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Hearing loss is one of the most prevalent sensory deficits world-
wide and can result from the death of mechanosensory hair cells
that transduce auditory signals in the cochlea. The mammalian
cochlea lacks the capacity to regenerate these hair cells once
damaged, and currently there are no biological therapies for
hearing loss. Understanding the signaling pathways responsible
for hair cell development can inform regenerative strategies and
identify targets for treating hearing loss. The canonical Wnt
and Notch pathways are critical for cochlear development;
they converge on several key molecules, such as Atoh1, to regu-
late prosensory specification, proliferation, hair cell differenti-
ation, and cellular organization. Much work has focused on
Wnt and Notch modulation in the neonatal mouse cochlea,
where they can promote hair cell regeneration. However, this
regenerative response is limited in the adult cochlea and this
might be attributed to age-dependent epigenetic modifications.
Indeed, the epigenetic status at key gene loci undergoes
dynamic changes during cochlear development, maturation,
and aging. Therefore, strategies to improve regenerative success
in the adult cochlea might require the modulation of Wnt,
Notch, or other pathways, as well as targeted epigenetic modifi-
cations to alter the activity of key genes critical for supporting
cell proliferation or transdifferentiation.
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Hearing loss is the most common sensory disorder worldwide and is
especially prevalent among seniors. A substantial contributor to this
loss is likely age-related degeneration of mechanosensory hair cells
in the cochlea.1 The organ of Corti, the functional unit responsible
for transducing auditory signals in the cochlea, is a highly organized
epithelial mosaic comprised of one row of inner hair cells (which act
as the primary receivers), three rows of outer hair cells (that serve to
amplify and sharpen the tuning of sound), and adjoining non-sensory
supporting cells. In non-mammalian vertebrates, lost hair cells are re-
placed via a two-step mechanism involving the direct transdifferen-
tiation of supporting cells into hair cells coupled with the proliferation
of supporting cells. In adult mammals, however, cochlear hair cell
replacement is not observed and any resulting hearing loss is perma-
nent.2 Recent studies in the inner ear have largely focused on the
development of the organ of Corti in mammalian models and under-
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standing the molecular signals underpinning its development. This
information could be utilized to regenerate lost hair cells in the
mature organ.

While hearing loss can be caused by damage to the hair cells, it can
also be caused by damage to or loss of the synapses of the primary
auditory neurons (also known as spiral ganglion neurons) that inner-
vate the hair cells or the neurons themselves. Additionally, it can be
caused by damage to the stria vascularis that contributes to cochlear
blood supply and ionic balance, as well as genetic hearing loss.3–5

Under the control of several molecular pathways, the organ of Corti
and all other inner ear epithelia derive from the otic placode in the
head ectoderm, which invaginates to form the otocyst. The otocyst
is subsequently organized into ducts and chambers, including the
cochlea, saccule, utricle, semicircular canals, and endolymphatic
duct. In mice, outgrowth of the cochlear duct begins in the ventral
otocyst and the prosensory domain is specified in the floor of the
cochlear duct. As the duct extends and coils in the developing
embryo, prosensory cells undergo proliferation, terminal mitosis,
and differentiation into hair cells or supporting cells (Figure 1), and
these continue to mature until the onset of hearing approximately
2 weeks after birth.2,6–9

Proper spatiotemporal activation of key signaling pathways is integral
to the development of the cochlear sensory epithelium. Two molecu-
lar pathways that play significant roles in the development of verte-
brate hair cells, as well as their regeneration, are the canonical Wnt
and Notch signaling pathways. Here we provide a concise review of
the functions of the Wnt and Notch signaling pathways in mouse
cochlear development and we discuss how their modulation can pro-
mote hair cell regeneration during neonatal and adult stages. We also
explore the growing area of research into age-dependent epigenetic
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Figure 1. Cellular Organization of the Mouse Organ

of Corti at Birth

The organ of Corti is organized into one row of inner hair

cells (IHCs), three rows of outer hair cells (OHCs), and

surrounding non-sensory supporting cells (SCs). (A)

Whole-mount and (B) transverse sections through a P0

mouse cochlea shows Sox2-positive nuclei of SCs (blue)

and MyosinVI-positive hair cells (magenta). Cell mem-

branes are labeled with b-catenin (green). Scale bars:

10 mm.
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changes in the mammalian cochlea and how they might be targeted to
improve regenerative success in adults. In addition, we discuss some
of the clinical applications of this research. For the purpose of this re-
view, we focus only on the mammalian auditory system. For a discus-
sion of hair cell regeneration in the mammalian vestibular system, see
Burns and Stone10 and Li et al.11, and for non-mammalian verte-
brates, see Kniss et al.12

Overview of the Canonical Wnt and Notch Signaling Pathways

The canonical Wnt pathway is known to direct cell proliferation, dif-
ferentiation, and fate determination during embryonic development,
and it regulates stem cell control and homeostasis in adult tissues.
Wnts are a family of secreted glycoproteins that bind Frizzled receptors
and low-density lipoprotein receptor-related protein 5/6 (LRP5/6)
co-receptors. Formation of theWnt-Frizzled-LRP5/6 trimeric complex
leads to a downregulation of glycogen synthase kinase 3b (GSK3b)
activity and a resultant stabilization of b-catenin, the key effectormole-
cule of the canonicalWnt pathway. Stabilized b-catenin translocates to
the nucleus and interacts with T cell factor/lymphoid enhancer factor
(TCF/Lef) transcription factors to initiate target gene expression. In
the absence of Wnt ligands, however, cytoplasmic b-catenin is phos-
phorylated by GSK3b and subjected to proteasome-mediated degrada-
tion.13 The specific Wnt(s) and Frizzled receptor(s) responsible for
activating this pathway in the cochlea remain to be identified.

The Notch signaling pathway also regulates cell proliferation, differ-
entiation, and fate decisions during embryonic development, and
promotes the maintenance of adult tissues. Notch receptors are a
family of single-pass transmembrane proteins that interact with
membrane-bound Notch ligands Jagged (Jag) 1-2 and Delta-like
(Dll) 1, 3, and 4 on adjacent cells. Ligand-receptor interaction results
in sequential cleavage of the receptor by the ADAM family of metal-
loproteases and g-secretase, forming a Notch receptor intracellular
domain (NICD). NICD interacts with the recombination signal bind-
ing protein for immunoglobulin kappa J region (RBPJk) transcription
factor in the nucleus to affect target gene expression.14

The Roles of Wnt and Notch Signaling in Mammalian Cochlear

Hair Cell Development

In early inner ear development, Wnt-responsive cells from the dorsal
otocyst migrate ventrally to contribute to the future cochlear sensory
epithelium.15 Prosensory specification in the elongating cochlear duct
is mediated by Jag1-Notch1 signaling via lateral induction.16 Ectopic
expression of NICD in non-sensory regions of the mouse cochlea
leads to the formation of prosensory patches expressing Jag1 and
the transcription factor Sox2, another early prosensory cell marker.17

Sox2 expression is required for prosensory competence and Jag1
mutants exhibit a downregulation of Sox2, suggesting that Sox2
expression is downstream of Jag1-mediated Notch signaling.17,18

Once specified, the proliferation of Sox2-positive prosensory cells is
regulated by canonical Wnt signaling.19

Using TCF/Lef:H2B-GFP mice, we previously showed Wnt reporter
activity in early prosensory cells.19 ThisWnt reporter activity overlaps
with the expression of stabilized, or active, b-catenin in the devel-
oping cochlear duct (Figure 2). Inhibition of Wnt signaling during
this early mitotic phase blocks the proliferation of prosensory cells,
and, conversely, activation of the pathway further promotes prolifer-
ation.19 Adequate proliferation of prosensory cells is, in part, regu-
lated by Notch signaling through transcriptional downregulation of
the cell-cycle inhibitor p27Kip1, which plays a pivotal role in the cor-
rect spatiotemporal pattern of cell-cycle exit in the organ of Corti
from the apex to the base.20

Following terminal mitosis, prosensory cells differentiate into hair
cells or supporting cells. The basic helix-loop-helix (bHLH) transcrip-
tion factor Atoh1 is both necessary and sufficient for hair cell differ-
entiation, and its expression is regulated by Sox2 and canonical Wnt
and Notch pathways. Sox2 activates Atoh1 through interaction with
the Atoh1 30 enhancer, however, subsequent downregulation of
Sox2 is required for Atoh1 expression.18,21 Canonical Wnt is also
required for Atoh1 expression and the loss of b-catenin inhibits
hair cell differentiation.19,22 Atoh1, however, is initially upregulated
in a larger group of prosensory cells than those that eventually acquire
a hair cell fate.23,24 Generating the proper mosaic of hair cells and sup-
porting cells is mediated by Notch signaling via lateral inhibition.
Nascent hair cells downregulate Notch activity, but they express
Jag2 and Dll1 to activate the Notch pathway in adjacent cells destined
to acquire a supporting cell fate. Notch inhibition upregulates Atoh1,
but it also downregulates Sox2, and this might play a role in maintain-
ing Atoh1 expression in differentiating hair cells.25 Conversely, Notch
activation in adjacent cells stimulates expression of the Hes/Hey fam-
ily of transcription factors, which appears to inhibit Atoh1 expression
by recruiting the transcriptional co-repressor Groucho to the Atoh1
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Figure 2. Wnt Reporter Activity Overlaps with Active b-Catenin Expression in the Embryonic Cochlear Duct

(A) Transverse section through an embryonic day (E)14 cochlea of a TCF/Lef:H2B-GFP reporter mouse. (B) Same E14 section is stained for active b-catenin (AbC). (C) Merged

view of GFP and active b-catenin shows overlapped expression. (D) Enlarged image of box in (C). Scale bar: 50 mm (A–C). The white brackets in (A)–(C) indicate the area of the

developing organ of Corti.
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promoter.23 Once differentiated, supporting cells retain their expres-
sion of Sox2, although Atoh1 is downregulated in mature hair cells26

(which can be identified by their expression of MyosinVI; Figure 1).

Fine-tuning of the Wnt and Notch pathways is also crucial for the
development and patterning of the cochlea. Binding of R-spondins
to their Lgr4/5/6 receptors typically enhances Wnt signaling.27

However, in the mammalian cochlea, the loss of Lgr5/R-spondin
signaling increases canonical Wnt activity, and Lgr4/5 and
R-spondin2 mutants exhibit an overproduction of hair cells.28,29

Furthermore, loss of Kremen1, a receptor for the dickkopf (Dkk) fam-
ily ofWnt antagonists, biases prosensory cells toward a hair cell fate.30

The Notch pathway modifiers, Lfng and Mfng, also play a role in
patterning of the cochlea and Lfng and Mfng mutants exhibit dupli-
cations in inner hair cells.31 While Wnt and Notch pathways play key
roles in the development and patterning of the cochlea, components
of both of these pathways continue to be expressed in the neonatal
mouse cochlea.32,33

Hair Cell Regeneration in the Postnatal Cochlea through Notch

Inhibition

Given its roles in hair cell development, the Notch pathway has been a
key target for hair cell regeneration. Inhibition of Notch signaling in
the neonatal cochlea with pharmacologic agents or through genetic
manipulation induces the direct transdifferentiation of supporting
cells into hair cells, albeit at the cost of supporting cells.34–36 Notch
inhibition in supporting cells promotes histone H3K9 acetylation
(H3K9ac) at the Atoh1 promoter and a downregulation of the
Hes/Hey family of transcription factors, both of which appear to
contribute to an increase in Atoh1 expression.23,34

While Notch inhibition promotes the transdifferentiation of support-
ing cells into hair cells in the neonatal cochlea, it has been reported
that supporting cells lose their ability to respond to Notch inhibition
rapidly within the first postnatal week.37 Indeed, Notch inhibition in
the adult mouse cochlea has shown variable results on hair cell regen-
eration, which might be due to differences in the damage paradigms
used or the limited specificity of g-secretase inhibitors on the Notch
signaling pathway. Nevertheless, an earlier study demonstrated that,
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following acoustic injury in adult mice, administration of the g-secre-
tase inhibitor LY411575 results in the formation of new hair cells in
the outer hair cell region and a mild reduction in noise-induced audi-
tory brainstem response (ABR) threshold shifts, although the mice
were still functionally deaf.34 Similarly, knockdown of the Hes family
members Hes1 and Hes5 with small interfering RNA (siRNA) is also
sufficient for the upregulation of Atoh1 mRNA and an increase in
hair cell numbers in both neonatal and adult cochleae. Although,
the newly generated hair cells exhibit an immature phenotype and
lineage-tracing studies are still needed to confirm the origins of these
new hair cells.38,39

Clinical Applications of Notch Signaling Inhibitors

The potential use of Notch inhibitors for hair cell regeneration
in humans is being assessed by the REGAIN (regeneration of
inner ear hair cells with gamma-secretase inhibitors) consortium in
conjunction with Audion Therapeutics. In February 2019, they
announced positive results from their first-in-human phase I clinical
trial to evaluate the safety of local delivery of the Notch signaling in-
hibitor LY3056480 in patients with mild-to-moderate sensorineural
hearing loss. Results showed that the drug was well tolerated and
no local or systemic adverse events were reported. The phase II effi-
cacy trial was initiated in January 2019, with primary endpoints
including pure tone hearing levels and speech in noise performance.40

Clinical Applications of Ectopic Atoh1 Expression

While knockdown of Notch pathway components is sufficient for
Atoh1 upregulation, direct and ectopic expression of Atoh1 in vivo
was also shown to induce new hair cells in young mammalian
cochleae.2,10,41–43 Novartis Pharmaceuticals is currently conducting
a clinical trial on the use of CGF166, a recombinant adenovirus 5
(Ad5) vector encoding the human Atonal transcription factor, in pa-
tients with severe-to-profound bilateral hearing loss for safety, toler-
ability, and changes in vestibular and auditory functions.44 This is the
first attempt by any group to clinically evaluate genetic modulation
for hearing loss. However, many studies have shown a decrease in
the ability of Atoh1 to induce hair cells in the adult organ of Corti;45

thus, the efficacy and robustness of Atoh1 overexpression alone for
hair cell regeneration in the mammalian cochlea might be limited.
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Hair Cell Regeneration in the Postnatal Cochlea through Wnt

Activation

Stabilization of b-catenin in the neonatal cochlea promotes the
proliferation of typically quiescent supporting cells and, to a
limited degree, the induction of new hair cells.46–48 A subset of
supporting cells expressing Lgr5, a component of the Wnt
pathway, is especially responsive to Wnt stimulation.46–50 When
isolated and grown in single-cell suspension, Lgr5-positive cells
proliferate to form colonies and differentiate into hair cells; this
effect is further enhanced by Wnt stimulation but lost when
exposed to Wnt inhibitors.46,50 b-catenin stabilization in Lgr5-pos-
itive cells of neonatal mice in vivo also results in a transient expan-
sion of Lgr5-positive cells, as well as the induction of new hair
cells.46,47 In our previous studies, we used in vivo and in vitro
mouse models to elucidate the temporal patterns as well as the
mechanism of the regenerative response to Wnt activation in em-
bryonic and neonatal cochleae.19,42 We showed that the decline in
regenerative capacity at older neonatal stages is correlated with
changes in the downstream transcriptional response to Wnt acti-
vation, thus suggesting that Wnt activation alone may be insuffi-
cient to promote adult hair cell regeneration.42

Combinational Strategies for Hair Cell Regeneration

There is a growing consensus that combinational strategies may be
able to synergistically enhance the regenerative capacity in
neonatal and adult cochleae. For example, the in vitro hair cell
yield from Lgr5-positive cells isolated from neonatal mice and
grown as organoids can be further improved by treatment with
the Wnt activator CHIR99021 (CHIR) and the histone deacetylase
(HDAC) inhibitor valproic acid (VPA; which is thought to
enhance histone H3K9 acetylation),51 along with a cocktail of
growth factors.52 These findings were successfully reproduced in
Lgr5-positive cells isolated from adult mice, as well as non-human
primates and healthy human inner ear tissue.52 It is important to
note, however, that cells and organoids grown from dissociated
single-cell preparations demonstrate a higher capacity for prolifer-
ation and differentiation in comparison to Lgr5+ cells within
intact cochlear tissue.

In addition to VPA, the combination of Wnt activation with other
forms of pharmacological and genetic manipulation can also produce
a more robust regenerative response in the neonatal cochlea. For
instance, the combination of b-catenin stabilization with ectopic
Atoh1 expression in vivo in Lgr5-positive cells of the neonatal cochlea
promotes a synergistic increase in supporting cell proliferation and
hair cell induction.53 These newly generated hair cells were shown
to survive to adulthood and were innervated by neurons.53 Further-
more, the combination of Wnt activation with Notch inhibition in
the neonatal cochlea was also shown to promote extensive supporting
cell proliferation and hair cell regeneration, with partial restoration of
supporting cell numbers.54,55 Similarly, b-catenin gain-of-function
combined with Sox2 haploinsufficiency can enhance cochlear prolif-
eration and hair cell formation during juvenile stages, although this
effect is not observed in adult mice.56
Clinical Applications for Combinatorial Therapeutics

To date, only one combinatorial therapy for hair cell regeneration is
being evaluated in the clinic. Frequency Therapeutics developed
FX-322, a proprietary combination of CHIR and VPA, to regenerate
hair cells.52 They successfully completed a first-in-human random-
ized, double-blind, placebo-controlled safety study for local delivery
of a single dose of FX-322 in adults undergoing cochlear implantation
surgery. Results confirmed the safety and tolerability of FX-322 in
awake patients; the phase II portion of this trial is currently
underway.57

Epigenetic Modifications and Improving Regenerative Success

in the Adult Mammalian Cochlea

Although modulation of signaling pathways can promote hair cell
regeneration in the neonatal cochlea, this regenerative response is
lost or limited in adult stages (for a review on the potential role of
epigenetic regulation on hair cell development and regeneration,
see Layman and Zuo58). For instance, while Notch inhibition in early
neonatal stages promotes the transdifferentiation of supporting cells
to hair cells, it has been reported that this capacity for transdifferen-
tiation is lost by postnatal day (P)3.37 Similarly, stabilization of
b-catenin as late as P4 promotes supporting cell proliferation and
the induction of new hair cells; however, this effect is no longer
observed in the mature cochlea.47 This decline in the regenerative
response as the cochlea matures over the postnatal period appears
to occur with most forms of manipulation tested to date. Moreover,
manyWnt signaling components are still expressed in the P30 mouse
cochlea, suggesting that some other factors are preventing this
pathway from promoting proliferation and/or hair cell differentia-
tion.32 Use of Wnt and Notch modulators in combination with drugs
targeted against chromatin-remodeling enzymes, such as HDAC in-
hibitors used by McLean and colleagues,52 highlights the positive
effects that altering access to target genes can have on the regenerative
response of mature inner ear tissue. These findings suggest that epige-
netic modifications during maturation of the hearing organ might
explain our limited ability to generate new hair cells to replace lost
or damaged hair cells in the adult.

Chromatin structure and access to target genes is regulated by mod-
ifications on both DNA and histone proteins (Figure 3). Histone
modifications include histone acetylation or methylation on lysine
(K) residues in H3 and H4 tails. Histone acetylation via histone
acetyltransferases (HATs) is predominantly associated with an open
chromatin structure and transcriptional activation. Conversely, acetyl
groups can be removed by HDACs, resulting in more compact chro-
matin structure and transcriptional repression. Lysine residues on H3
and H4 proteins can also be mono-, di-, or tri-methylated (me, me2,
or me3); methylation can promote transcriptional activation or
repression, depending on the target site. DNA methylation via
DNA methyltransferase enzymes (DNMTs) is generally associated
with transcriptional repression.59

The overall epigenetic status of the mouse organ of Corti switches
from high levels of H3K9 acetylation (H3K9ac) in young adults to
Molecular Therapy Vol. 27 No 5 May 2019 907
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Figure 3. Chromatin Structure and Chromatin

Accessibility

Acetylation (Ac) of histone H3 and H4 tails by histone

acetyltransferases is predominantly associated with an

open chromatin structure. Removal of acetyl groups by

histone deacetylases is associated with chromatin

condensation. Methylation (Me) of H3 and H4 tails by

histone methyltransferases can promote an open or

closed chromatin structure, depending on the target site.

DNA methylation by DNA methyltransferases is generally

associated with limited chromatin accessibility, while the

removal of methyl groups by DNA demethylases is asso-

ciated with increased DNA accessibility.
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H3K9 methylation (H3K9me) in the aging cochlea.60 H3K9ac is
associated with open chromatin structure and H3K9me is associ-
ated with chromatin condensation.59,61,62 The Atoh1 gene locus
is also subject to epigenetic modifications at different stages of
development. Prior to hair cell differentiation, prosensory cells
are in a bivalent or poised state with H3K4me3 and H3K27me3
Figure 4. Epigenome Editing, Transcriptional Regulation, and Genome Editing

Epigenome editing. dCas9-sgRNA complexes can be fused to epigenetic enzyme

N-methyltransferase PRDM9, and (C) methylcytosine dioxygenase Tet1, for targeted

complexes can also be fused to engineered transcriptional regulatory complexes, su

CRISPR-on, to activate gene expression at specific loci. Genome editing and knockou

at the targeted allele. In mitotically quiescent cells, such as SCs of the mature mamm

process that leaves small insertions and deletions (indels) at the cut site. This produce

mutant allele.
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modifications at the Atoh1 locus. At the onset of hair cell
differentiation and concomitant with Atoh1 upregulation, inhibi-
tory H3K27me3 is reduced and H3K9ac is increased. Downregula-
tion of Atoh1 mRNA during hair cell maturation is accompanied
by a reduction in H3K9ac and acquisition of H3K9me3.
Intriguingly, the H3K4me3/H3K27me3 bivalent state persists in
with CRISPR-Cas9

s, such as (A) lysine-specific histone demethylase 1 (LSD1), (B) histone-lysine

epigenome editing at specific DNA loci. Transcriptional regulation. dCas9-sgRNA

ch as (D) VP64-p65-Rta (VPR), (E) Synergistic Activation Mediator (SAM), and (F)

t of mutant alleles. (G) Cas9-sgRNA complexes generate a double-stranded break

alian cochlea, breaks can be repaired by the non-homologous end joining (NHEJ)

s frameshift and nonsense mutations, resulting in functional knockout (KO) of the
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supporting cells of the neonatal mouse cochlea from P1 to at
least P6, and this might, in part, explain the transient capacity
for hair cell induction in neonatal stages.63 Furthermore, the
transient capacity for supporting cell proliferation appears to be
correlated with increased methylation on Sox2 enhancers NOP1
and NOP2, although the promoter region of Sox2 remains deme-
thylated.64 In addition to modifications on DNA and histone
proteins, gene expression is also regulated by non-coding RNAs
and they play a significant role in the capacity for hair cell
regeneration.65

Age-dependent changes in chromatin structure affect the transcrip-
tional response to modulation of signaling pathways and, conse-
quently, they can regulate the regenerative response of the cochlea.
To improve regenerative success in the adult stages, targeting epige-
netic enzymes such as HATs, HDACs, and DNMTs, in addition to
Wnt and Notch modulation, might prove to be a useful approach.
Indeed, some small molecule inhibitors against DNMTs and HDACs
are approved for use in patients, and they may be adopted for the
mammalian auditory system.66 However, a major question that
remains is which gene loci should be targeted to stimulate hair cell
regeneration.

If such target genes are identified, epigenetic editing and transcrip-
tional regulation with CRISPR-Cas9 might represent a feasible
approach to hearing regeneration. Catalytically inactive dead
Cas9 (dCas9) and single-guide RNA (sgRNA) complexes can be
fused to engineered epigenetic (Figures 4A–4C) and transcrip-
tional regulatory complexes (Figures 4D–4F) to activate or repress
target genes in a site-specific manner.67–72 Nuclease-active Cas9
can also be used to make permanent modifications to genomic
DNA and this might be useful for some hereditary forms of hear-
ing loss (Figure 4G).73 In fact, a recent study demonstrated that
in vivo delivery of Cas9-sgRNA to the postnatal cochlea, which
targeted a specific mutant allele, could ameliorate the progression
of hearing loss in mice.74 Although it is yet to be tested in adult
mice and optimized for efficient delivery to target cells, the advent
of genome- and epigenome-editing techniques such as CRISPR-
cas9 has the potential to treat both hereditary and acquired forms
of hearing loss in humans.

Animals

Mice were maintained and euthanized in accordance with Institu-
tional Animal Care and Use Committee regulations at Sunnybrook
Research Institute.

Conclusions

The Wnt and Notch signaling pathways play significant roles in the
development of the mammalian cochlea, including prosensory spec-
ification, proliferation, cell fate determination, and hair cell differen-
tiation.2,6–9,17–20,23,25 Both pathways appear to converge on key
molecules such as Sox2 and Atoh1, and fine-tuning of the two path-
ways is important for patterning within the cochlea.19,22,23,25,27–31

Given their roles in development, activation of canonical Wnt
signaling following birth can promote supporting cell proliferation
and limited hair cell induction, and inhibition of the Notch
pathway can promote the transdifferentiation of supporting cells to
hair cells.34–39,46,47,49,50,52–55 There has been some success in hair
cell regeneration followingWnt and Notch modulation in the mature
mammalian cochlea.34,52 However, it is important to note that many
of these newly generated hair cells show limited survival and do not
appear to fully differentiate, lacking mature stereocilia, and they
may fail to form proper synaptic connections with auditory
neurons.75

Even with the limited efficacy demonstrated to date, this line of
research has led to several human clinical trials aimed at evalu-
ating the safety and efficacy of therapeutic modalities for hair
cell regeneration.40,44,57 The limited regenerative capacity of the
mature cochlea might be attributed to age-dependent epigenetic
modifications. Therefore, improving regenerative success
during adult stages might require targeting epigenetic enzymes
along with Wnt and Notch modulators, among others, as well
as utilizing epigenome-editing techniques such as CRISPR-
dCas9.59–64,67–74
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