., Broekman, S., de Vrieze, E., Hetterschijt, L.,
Peters, T. A, et al. (2018). Poor splice-site recognition in a humanized zebrafish knockin
model for the recurrent deep-intronic ¢.7595-2144a>G mutation in USH2A. Zebrafish
15 (6), 597-609. doi:10.1089/zeb.2018.1613

Slijkerman, R. W. N., Vaché, C,, Dona, M., Garcia-Garcia, G., Claustres, M.,
Hetterschijt, L., et al. (2016). Antisense oligonucleotide-based splice correction for
USH2A-associated retinal degeneration caused by a frequent deep-intronic mutation.
Mol. Ther. Nucleic Acids 5, e381. doi:10.1038/mtna.2016.89

Smits, J. J., Oostrik, J., Beynon, A. ], Kant, S. G., de Koning Gans, P. A. M., Rotteveel,
L. J. C, et al. (2019). De novo and inherited loss-of-function variants of ATP2B2 are
associated with rapidly progressive hearing impairment. Hum. Genet. 138 (1), 61-72.
doi:10.1007/s00439-018-1965-1

Sobkowicz, H. M., August, B. K, and Slapnick, S. M. (2002). Influence of
neurotrophins on the synaptogenesis of inner hair cells in the deaf Bronx waltzer
(bv) mouse organ of Corti in culture. Int. J. Dev. Neurosci. 20 (7), 537-554. d0i:10.1016/
S0736-5748(02)00084-9

Son, E. J, Ma, J-H, Ankamreddy, H., Shin, J.-O., Choi, J. Y., Wu, D. K, et al. (2015).
Conserved role of Sonic Hedgehog in tonotopic organization of the avian basilar papilla and
mammalian cochlea. Proc. Natl. Acad. Sci. 112 (12), 3746-3751. doi:10.1073/pnas.1417856112

Son, E. J., Wu, L., Yoon, H., Kim, S., Choi, J. Y., and Bok, J. (2012). Developmental
gene expression profiling along the tonotopic Axis of the mouse cochlea. PLoS One 7 (7),
€40735. doi:10.1371/journal.pone.0040735

Sun, S., Babola, T., Pregernig, G., So, K. S., Nguyen, M., Su, S.-S. M,, et al. (2018). Hair cell
mechanotransduction regulates spontaneous activity and spiral ganglion subtype specification
in the auditory system. Cell 174 (5), 1247-1263.15. doi:10.1016/j.cell.2018.07.008

Thiede, B. R,, Mann, Z. F.,, Chang, W., Ku, Y.-C,, Son, Y. K., Lovett, M., et al. (2014).
Retinoic acid signalling regulates the development of tonotopically patterned hair cells
in the chicken cochlea. Nat. Commun. 5 (1), 3840. doi:10.1038/ncomms4840

Titus, M. B., Chang, A. W,, and Olesnicky, E. C. (2021). Exploring the diverse
functional and regulatory consequences of alternative splicing in development and
disease. Front. Genet. 12, 775395. doi:10.3389/fgene.2021.775395

Tlili, A., Charfedine, I., Lahmar, I, Benzina, Z., Mohamed, B. A., Weil, D., et al.
(2005). Identification of a novel frameshift mutation in the DFNB31/WHRN gene in a

frontiersin.org


https://doi.org/10.1073/pnas.0901819106
https://doi.org/10.1038/ng.259
https://doi.org/10.1016/j.omtn.2020.07.036
https://doi.org/10.1038/jhg.2009.114
https://doi.org/10.1111/j.1399-0004.2004.00386.x
https://doi.org/10.15252/emmm.201403976
https://doi.org/10.1111/j.1399-0004.2008.00966.x
https://doi.org/10.1111/j.1399-0004.2008.00966.x
https://doi.org/10.1038/s41467-018-06033-3
https://doi.org/10.1186/s12881-017-0499-z
https://doi.org/10.1007/s10162-017-0640-x
https://doi.org/10.1016/j.molcel.2011.08.014
https://doi.org/10.1016/S0006-3495(02)75374-5
https://doi.org/10.1016/S0006-3495(02)75374-5
https://doi.org/10.1523/JNEUROSCI.20-05-01675.2000
https://doi.org/10.1016/j.celrep.2019.02.053
https://doi.org/10.1002/humu.23042
https://doi.org/10.1016/j.exer.2005.11.010
https://doi.org/10.1167/iovs.03-0483
https://doi.org/10.1093/nar/gkx1165
https://doi.org/10.1101/cshperspect.a033142
https://doi.org/10.1016/j.heares.2018.11.005
https://doi.org/10.1016/j.heares.2018.11.005
https://doi.org/10.1002/humu.10274
https://doi.org/10.1038/ncomms14128
https://doi.org/10.1016/j.devcel.2017.09.026
https://doi.org/10.1016/j.devcel.2017.09.026
https://doi.org/10.1016/s0896-6273(00)80397-9
https://doi.org/10.1002/jnr.22713
https://doi.org/10.1242/bio.201410876
https://doi.org/10.1074/jbc.271.49.31106
https://doi.org/10.1016/j.ajhg.2009.06.003
https://doi.org/10.1016/j.ydbio.2005.12.021
https://doi.org/10.1523/jneurosci.2093-06.2006
https://doi.org/10.1523/jneurosci.2093-06.2006
https://doi.org/10.3390/ijms232012393
https://doi.org/10.1523/jneurosci.4410-15.2016
https://doi.org/10.1523/jneurosci.4410-15.2016
https://doi.org/10.1016/j.cell.2018.07.007
https://doi.org/10.1523/JNEUROSCI.0223-04.2004
https://doi.org/10.1073/pnas.232579599
https://doi.org/10.1038/nature02483
https://doi.org/10.1089/zeb.2018.1613
https://doi.org/10.1038/mtna.2016.89
https://doi.org/10.1007/s00439-018-1965-1
https://doi.org/10.1016/S0736-5748(02)00084-9
https://doi.org/10.1016/S0736-5748(02)00084-9
https://doi.org/10.1073/pnas.1417856112
https://doi.org/10.1371/journal.pone.0040735
https://doi.org/10.1016/j.cell.2018.07.008
https://doi.org/10.1038/ncomms4840
https://doi.org/10.3389/fgene.2021.775395
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1143428

Kim et al.

Tunisian consanguineous family with hereditary non-syndromic recessive hearing loss.
Hum. Mutat. 25 (5), 503. doi:10.1002/humu.9333

Tobin, M., Chaiyasitdhi, A., Michel, V., Michalski, N., and Martin, P. (2019). Stiffness
and tension gradients of the hair cell’s tip-link complex in the mammalian cochlea. eLife
8, e43473. doi:10.7554/eLife.43473

Vaché, C., Baux, D., Bianchi, J., Baudoin, C., Faugere, V., Francannet, C,, et al. (2022).
Reclassification of a TMCI1 synonymous substitution as a variant disrupting splicing
regulatory elements associated with recessive hearing loss. Eur. J. Hum. Genet. 30 (1),
34-41. doi:10.1038/s41431-021-01010-9

Van Laer, L., Huizing, E. H., Verstreken, M., Zuijlen, D. v., Wauters, J. G., Bossuyt, P.
J., et al. (1998). Nonsyndromic hearing impairment is associated with a mutation in
DFNAS. Nat. Genet. 20 (2), 194-197. doi:10.1038/2503

Van Laer, L., Meyer, N. C., Malekpour, M., Riazalhosseini, Y., Moghannibashi, M.,
Kahrizi, K., et al. (2007). A novel DFNA5 mutation does not cause hearing loss in an
Iranian family. J. Hum. Genet. 52 (6), 549-552. doi:10.1007/s10038-007-0137-2

Van Laer, L., Pfister, M., Thys, S., Vrijens, K., Mueller, M., Umans, L., et al. (2005).
Mice lacking Dfna5 show a diverging number of cochlear fourth row outer hair cells.
Neurobiol. Dis. 19 (3), 386-399. doi:10.1016/j.nbd.2005.01.019

Van Laer, L., Vrijens, K., Thys, S, Van Tendeloo, V. F. I, Smith, R. J. H,, Van
Bockstaele, D. R,, et al. (2004). DENAS5: Hearing impairment exon instead of hearing
impairment gene? J. Med. Genet. 41 (6), 401-406. doi:10.1136/jmg.2003.015073

Van Rossom, S., Op de Beeck, K., Franssens, V., Swinnen, E., Schepers, A., Ghillebert,
R, et al. (2012). The splicing mutant of the human tumor suppressor protein
DFNA5 induces programmed cell death when expressed in the yeast Saccharomyces
cerevisiae. Front. Oncol. 2, 77. doi:10.3389/fonc.2012.00077

Varga, R, Kelley, P. M., Keats, B. ], Starr, A., Leal, S. M., Cohn, E,, et al. (2003). Non-
syndromic recessive auditory neuropathy is the result of mutations in the otoferlin
(OTOF) gene. J. Med. Genet. 40 (1), 45-50. doi:10.1136/jmg.40.1.45

Verpy, E,, Leibovici, M., Zwaenepoel, L, Liu, X.-Z., Gal, A., Salem, N,, et al. (2000). A defect
in harmonin, a PDZ domain-containing protein expressed in the inner ear sensory hair cells,
underlies Usher syndrome type 1C. Nat. Genet. 26 (1), 51-55. doi:10.1038/79171

Vijayakumar, S., Depreux, F. F,, Jodelka, F. M., Lentz, J. ]., Rigo, F., Jones, T. A,, et al. (2017).
Rescue of peripheral vestibular function in Usher syndrome mice using a splice-switching
antisense oligonucleotide. Hum. Mol. Genet. 26 (18), 3482-3494. doi:10.1093/hmg/ddx234

Wajid, M., Abbasi, A. A, Ansar, M., Pham, T. L., Yan, K., Haque, S., et al. (2003).
DFNB39, a recessive form of sensorineural hearing impairment, maps to chromosome
7q11.22-q21.12. Eur. ]. Hum. Genet. 11 (10), 812-815. doi:10.1038/sj.ejhg.5201041

Wang, E. T., Sandberg, R., Luo, S., Khrebtukova, I, Zhang, L., Mayr, C., et al. (2008).
Alternative isoform regulation in human tissue transcriptomes. Nature 456 (7221),
470-476. doi:10.1038/nature07509

Wang, G, Li, C, He, S, and Liu, Z. (2021). Mosaic CRISPR-stop enables rapid
phenotyping of nonsense mutations in essential genes. Development 148 (5), dev196899.
doi:10.1242/dev.196899

Wang, H., Guan, J., Guan, L., Yang, J., Wu, K,, Lin, Q., et al. (2018). Further evidence
for “gain-of-function” mechanism of DFNAS5 related hearing loss. Sci. Rep. 8 (1), 8424.
doi:10.1038/s41598-018-26554-7

Wang, L., Kempton, J. B,, Jiang, H., Jodelka, F. M., Brigande, A. M., Dumont, R. A,,
et al. (2020). Fetal antisense oligonucleotide therapy for congenital deafness and
vestibular dysfunction. Nucleic Acids Res. 48 (9), 5065-5080. doi:10.1093/nar/gkaal94

Wang, Y., Liu, Y., Nie, H,, Ma, X,, and Xu, Z. (2016). Alternative splicing of inner-ear-
expressed genes. Front. Med. 10 (3), 250-257. doi:10.1007/s11684-016-0454-y

Warzecha, C. C,, Sato, T. K., Nabet, B., Hogenesch, J. B., and Carstens, R. P. (2009).
ESRP1 and ESRP2 are epithelial cell-type-specific regulators of FGFR2 splicing. Mol.
Cell 33 (5), 591-601. doi:10.1016/j.molcel.2009.01.025

Webb, S. W., Grillet, N, Andrade, L. R., Xiong, W., Swarthout, L., Della Santina, C. C.,
et al. (2011). Regulation of PCDHI5 function in mechanosensory hair cells by
alternative splicing of the cytoplasmic domain. Development 138 (8), 1607-1617.
doi:10.1242/dev.060061

Wesdorp, M., van de Kamp, J. M., Hensen, E. F., Schraders, M., Oostrik, J., Yntema, H.
G., et al. (2017). Broadening the phenotype of DFNB28: Mutations in TRIOBP are
associated with moderate, stable hereditary hearing impairment. Hear Res. 347, 56-62.
doi:10.1016/j.heares.2016.12.017

Westoby, J., Artemov, P., Hemberg, M., and Ferguson-Smith, A. (2020). Obstacles to
detecting isoforms using full-length scRNA-seq data. Genome Biol. 21 (1), 74. doi:10.
1186/513059-020-01981-w

Whatley, M, Francis, A., Ng, Z. Y., Khoh, X. E., Atlas, M. D., Dilley, R. ], et al. (2020).
Usher syndrome: Genetics and molecular links of hearing loss and directions for
therapy. Front. Genet. 11, 565216. doi:10.3389/fgene.2020.565216

Whitlon, D. S., Gabel, C,, and Zhang, X. (1996). Cochlear inner hair cells exist
transiently in the fetal Bronx waltzer (bv/bv) mouse. J. Comp. Neurol. 364 (3), 515-522.
doi:10.1002/(SICI)1096-9861(19960115)364:3<515:AID-CNE9>3.0.CO;2-7

Wu, L, Pan, L., Zhang, C., and Zhang, M. (2012). Large protein assemblies formed by
multivalent interactions between cadherin23 and harmonin suggest a stable anchorage
structure at the tip link of stereocilia. J. Biol. Chem. 287 (40), 33460-33471. doi:10.1074/
jbc.M112.378505

Frontiers in Cell and Developmental Biology

21

10.3389/fcell.2023.1143428

Wu, Y. C, Art, J. ], Goodman, M. B., and Fettiplace, R. (1995). A kinetic description
of the calcium-activated potassium channel and its application to electrical tuning of
hair cells. Prog. Biophys. Mol. Biol. 63 (2), 131-158. doi:10.1016/0079-6107(95)00002-5

Xiong, W., Grillet, N., Elledge, Heather M., Wagner, Thomas F. J., Zhao, B., Johnson,
Kenneth R,, et al. (2012). TMHS is an integral component of the mechanotransduction
machinery of cochlear hair cells. Cell 151 (6), 1283-1295. doi:10.1016/j.cell.2012.10.041

Xu, T., Nie, L., Zhang, Y., Mo, J., Feng, W., Wei, D., et al. (2007). Roles of alternative
splicing in the functional properties of inner ear-specific KCNQ4 channels. J. Biol.
Chem. 282 (33), 23899-23909. doi:10.1074/jbc.M702108200

Xu, W., Dai, H,, Lu, T, Zhang, X, Dong, B., and Li, Y. (2011). Seven novel mutations
in the long isoform of the USH2A gene in Chinese families with nonsyndromic retinitis
pigmentosa and Usher syndrome Type II. Mol. Vis. 17, 1537-1552.

Xu, Z., Oshima, K., and Heller, S. (2010). PIST regulates the intracellular trafficking
and plasma membrane expression of cadherin 23. BMC Cell Biol. 11, 80. doi:10.1186/
1471-2121-11-80

Xu, Z., Peng, A. W., Oshima, K., and Heller, S. (2008). MAGI-1, a candidate
stereociliary scaffolding protein, associates with the tip-link component cadherin 23.
J. Neurosci. 28 (44), 11269-11276. doi:10.1523/jneurosci.3833-08.2008

Yan, D., Ouyang, X,, Patterson, D. M., Du, L. L., Jacobson, S. G., and Liu, X.-Z. (2009).
Mutation analysis in the long isoform of USH2A in American patients with Usher
Syndrome type IL. J. Hum. Genet. 54 (12), 732-738. doi:10.1038/jhg.2009.107

Yang, J.-J., Tsai, C.-C.,, Hsu, H.-M,, Shiao, J.-Y., Su, C.-C.,, and Li, S.-Y. (2005). Hearing loss
associated with enlarged vestibular aqueduct and Mondini dysplasia is caused by splice-site
mutation in the PDS gene. Hear Res. 199 (1), 22-30. doi:10.1016/j.heares.2004.08.007

Yao, Q., Wang, H., Chen, H,, Li, Z, Jiang, Y., Li, Z., et al. (2022). Essential role of
Sptanl in cochlear hair cell morphology and function via focal adhesion signaling. Mol.
Neurobiol. 59 (1), 386-404. doi:10.1007/s12035-021-02551-2

Yasunaga, S. i., Grati, M. h., Chardenoux, S., Smith, T. N., Friedman, T. B., Lalwani, A.
K., etal. (2000). OTOF encodes multiple long and short isoforms: Genetic evidence that
the long ones underlie recessive deafness DENB9. Am. J. Hum. Genet. 67 (3), 591-600.
doi:10.1086/303049

Yildirim, A., Mozaffari-Jovin, S., Wallisch, A.-K.,, Schifer, J., Ludwig, S. E. J., Urlaub,
H., et al. (2021). SANS (USHI1G) regulates pre-mRNA splicing by mediating the intra-
nuclear transfer of tri-snRNP complexes. Nucleic Acids Res. 49 (10), 5845-5866. doi:10.
1093/nar/gkab386

Yonezawa, S., Hanai, A., Mutoh, N., Moriyama, A., and Kageyama, T. (2008). Redox-
dependent structural ambivalence of the cytoplasmic domain in the inner ear-specific
cadherin 23 isoform. Biochem. Biophys. Res. Commun. 366 (1), 92-97. doi:10.1016/j.
bbrc.2007.11.102

Yu, C, Meng, X., Zhang, S., Zhao, G., Hu, L., and Kong, X. (2003). A 3-nucleotide
deletion in the polypyrimidine tract of intron 7 of the DFNAS5 gene causes
nonsyndromic hearing impairment in a Chinese family. Genomics 82 (5), 575-579.
doi:10.1016/S0888-7543(03)00175-7

Yuan, Y., Li, Q, Su, Y, Lin, Q,, Gao, X,, Liu, H,, et al. (2020). Comprehensive genetic
testing of Chinese SNHL patients and variants interpretation using ACMG guidelines
and ethnically matched normal controls. Eur. J. Hum. Genet. 28 (2), 231-243. doi:10.
1038/s41431-019-0510-6

Zachar, Z., Chou, T. B., and Bingham, P. M. (1987). Evidence that a regulatory gene
autoregulates splicing of its transcript. EMBO J. 6 (13), 4105-4111. doi:10.1002/j.1460-
2075.1987.tb02756.x

Zhang, M., Zhang, Y., Xu, E., Mohibi, S., de Anda, D. M., Jiang, Y., et al. (2018).
Rbm24, a target of p53, is necessary for proper expression of p53 and heart
development. Cell Death Differ. 25 (6), 1118-1130. doi:10.1038/s41418-017-0029-8

Zhang, X., Ibrahimi, O. A., Olsen, S. K., Umemori, H., Mohammadi, M., and Ornitz,
D. M. (2006). Receptor specificity of the fibroblast growth factor family: The complete
mammalian FGF family. J. Biol. Chem. 281 (23), 15694-15700. doi:10.1074/jbc.
M601252200

Zhang, Y., Wang, Y., Yao, X., Wang, C,, Chen, F., Liu, D, et al. (2020a). Rbm24a is
necessary for hair cell development through regulating mRNA stability in zebrafish.
Front. Cell Dev. Biol. 8, 604026. doi:10.3389/fcell.2020.604026

Zhang, Z., Zhang, Y., Xia, S., Kong, Q., Li, S., Liu, X,, et al. (2020b). Gasdermin E
suppresses tumour growth by activating anti-tumour immunity. Nature 579 (7799),
415-420. doi:10.1038/s41586-020-2071-9

Zhao, B., Wu, Z,, Grillet, N,, Yan, L., Xiong, W., Harkins-Perry, S., et al. (2014). TMIE
is an essential component of the mechanotransduction machinery of cochlear hair cells.
Neuron 84 (5), 954-967. doi:10.1016/j.neuron.2014.10.041

Zheng, L., Yuan, H., Zhang, M., Wang, C, Cai, X, Liu, J, et al. (2021).
Rbm24 regulates inner-ear-specific alternative splicing and is essential for

maintaining auditory and motor coordination. RNA Biol. 18 (4), 468-480. doi:10.
1080/15476286.2020.1817265

Zheng, W, and Holt, J. R. (2021). The mechanosensory transduction machinery in inner
ear hair cells. Annu. Rev. biophysics 50, 31-51. doi:10.1146/annurev-biophys-062420-081842

Zhou, Z., Yu, X,, Jiang, B., Feng, W, Tian, Y., Liu, Z., et al. (2021). Alternative splicing
of three genes encoding mechanotransduction-complex proteins in auditory hair cells.
eneuro 8 (1), 0381. doi:10.1523/ENEURO.0381-20.2020

frontiersin.org


https://doi.org/10.1002/humu.9333
https://doi.org/10.7554/eLife.43473
https://doi.org/10.1038/s41431-021-01010-9
https://doi.org/10.1038/2503
https://doi.org/10.1007/s10038-007-0137-2
https://doi.org/10.1016/j.nbd.2005.01.019
https://doi.org/10.1136/jmg.2003.015073
https://doi.org/10.3389/fonc.2012.00077
https://doi.org/10.1136/jmg.40.1.45
https://doi.org/10.1038/79171
https://doi.org/10.1093/hmg/ddx234
https://doi.org/10.1038/sj.ejhg.5201041
https://doi.org/10.1038/nature07509
https://doi.org/10.1242/dev.196899
https://doi.org/10.1038/s41598-018-26554-7
https://doi.org/10.1093/nar/gkaa194
https://doi.org/10.1007/s11684-016-0454-y
https://doi.org/10.1016/j.molcel.2009.01.025
https://doi.org/10.1242/dev.060061
https://doi.org/10.1016/j.heares.2016.12.017
https://doi.org/10.1186/s13059-020-01981-w
https://doi.org/10.1186/s13059-020-01981-w
https://doi.org/10.3389/fgene.2020.565216
https://doi.org/10.1002/(SICI)1096-9861(19960115)364:3<515:AID-CNE9>3.0.CO;2-7
https://doi.org/10.1074/jbc.M112.378505
https://doi.org/10.1074/jbc.M112.378505
https://doi.org/10.1016/0079-6107(95)00002-5
https://doi.org/10.1016/j.cell.2012.10.041
https://doi.org/10.1074/jbc.M702108200
https://doi.org/10.1186/1471-2121-11-80
https://doi.org/10.1186/1471-2121-11-80
https://doi.org/10.1523/jneurosci.3833-08.2008
https://doi.org/10.1038/jhg.2009.107
https://doi.org/10.1016/j.heares.2004.08.007
https://doi.org/10.1007/s12035-021-02551-2
https://doi.org/10.1086/303049
https://doi.org/10.1093/nar/gkab386
https://doi.org/10.1093/nar/gkab386
https://doi.org/10.1016/j.bbrc.2007.11.102
https://doi.org/10.1016/j.bbrc.2007.11.102
https://doi.org/10.1016/S0888-7543(03)00175-7
https://doi.org/10.1038/s41431-019-0510-6
https://doi.org/10.1038/s41431-019-0510-6
https://doi.org/10.1002/j.1460-2075.1987.tb02756.x
https://doi.org/10.1002/j.1460-2075.1987.tb02756.x
https://doi.org/10.1038/s41418-017-0029-8
https://doi.org/10.1074/jbc.M601252200
https://doi.org/10.1074/jbc.M601252200
https://doi.org/10.3389/fcell.2020.604026
https://doi.org/10.1038/s41586-020-2071-9
https://doi.org/10.1016/j.neuron.2014.10.041
https://doi.org/10.1080/15476286.2020.1817265
https://doi.org/10.1080/15476286.2020.1817265
https://doi.org/10.1146/annurev-biophys-062420-081842
https://doi.org/10.1523/ENEURO.0381-20.2020
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1143428

	Alternative splicing in shaping the molecular landscape of the cochlea
	1 Introduction
	2 Background
	2.1 Overview of alternative splicing
	2.2 Overview of cochlear structure and function

	3 Cochlear transcriptomic diversity from alternative splicing
	3.1 Alternative splicing events with cochlea-specific roles
	3.1.1 Cadherin 23
	3.1.2 Harmonin
	3.1.3 Protocadherin 15

	3.2 Cell type-specific splicing in the cochlea
	3.3 Alternative splicing and cochlear tonotopy
	3.3.1 BK channels
	3.3.2 Kv7.4
	3.3.3 Transcriptome-wide studies of tonotopic splicing


	4 Regulation of alternative splicing in the cochlea
	4.1 ESRP1
	4.2 SRRM4
	4.3 SFSWAP
	4.4 RBM24

	5 Aberrant splicing as a cause of hearing loss in humans
	5.1 Alterations of cis-regulatory elements
	5.1.1 DFNA5: A gain-of-function splice alteration
	5.1.2 DFNA27: Tissue-specific requirements for AS
	5.1.3 DFNB39: Tissue-specific splicing at play?

	5.2 Alterations of trans-regulatory elements
	5.3 Dysregulation of the core splicing machinery
	5.4 Splice-altering activity of hearing-related proteins
	5.4.1 SANS
	5.4.2 ILDR1

	5.5 Antisense oligonucleotides for treating hearing loss
	5.5.1 Usher syndrome
	5.5.2 DFNB4/pendred syndrome


	6 Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


