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Abstract: Noise-induced, drug-related, and age-related disabling hearing loss is a major public health
problem and affect approximately 466 million people worldwide. In non-mammalian vertebrates,
the death of sensory hair cells (HCs) induces the proliferation and transdifferentiation of adjacent
supporting cells into new HCs; however, this capacity is lost in juvenile and adult mammalian
cochleae leading to permanent hearing loss. At present, cochlear implants and hearing devices are the
only available treatments and can help patients to a certain extent; however, no biological approach
or FDA-approved drug is effective to treat disabling hearing loss and restore hearing. Recently,
regeneration of mammalian cochlear HCs by modulating molecular pathways or transcription factors
has offered some promising results, although the immaturity of the regenerated HCs remains the
biggest concern. Furthermore, most of the research done is in neonates and not in adults. This review
focuses on critically summarizing the studies done in adult mammalian cochleae and discusses
various strategies to elucidate novel transcription factors for better therapeutics.
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1. Introduction

Noise-induced, drug-related, and age-related disabling hearing loss is a major public
health problem. Per a World Health Organization report, they affect nearly 5% of the
world population [1]. In non-mammalian vertebrates, sensory hair cell (HC) death induces
the proliferation and trans-differentiation of adjacent supporting cells (SCs) into new
HCs; however, this capacity is lost in juvenile and adult mammalian cochleae, leading to
permanent hearing loss [2,3]. Currently, no biological approach or FDA-approved drug is
available to treat disabling hearing loss or to regenerate the sensory HCs in mammalian
cochleae. Thus, it is crucial to develop strategies or drugs to either prevent HC loss or
promote regeneration in adult mammalian cochleae in vivo. HC regeneration can enhance
the number of HCs in the cochlea via two processes: (1) mitotic regeneration, where a SC
divides and then the daughter cells (one or both) transdifferentiate into HCs, or (2) direct
transdifferentiation where HCs are regenerated via direct phenotypic conversion of SCs
without undergoing mitosis [4]. Most of the studies on HC regeneration [3,5-12] have
been done either in neonatal cochlear explants (ex vivo) or neonatal mice (in vivo) and
only a few studies [5,8-11] have reported regeneration in juvenile and adult mice. Hearing
matures around three weeks postnatally in mice. In comparison, during human fetal
development hearing becomes mature by the late 2nd trimester and the fetus can hear
during the 3rd trimester [13]. It is therefore critical to study HC regeneration in juvenile and
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adult mice to better understand which approaches are likely to restore hearing in humans.
Further, the regenerated HCs in juvenile and adult mice are functionally immature and
very few. Improved strategies are needed to increase the number of regenerated HCs and
also to promote their maturation.

Recent studies suggest key roles for transcription factors (TFs) Atohl and Pou4f3 in HC
regeneration and that Atohl, in particular, is a master regulator of HC differentiation [14]
and regeneration [3,8,10]. Further, enhanced regeneration of HCs via modulating the
expression of Gata3, Pou4{3, p27Kipl [8], Islet 1 (Isl1) [10], and Gfil/Pou4f3 [15] with Atohl
suggests that modulating multiple TFs in combination with Atohl is a good strategy to
promote regeneration and increase the number of regenerated HCs. Targeting the Notch
and Wnt signaling pathways, which are involved in HC development, can also lead to
the regeneration of HCs from SCs [6,7,9,16,17]. These studies suggest that SCs have a
limited regenerative capacity and that regeneration via transdifferentiation of SCs to HCs
is possible, but a small yield of regenerated HCs and functional immaturity remain a
major concern. Thus, there is a need to develop strategies to regenerate an increased
number of HCs that are also functionally mature. This review focuses on recent literature
in sensory HC regeneration in adult mammalian cochleae and briefly discusses molecular
pathways, the role of TFs in regeneration, and the challenges and future perspectives of
HC regeneration.

2. Targeting Signaling Pathways for Hair Cell Regeneration

The Notch, Wingless-related integration site (Wnt), fibroblast growth factor (FGF), and
sonic hedgehog (Shh) pathways are involved in the development and differentiation of HCs
and are conserved between various species including zebrafish, birds, and mammals. The
crucial role of these pathways in HC development and their conservation among the species
are well characterized [18]. Briefly, Notch signaling regulates various cellular processes
such as proliferation, differentiation, and cell death in a context-dependent manner. During
HC development, Notch signaling is necessary and sufficient for regulating prosensory
specification via lateral inhibition, and this process is mediated by its ligands which include
jagged 1 (Jagl), Notch intracellular domain (NICD; which interacts with DNA-binding
protein and core effector of the canonical Notch pathway, RBPjk), jagged 2 (Jag2), and delta-
like 1 (DI11). Wnt signaling (canonical and noncanonical) is involved in the maintenance
of the progenitor cells, cell proliferation, cell fate determination/cell differentiation, and
cellular polarization. The FGF signaling pathway plays a crucial role in the induction of
the otic placode, development of the otic vesicle, regulation of inner ear morphogenesis,
later stages of inner ear development, and HC formation. FGF signaling also helps in
regulating the specification of prosensory cells and their differentiation into HCs and
SCs during cochlear development [18]. The Shh signaling pathway is involved with
regulating prosensory domain formation and auditory function [19], HC formation and
differentiation [20], and the spatiotemporal pattern of HC differentiation via regulating the
expression of Heyl and Hey?2 [21]. Involvement of the Notch, Wnt, bone morphogenetic
protein (BMP), Shh, and fibroblast growth factor (FGF) pathways in the development,
differentiation, maturation, and proliferation of HCs in zebrafish, birds, and mice provides
strong evidence for significant conservation across species (Table 1). Wnt and Notch
signaling play a crucial role in HC regeneration (Figure 1); however, the role of Shh
and FGF signaling in regeneration remain unclear. The downstream signaling of these
pathways regulates the expression of Atohl, the master regulator of HC differentiation
and regeneration [22]. Since ectopic overexpression of Atohl potentiates the regeneration
of HCs, it is imperative to hypothesize that targeting these pathways and the genes and
transcription factors regulating Atohl expression will be effective for the regeneration of
HCs (Figure 1). Additionally, if regeneration of HCs from SCs follows development [23],
targeting these pathways will be favorable for HC regeneration.
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Table 1. Comparative summary of signaling pathways, genes, and transcription factors involved
in the development, differentiation, proliferation, and regeneration of HCs among species. ATOH1
(atonal BHLH Transcription Factor 1); Shh (sonic hedgehog); HC (hair cell); SC (supporting cell);
OHC (outer hair cells); BP (basilar papilla); FGF (fibroblast growth factor); Fgfr (fibroblast growth

factor receptor).

Target Zebrafish Birds Mice Inference
. . Atohl is 1mm.ed1ate1y Math1-null mice fail to
atohla is expressed in all upregulated in Sox2+ .
. L . . develop cochlear and Atohl modulation
differentiating hair cells SCs of the avian BP . o
2. . vestibular HCs [27] promotes regeneration in
[24] Addition of following HC loss [26]; . . . .
Notch Atohl . . Atohl overexpression juvenile and adult mice,
exogenous atohla mRNA  Atohl protein expression . . .
. . . can convert SCs into hence being a potential
results in HC is not detectable in . . .
. . HC-like cells in neonatal therapeutic target
overproduction [25] mature HCs or SCs in the mouse cochleae [12]
absence of damage [26]
Beginning at postnatal
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levels in cochlear
explants [21]
Increases the
Wnt/ 3-catenin inhibition prohf.eratlon of SCs Activation of Wnt/3 ..
in embryonic zebrafish following HC damage -catenin results in B-catenin s a key
reduces proliferation of and regulates the number roliferation of Sox2+ therapeutic target for
soxzf SCs in the of HCs that form in the P

developing neuromast
[34]; Wnt/ B-catenin is
upregulated in SCs
following HC loss [35]
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Shh signaling hinders
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Table 1. Cont.
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Figure 1. Molecular pathways involved in the development and regeneration of hair cells. Notch
and Wnt signaling play a crucial role in the development and differentiation of HCs. Various studies
have demonstrated that these pathways can be targeted for HC regeneration. Similarly, targeting
Hesl, Gfil, Pax6, Isl1, Pou4f3, Atohl, and GATA3 to promote HC regeneration has been reported (as
discussed in the text). However, there is a need to find additional candidate genes and transcription
factors to promote HC regeneration. The network analysis on the published single-cell RNA-seq data
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(Yamashita et al. 2018) predicted other potential targets, including Lhx2, Hes6, Caprinl, Nr2{2, and
Lhx3, which may be targeted alone or in combination to promote regeneration of HCs. Atonal BHLH
Transcription Factor 1 (Atohl), frizzled (Fzd), islet 1 (Isl1), jagged 1 (Jagl), lipoprotein receptor-related
protein (LPR), POU Class 4 Homeobox 3 (Pou4f3), sonic hedgehog (Shh), Wingless-related integration
site (Wnt). Black arrows show stimulatory while red arrows show inhibitory effect.

3. Targeting Notch Signaling for Hair Cell Regeneration

Both fate determination of prosensory epithelial cells into HCs and SCs through lat-
eral inhibition and the prevention of SC to HC conversion during HC development are
regulated by active Notch signaling stimulated by ligands on adjacent HCs [49]. Thus,
inhibiting Notch signaling might lead to the transdifferentiation of SCs to HCs. Increased
number of myosin-VII-positive outer hair cells (OHCs) in vitro with y-secretase inhibitor,
LY411575 suggests that Notch inhibition promotes regeneration via transdifferentiation of
SCs. Treatment with LY411575 depleted the supporting cell population, but the number of
inner hair cells (IHCs) remained unchanged [9]. In vivo studies with systemic injection of
LY411575 (50 mg/kg body weight) for 5 days in noise-deafened mice (4 weeks) showed
decreased noise-induced threshold shifts and an increased number of OHCs with appar-
ently innervated stereociliary bundles [9]. A decreased expression of Hes5 and increased
expression of Atohl associated with SC to HC transdifferentiation suggests an association
of Notch inhibition with HC regeneration (apical to mid-apical turn). The regenerated HCs
were lineage traced using Sox2-CreER; mT/mG mice with tamoxifen injection at postnatal
day 21, confirming their SC origin [9]. The systemic injection of LY411575 was associated
with toxicity and a lower dose was not therapeutically potent, however, local injection of
LY411575 through the round window membrane showed significant transdifferentiation of
SCs to HCs. Note that 3-million-fold higher concentrations of LY411575 (4 mM) than its
IC50 (0.14 nM) were used [9]. Notch signaling in the cochlea becomes nonresponsive after
the first postnatal week [50]. Additionally, >85% Sox2-CreER activity in SCs when induced
at P21 compared to >50% when induced at P1 [51] makes Sox2 a good lineage marker
when induction is performed in adult mice but not useful when induction is performed
at birth. Additionally, a 92% reduction in the number of fate-mapped regenerated HCs
in ROSA-NICD neonatal (P0-P1) mice with NICD (Notch) overexpression compared to
the controls [52] supports the need for Notch inhibition in SC to HC transdifferentiation.
However, enhanced proliferation of sensory HCs with transient coactivation of cell cy-
cle activator Myc and Notchl genes by injecting adenovirus (ad)-Myc/ad-Cre into the
cochleae of 6-week-old Rosa-NICD transgenic mice seemed contradictory [11]. However,
ad-Myc/ad-Cre injection could enable the SCs to proliferate and respond to Atohl and
transdifferentiate to HC-like cells, which might be due to the differences between direct
transdifferentiation vs. induced proliferative regeneration. Regeneration of HCs with
sustained release of Hes1 siRNA nanoparticles (siHes1 NPs) in the cochleae of noise-injured
adult guinea pigs supports Notch inhibition as a target for HC regeneration. The study
reported limited recovery of auditory function over a nine-week follow-up period as well
as HC regeneration, evident by the presence of both ectopic and immature HCs across a
broad tonotopic range with siHes1 NPs. One of the major limitations of this guinea pig
study is that no lineage tracing was performed to prove that newly regenerated HCs are
derived from SCs. The advantage of using poly-lactic-co-glycolic acid (PLGA)-mediated
siHes1 NPs delivery was its reversible modulation of Hesl [5].

4. Targeting Wnt Signaling for Hair Cell Regeneration

Wnt signaling plays an important role in cochlear development and its role is context-
dependent. Active canonical Wnt/ 3-catenin signaling is needed for the initial differentia-
tion of HCs but not for maturation and maintenance. Overactive Wnt signaling results in
HC proliferation and the formation of ectopic HCs during early embryonic development.
This suggests that activating Wnt signaling will favor new HC formation through trans-
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differentiation or mitotic division [18,53]. The conserved nature of Wnt signaling among
species (Table 1) and increased Wnt expression following HC loss appends the notion that
increasing Wnt expression might promote SC-to-HC transdifferentiation. The association of
activated Wnt/ 3-catenin signaling with SC proliferation, a transient proliferation of Lgr5+
SCs [54], and HC regeneration [55] support Wnt-mediated transdifferentiation. However,
in these reports, it remains elusive whether the regeneration of HCs was due to either
activated Wnt signaling or Sox2 haploinsufficiency (loss of one allele of Sox2 due to knockin
of CreER in the Sox2 locus results in a haploinsufficient phenotype that produces extra
inner hair cells during development and enhances regeneration). Later, Atkinson et al.
showed that both B-catenin®°F (gain of function) and Sox2 haploinsufficiency enhance
mitotic regeneration in the apical turn whereas Sox2 haploinsufficiency-mediated mitotic
regeneration extends into the middle and basal turns [34]. Jan et al. [56] using lineage
tracing in PO-P3 Axin2'2Z Wnt reporter mice showed that Wnt responsive Axin-2-positive
tympanic border cells proliferate with Wnt activation and generate new HC- and SC-like
cells both in vitro and in vivo and can act as a precursor to sensory epithelial HCs. These
studies suggest that activation of Wnt signaling in neonatal mice potentiates regeneration
of HCs, however, no study has shown increased regeneration by activating Wnt signaling
in adults.

5. Combinational Approaches for Hair Cell Regeneration

The role of Wnt activation in SC proliferation and Notch inhibition in transdiffer-
entiation of SCs to HCs is evident by the above studies. Additionally, Wnt activation
alone fails to regenerate significant amounts of new HCs in adult mammals, and Notch
inhibition alone regenerates HCs at the cost of SCs, resulting in the death of regenerated
HCs. Thus, maintaining the population of SCs via proliferation along with SC-to-HC
transdifferentiation might enhance the regeneration process by sufficing the SC population
for differentiation. Ni et al. reported that Wnt activation with 6-Bromoindirubin-3'-oxime
(BIO), a glycogen synthase kinase 3 3 (GSK3[3) inhibitor, followed by Notch inhibition with
DAPT, a y-secretase inhibitor, preserves the Lgr5+ SC number and strongly promotes the
mitotic regeneration of new HCs in both normal and neomycin-damaged cochlear explants
(P1; C57/BL6 mice) [17]. Similar findings were reported by Wu et al. [57] by simultaneously
inhibiting Notch signaling with DAPT and activating Wnt signaling with Wnt agonist QS11.
The first study used the explants from P1 mice while the second study showed it in the
utricle of neonatal mice, which itself has some regenerative capacity. Since Notch and Wnt
signaling have a reciprocal relationship during HC development, a combined modulation
of Notch and Wnt signaling might be a better approach for regeneration. Increased HC
regeneration using Notch inhibition followed by Wnt activation in adult and neonatal
mouse cochleae has been reported [17,58,59]. Romero-Carvajal et al. highlighted the role of
interactions between Notch and Wnt signaling for the regeneration of HCs in zebrafish and
demonstrated that inhibition of Notch signaling mimics the expression changes observed
during endogenous regeneration [60].

Targeting multiple pathways and factors involved in HC development and insight
from their involvement in other regenerative systems could be a promising approach to
enhance HC regeneration in the cochlea. Clonal expansion of Lgr5+ SCs isolated from a
neonatal cochlea showed that in a matrigel-based 3D culture system, a mixture of growth
factors (including epidermal growth factor, basic fibroblast growth factor, and insulin-like
growth factor 1), GSK3f3 inhibitor, histone deacetylase (HDAC) inhibitor, and Notch in-
hibition led to transcriptional activation, proliferation, and differentiation of SCs [6]. The
addition of a stable form of vitamin C and transforming growth factor 3 (TGF-f3) receptor
(AIK5) inhibitor individually resulted in increased SC expansion by 2- to 3-fold, and the
addition of small molecules in combination with growth factors increased the expansion of
Lgr5+ SC numbers by >2000-fold compared to growth factors alone. The addition of these
small molecules and y-secretase inhibitor resulted in the expansion and differentiation
of Lgr5+ SCs from a single mouse cochlea to nearly 11,500 HCs in culture organoid. The
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newly generated HCs in the organoid were myosin VIla+ cells containing CtBP2+ ribbon
synapse-like puncta in the basal region and actin-rich protrusions within the inner lumen.
The colonies were both prestin-positive and negative; prestin-negative cells were vesicular
glutamate transporter 3 (vGlut3)-positive, reflecting the gene expression of terminally
differentiated OHCs and IHCs, respectively. The combination of these small molecules
generated a higher number of new HCs in culture and in neonatal cochlear explants com-
pared to the adult mouse Lgr5+ cells. There was no significant difference across the ages.
Similarly, the clonal expansion and differentiation of adult human inner ear tissue was also
limited [6]. The results of this study suggest that targeting a single gene, TF, or pathway
may not be sufficient for HC regeneration and that there is a need for multidimensional
approaches to promote transdifferentiation and regeneration. A recent study demonstrated
the conversion of mouse embryonic fibroblasts, adult tail-tip fibroblasts, and postnatal
supporting cells into induced hair cell-like cells (iHCs) showing HC-like morphology, tran-
scriptomic and epigenetic profiles, electrophysiological properties, and mechanosensory
channel expression using a combination of four transcription factors, Six1, Atohl, Pou4f3,
and Gfil [61]. Similar results of an increased SC to HC conversion by modulating the
expression of p27XP1, GATA3, and Pou4f3 in combination with Atohl were reported in
adult mouse cochleae by Walters et al. [8]. These studies support the notion of using a
combinational approach to promote HC regeneration via direct reprogramming. Notch,
Wnt, and other signaling pathways play a crucial role in the development and proliferation
of HCs and are conserved among species including zebrafish, birds, and mice (Table 1);
targeting these pathways concomitantly might enhance HC regeneration in adult mammals
(Figure 1) [34].

6. Modulating Transcription Factors for Hair Cell Regeneration

Transcription factors (TFs) are the proteins initiating and regulating transcription of
target genes by binding to their specific regulatory DNA sequences. TFs play a crucial
role in the proliferation, differentiation, and survival of HCs. The role of TFs such as Pax2,
Sox9, Nor-1, Gbx-2, Neurod1, Neurogl, Fkh10, Tbx1, Brn4, Gata3, Sox2, Atohl, Six1, Isl1,
Pou4f3, Gfil, and their interactions with cellular and molecular signaling pathways in
prosensory cell specification, development, and fate determination of HCs in the inner
ear and vestibular apparatus have been described by other groups [62,63]. Since TFs play
an important role in HC development and fate determination, investigating their role
will help not only in understanding HC development but also in modifying regeneration
strategies for improved outcomes. TFs, individually or in combination, play a crucial role
in the regeneration of other organ systems [64-66]. Thus, it is necessary to investigate
the TFs which might be capable of potentiating the regeneration process in the cochlea
and to understand the underlying mechanisms. Costa et al. studied the role of three
TFs, namely, Gfil, Atohl, and Pou4f3 (GAP) in cell fate determination, and reported
that GAP (Figure 1) can induce direct genetic reprogramming of progenitors towards an
HC fate, both in vitro and in vivo in the chicken embryo [15]. Another study reported
that overexpression of Prox1 suppresses Atohl and Gfil expression and antagonizes the
differentiated HC phenotype; thus, Prox1 inhibition with Atohl upregulation might result
in a more complete phenotypic conversion [67]. These studies were performed in the
embryonic stage and whether SCs can be transdifferentiated to HCs, postnatally or in
adults, cannot be determined. These studies allude to Atohl as a common denominator
target for HC regeneration.

Atohl is a master regulator of HC differentiation that is conserved among fish (or-
tholog atohla), birds, and mice (Table 1). Liu et al. [12] investigated the effect of ectopic
expression of Atoh1 on regeneration using EGFP reporter mice and reported that ectopic
expression of Atohl induces the conversion of mouse cochlear SCs (pillar and Deiters’
cells; PCs and DCs) to immature HCs, and that this conversion is age-dependent. Ectopic
Atohl expression was effective in converting PCs and DCs to HCs at neonatal and juvenile
ages, but it was insufficient for adult mice. It was found that newly formed HCs reside in
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the OHC region and survive for 2 months, and that heterogeneity in the reprogramming
efficiency among individual Atohl+ PCs and DCs exists during the conversion process.
These studies suggest that transcriptional reprogramming affects the HC phenotype and
thus might favor regeneration, but the limitation is that these results were shown at neona-
tal and juvenile ages and Atohl overexpression alone was not effective in adult mice. To
address this issue, Walters et al. [8] investigated the role of various TFs in adult mice
and reported that ectopic Atohl overexpression with p27XiP! deletion circumvents this
age-related decline in Atohl responsiveness and leads to transdifferentiation of SCs to
HCs in mature mouse cochleae after noise damage. Further, upregulation of an Atohl
cofactor, GATA3, which is lost from SCs with aging, was associated with p27XiP! deletion.
Overexpression of POU4F3 alone promoted the conversion of SCs to HCs to a greater
degree than Atohl alone, and overexpression of Atohl combined with POU4F3 or GATA3
resulted in increased conversion of SCs to HCs compared to Atohl alone in adult mice [8].
The study concluded that the mature PCs and DCs, which are typically nonresponsive to
Atohl, can be made to respond to ectopic Atohl via modulation of additional TFs such as
p27KiP1, GATA3, or POU4F3 (Figures 1 and 2). However, the converted HCs were examined
only at 3 and 12 weeks following tamoxifen injection, and the long-term survival of these
cells was not extensively evaluated [68].

—_—
/Tectorill memb

6 cochlear ganglion e
Basilar membrane

_PouM?:-&pn |?2? Genes or TFs
cHCs' OHC/IHC

Sox2/Atoh1l
E13.5

Figure 2. Hair cell development and regeneration: During the embryonic stage of HC development,
Atoh1 expression increases, reaches a maximum (E17.5), and then declines (P6). The decline in Atohl
is associated with increasing levels of Pou4f3 which remain high in adult HCs. During the embryonic
stage, autoregulation of Atohl, Sox2, and cell cycle exit. Some cells have high levels of Sox2 without
Atoh1 expression and these cells are deemed to be SCs. Transdifferentiation of supporting cells (S5Cs)
to HCs is mediated by overexpression of transcription factors (TFs) as discussed in the text and shown
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here. However, TF-mediated transdifferentiation is not complete and converted HCs (cHCs) remain
immature. cHCs show only some features of mature HCs (shown in the middle of the trajectory of
conversion), and thus, there is a need to investigate novel targets to push these partially converted
cells to mature HCs. Pillar cells (PCs), Deiters’ cells (DCs), inner hair cells (IHC), outer hair cells
(OHCQ), postnatal day (P). cHCs are the cells evaluated for their transcriptome by single cells RNA
sequencing by Yamashita et al., 2018.

Increased conversion of SCs to HCs by activating Atohl conditionally with tamoxifen
and 51 differentially expressed TFs between endogenous OHCs, SCs, and converted HCs
(cHCs) in the adult cochlea with bulk-RNA sequencing, single-cell RNA sequencing, and
single-cell RT-PCR reported by Yamashita et al. [10] supports targeting Atoh1 for regen-
eration and warrants research for the role of these TFs in HC regeneration. Additionally,
a greater number of cHCs with combined overexpression of Atohl and Isl1 (one of the
differentially expressed TFs in RNA-seq analysis) compared to overexpression of Atohl
alone both ex vivo and in vivo supports the hypothesis that the conversion process can
be pushed further to get a greater number of cHCs by targeting multiple TFs. However,
the study only reported the cHCs at two-time points of conversion and the cHCs were not
functionally mature (Figure 2).

Prolonged constitutive ectopic Atohl expression with tamoxifen using a Cre-inducible
mouse might be a cause of immaturity in cHCs because continued Atoh1 expression does
not correlate with endogenous HC development [69]. Controlled activation of Atohl using
tetracycline (e.g., dox)-inducible systems is difficult to achieve in juvenile or adult mice
due to the long-term residual activity of tetracycline in the cochlea [70,71]. However, these
studies give hope that a greater number of regenerated HCs can be achieved at an adult age.
Further, the role of TFs Insm1 [72] and Ikzf2 [73] in the fate determination and functional
maturation of OHCs suggests the possibility of other TFs having critical regulatory roles
in the regeneration of HCs. Recently, the role of TUB and ZNF532 in promoting Atohl-
mediated hair cell regeneration in mouse cochleae was reported by Xu et al. [74]. Thus,
investigating novel TFs and targets upstream or downstream of Atohl is warranted, and
modulating their expression alone or in combination could provide better results (Figure 1).

7. SC Subpopulations and Hair Cell Regeneration

Transdifferentiation of SCs to HCs has been postulated as the main strategy to regener-
ate HCs, and most of the studies discussed above have targeted various signaling pathways
and TFs in order to do so. However, the debate on which subtype of SCs is more prone
to transdifferentiation still exists in the field. Walters et al. [8] reported the unresponsive-
ness of mature PCs and DCs to Atohl and, together with other evidence, concluded that
responsiveness to Atohl varies across SC subtypes. Thus, it is important to investigate
the differential responsiveness of SC subtypes to TFs to achieve a greater number of func-
tionally matured HCs through regeneration. Recently, Hoa et al. [75] reported that adult
cochlear SCs are transcriptionally different from perinatal SCs by conducting single-cell
RNA-Seq on FACS-sorted GFP expressing adult cochlear SCs from Lfng"¢f adult mice.
The study found two different subpopulations of SCs (SC1 and SC2). The SC2 subpopula-
tion expresses transcripts associated with S phase (Mcm4) and G2/M phase (Birc5, Cdkl,
Mki67). Cheng et al. [76] also reported differential expression of various cell cycle and
signaling pathway genes and TFs in Sox2+ SCs at four different postnatal ages suggesting
the existence of age-related transcriptomic landscape changes. The different transcriptomic
landscape of the perinatal and postnatal SCs found in this study might be the reason for
the differential responsiveness of adult SCs in the study by Walters et al. [8]. Further, the
findings of strong expression of the SC genes involved in pathways regulating the cell
cycle [75] suggest that these pathways may be targeted to potentiate the transdifferentiation
of SCs to HCs by forcing the SCs out of quiescence. This notion is supported by DCs and
PCs contributing more to the spontaneously regenerated HCs but inner phalangeal (IPhs)
and inner border (IBs) cells having similar regenerative capacity in neonatal mice [77]. This
differential response may be because PCs and DCs lose the cell cycle inhibitor p27XiP!
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during postnatal development and are capable of mitotic HC regeneration. These findings
are supported by a previous study in juvenile mice where ectopic expression of Atohl
induces SC-to-HC conversion and the newly regenerated HCs are mainly from PCs and
DCs [12]. Later, however, a higher, faster, and more complete conversion rate of IBs and
IPhs compared to DCs or PCs to IHC-like cells was observed in vivo, as evidenced by
straight line-shaped stereociliary bundles, expression of Fgf8 and otoferlin, and by ectopic
Atohl expression [78]. The study also reported that the conversion rate gradually increases
from neonate to adult ages in mice. Differential regenerative capacity of SCs might be
due to changing Sox2 expression over time. Changing Sox2 expression was reported by
Kempfle et al. [79] suggest that Sox2 is expressed in prosensory cells of the cochlea at E13,
in the developing sensory epithelium at E15 and E18, in newly formed IHCs at E15, and
its expression continues in newly formed IHCs and OHCs at E18 until PO and becomes
undetectable at P2. Sox2 is strongly expressed in SCs at E18 and continues to be expressed
in SCs at P2. Sox2 is necessary for differentiation as deletion of Sox2 at E16 led to no further
differentiation of HCs.

The Lgr5+ subtype of SCs has been an attractive target for HC regeneration. Kuo et al.
reported an increased number of regenerated HCs via transdifferentiation of Lgr5+ SCs by
ectopically co-expressing a constitutively active form of 3-catenin and Atohl in Lgr5+ cells
of the neonatal cochlea. This study suggests that combining proliferation and differentiation
of Lgr5+ SCs by coactivating (-catenin and Atohl acts synergistically to enhance the
process of regeneration, yielding an increased number of regenerated HCs [16]. Although
the tamoxifen induction was done at a neonatal age, the study reported the HCs had an
adult phenotype. Recently, Zhang et al. reported that activating Frizzled-9 (Fzd9)-positive
cells in neonatal mouse cochleae leads to regeneration of a similar number of HCs. Lineage
tracing of the tamoxifen-induced cells showed that inner phalangeal cells (IPhCs), inner
border cells (IBCs), and third-row Deiters’ cells (DCs) were both Fzd9+ and Lgr5+, while
pillar cells are Lgr5+ only [7]. The study concluded that the Fzd9+ cells have a similar
capacity for HC regeneration, proliferation, and differentiation compared to Lgr5+ cells.
These results demonstrate the potential of targeting Notch and Wnt signaling for HC
regeneration; however, there is a need to translate these findings to pre-clinical trials and
future studies are warranted. Collectively, these studies suggest there is heterogeneity and
a changing transcriptomic landscape of SCs over time. Additionally, there are no known
differences among different mammalian species in HC regeneration relative to the timing
of HC development. Thus, the strategies and timing of manipulating SCs for regeneration
are of the utmost importance and warrants further investigation.

8. Finding Additional Transcription Factors as Novel Targets for Hair
Cell Regeneration

Atohl regulates HC development and differentiation, and overexpression of Atohl
regenerates HCs from SCs; however, the newly regenerated HCs are fewer, short-lived,
and not functionally mature, as evidenced by the absence of prestin, the marker for OHC
maturation [8]. Thus, the consensus is to find novel targets upstream or downstream of
Atohl whose modulation can potentiate regeneration so that increased numbers of func-
tionally mature HCs can be achieved. This notion is supported by the fact that co-activation
of Atohl with Pou4f3 [8], with Isll [10], and with both Pou4f3 and Gfil combined [15]
yielded a greater number of HCs compared to activation of Atohl alone. This suggests
that either post-transcriptional modification of Atohl targets, Atohl itself, or epigenetic
regulation of Atohl and its targets regulate the expression of various target genes and TFs,
and thus HC regeneration. To investigate the direct targets of Atohl, Cai et al. [80] carried
out RNA-seq profiling of purified Atoh1 expressing HCs from neonatal mouse cochleae and
identified >600 enriched transcripts with 233 HC genes directly regulated by Atohl. Atohl
regulation was verified by the presence of Atohl binding sites in the regulatory regions of
these genes and by the cerebellum and small intestine Atohl ChIP-seq analysis. Anxa4,
Rasd2, Rbm?24, Srrm4, Chrnal0, Mgat5b, Mreg, Pcp4, Scnlla, and Atohl were found to
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be direct targets of Atohl. The expression of Anxa4, Rasd2, Rbm24, and Srrm4 was com-
pletely downregulated within 24 h after knocking out Atohl, but the expression of Chrna10,
Mgat5b, Mreg, Pcp4, and Scnlla were not affected. In the context of epigenetic regulation of
Atohl, Jen et al. reported that the mouse vestibular apparatus has greater Atohl-mediated
regeneration compared to the cochlea due to greater chromatin accessibility [81]. These
findings suggest that differential efficiency of Atohl-mediated regeneration is due to the
non-availability of open chromatin in the cochlea and warrants further research using
ATAC-seq (Assay for Transposase-Accessible Chromatin using sequencing) and ChIP-seq
to unravel the epigenetic regulation and to identify additional targets for regeneration.

9. Investigating Epigenetic Regulation of Hair Cell Development and Regeneration

Coordinated and structured gene expression is a must for cellular development, differ-
entiation, and survival, and epigenetics plays a crucial role in regulating gene transcription
and expression. Post-translational histone (basic proteins in the cell nucleus) modification
mechanisms include methylation (addition of a methyl group), acetylation (addition of an
acetyl group), phosphorylation, and ubiquitination, which regulate chromatin architecture
and gene expression. Methylation reduces gene expression by impairing the binding of
transcriptional activators whereas acetylation increases gene expression by transcription
activation. Histone acetylation is regulated by histone acetyltransferases (HATs) and hi-
stone deacetylases (HDACs); methylation and demethylation are regulated by histone
methyltransferases (HMTs), DNA methyltransferase (DNMTs), and histone demethylases.
Epigenetics play a role in hereditary or syndromic hearing loss by regulating gene ex-
pression and HC development [82-84]. Stojanova et al. [85] investigated the epigenetic
regulation of Atohl and found that progression of Atohl expression from poised, to active,
to repressive marks is controlled by dynamic changes in histone modifications via methyla-
tion and acetylation (H3K4me3/H3K27me3, H3K9%ac, and H3K9me3) and correlates with
the onset and subsequent silencing of Atohl expression in HCs during the perinatal period.
The study reported that during HC differentiation, increased Atohl expression correlates
with increased levels of H3k9ac (H3K9 histone acetylation) and that during HC maturation
decreased levels of Atohl correlate with decreased levels of H3K9ac and increased levels of
H3K9me3. Further, increased expression of HC-related genes and proteins in mouse utricle
sensory epithelia-derived progenitor cells with DNMT inhibitor 5-azacytidine suggests an
important role for epigenetics in HC differentiation [86]. This notion is also supported by
the recent report by McLean et al. [6] where an HDAC inhibitor was used for the regen-
eration of HCs. However, Layman et al. [87] reported that suberoylanilide hydroxamic
acid (SAHA, an HDAC inhibitor) does not affect regeneration in adult cochleae but instead
activates pro-survival pathways via regulating the acetylation status of transcription factors
and controls the transcriptional activation of pro-survival pathways in response to ototoxic
insults. These surprising results suggest that HDAC inhibitors cannot effectively modulate
the already fixed epigenetic landscape of adult cochlear SCs and are thus ineffective in
reprogramming. HC fate determination and development are highly regulated processes
under the influence of various TFs and gene expression, and expression of this transcrip-
tomic landscape changes over time [83,84], with a dramatic change in the transcriptomic
landscape between post-natal day (P)5-P7. Thus, investigating the epigenetic regulation
of TFs and genes involved in HC development and rescripting the genetic landscape may
provide insights to promote HC regeneration.

10. In Silico Approaches to Finding Novel Gene Targets

In silico analysis and the use of the wealth of bioinformatics applications for the
acquisition of biological data and data mining have changed the paradigm of research in
the field of basic and applied science. In the auditory field, regeneration of HCs deals with
the modulation of genes and TFs, thus we can analyze the available databases to uncover
better targets to modulate and potentiate the process of regeneration. The binding of TFs to
their corresponding TF binding sites (TFBSs) is key to transcriptional regulation. Because
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information on experimentally validated functional TFBSs is limited, there is a need for
the prediction of TFBSs for gene annotation. TFBSs are generally recognized by scanning
a position weight matrix (PWM) against DNA sequences using one of several available
computer programs. There are also several curated databases of PWMs, applicable to a
wide range of species, including the commercial TRANSFAC database [88] and the open-
access JASPAR database [89]. Other recent databases include the HOMER motif (http:
/ /homer.salk.edu/homer/motif (accessed on 6 June 2020)) HOCOMOCO [90], and CIS-
BP [91]. There is a particularly useful program, the Cytoscape plugin iRegulon [92], which
can discover master regulators from co-expressed gene sets. Additionally, the methods of
inferring co-expression networks from single-cell RNA-seq data and workflow, such as
single-cell regulatory network inference and clustering (SCENIC) [34], have been developed
to exploit the genomic regulatory code (regulon), guiding the identification of master TFs
and revealing different cell states. Such predictions on the master regulators of different
cell types/states would be valuable to improve the conversion efficiency from SCs to HCs.
Further, network analysis using these tools might predict the master regulators whose
modulation, either alone or in combination with other TFs, may promote regeneration.

The network analysis done on an scRNA-seq data of cHCs [10] predicted Lhx3, Six2,
Hes2, Irf6, Hes6, and Ikzf2 along with Atohl as candidate targets to modulate. Ikzf2 has
recently been shown to be crucial for OHC fate and maturation, as prestin and oncomodulin
expression is lost in Ikzf2-mutant mice [73]; contrarily, overexpression of Ikz{2 in IHCs leads
to downregulation of IHC genes and upregulation of OHC genes. Transformation of adult
cochlear SCs into prestin-positive OHCs with concurrent stimulation if Athohl and Ikzf2
supports the role of Ikzf2 in transdifferentiation [93]. Hes6 has also been implicated in the
differentiation of mammalian HCs [94]. Interestingly, identification of the TFs such as Hes2,
Hes6, Irf6, and Atohl, which have roles in neural development and differentiation [95-98],
by our network analysis suggests the feasibility and promising role of using bioinformatics
to identify novel targets. Another TF identified in our network analysis, Six2, appears to
play a role in regeneration in the mammalian kidney, as it is expressed in self-renewing
progenitor cells within this organ [99]. These results suggest that the TFs identified via
bioinformatics analysis of cochlear scRNA-seq data play a role in the regeneration and
development of other organ systems and hence should be investigated for cochlear HC
regeneration, and that further bioinformatics analysis of the existing cochlear scRNA-seq
or ATAC-seq data is warranted.

11. Conclusions

Modulating the expression of signaling pathways and genes involved in sensory
HC development, as discussed above, has given promising results in adult cochlear HC
regeneration; however, the small number and functional immaturity of regenerated HCs
remain a challenge. Targeting multiple factors has improved the outcome, but there is
still a need to investigate additional targets and to form novel strategies to promote HC
regeneration in adult mammals and then to translate these to clinics. The downstream
targets of Atohl and Pou4f3 might be viable targets for HC regeneration. If regeneration
follows development, unraveling the sequential targets for regeneration is of the utmost
importance. Similarly, the role of many TFs such as Lhx3, caprinl, Nr2f2, Lmo4, and others
in the regeneration process has not been investigated. Analyzing the existing cochlear
data using bioinformatics tools investigating endogenous regeneration in zebrafish and
birds might give the hearing field an overview and insight into what factors remain
to be modified to regenerate HCs that are greater in number and functionally mature.
Taken together, investigating the genes and TFs which either alone or in combination can
potentiate the transdifferentiation of SCs to HCs should be the focus of current research for
better therapeutics.


http://homer.salk.edu/homer/motif
http://homer.salk.edu/homer/motif

Int. J. Mol. Sci. 2022, 23, 66 13 of 16

Author Contributions: V.R. wrote the initial draft, S.T. wrote Section 10, J.R.F. prepared Table 1, S.T,,
J.RE, and J.Z. revised and edited manuscript, V.R., S.T.,, J.R.E, and J.Z. finalized the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: This work is supported in part by NIHR01DC015010, NTHR01DC015444, ONR-N00014-18-
1-2507, USAMRMC-RH170030, and LB692/Creighton to Jian Zuo.

Data Availability Statement: Not applicable.
Acknowledgments: We thank members of the Zuo lab for critical comments and discussions.

Conflicts of Interest: J.Z. is a Co-Founder of Ting Therapeutics L.L.C. Other authors declare no
conflict of interest.

References

1. Davis, A.C. Hearing disorders in the population: First phase findings of the MRC National Study of Hearing. In Hearing Science
and Hearing Disorders; Elsevier: Amsterdam, The Netherlands, 1983; pp. 35-60.

2. Groves, A.K. The challenge of hair cell regeneration. Exp. Biol. Med. 2010, 235, 434—446. [CrossRef]

3. Cox, B.C.; Chai, R; Lenoir, A.; Liu, Z.; Zhang, L.; Nguyen, D.H.; Chalasani, K.; Steigelman, K.A.; Fang, J.; Rubel, EW.; et al.
Spontaneous hair cell regeneration in the neonatal mouse cochlea in vivo. Development 2014, 141, 816-829. [CrossRef] [PubMed]

4.  Stone, ].S.; Cotanche, D.A. Hair cell regeneration in the avian auditory epithelium. Int. |. Dev. Biol. 2007, 51, 633-647. [CrossRef]

5. Du, X;; Cai, Q.; West, M.B.; Youm, I.; Huang, X.; Li, W.; Cheng, W.; Nakmali, D.; Ewert, D.L.; Kopke, R.D. Regeneration of
Cochlear Hair Cells and Hearing Recovery through Hes1 Modulation with siRNA Nanoparticles in Adult Guinea Pigs. Mol. Ther.
J. Am. Soc. Gene Ther. 2018, 26, 1313-1326. [CrossRef] [PubMed]

6. McLean, W] Yin, X,; Lu, L.; Lenz, D.R,; McLean, D.; Langer, R.; Karp, ].M.; Edge, A.S. Clonal expansion of Lgr5-positive cells
from mammalian cochlea and high-purity generation of sensory hair cells. Cell Rep. 2017, 18, 1917-1929. [CrossRef]

7. Zhang, S, Liu, D.; Dong, Y.; Zhang, Z.; Zhang, Y.; Zhou, H.; Guo, L.; Qi, J.; Qiang, R.; Tang, M.; et al. Frizzled-9+ Supporting Cells
Are Progenitors for the Generation of Hair Cells in the Postnatal Mouse Cochlea. Front. Mol. Neurosci. 2019, 12, 184. [CrossRef]
[PubMed]

8.  Walters, B.J.; Coak, E.; Dearman, J.; Bailey, G.; Yamashita, T.; Kuo, B.; Zuo, J. In Vivo Interplay between p27(Kip1), GATA3,
ATOH1, and POU4F3 Converts Non-sensory Cells to Hair Cells in Adult Mice. Cell Rep. 2017, 19, 307-320. [CrossRef]

9.  Mizutari, K.; Fujioka, M.; Hosoya, M.; Bramhall, N.; Okano, H.J.; Okano, H.; Edge, A.S. Notch inhibition induces cochlear hair
cell regeneration and recovery of hearing after acoustic trauma. Neuron 2013, 77, 58-69. [CrossRef] [PubMed]

10. Yamashita, T.; Zheng, F,; Finkelstein, D.; Kellard, Z.; Carter, R.; Rosencrance, C.D.; Sugino, K.; Easton, J.; Gawad, C.; Zuo, J.
High-resolution transcriptional dissection of in vivo Atohl-mediated hair cell conversion in mature cochleae identifies Isl1 as a
co-reprogramming factor. PLoS Genet. 2018, 14, e1007552. [CrossRef]

11.  Shu, Y; Li, W.; Huang, M.; Quan, Y.-Z.; Scheffer, D.; Tian, C.; Tao, Y.; Liu, X.; Hochedlinger, K.; Indzhykulian, A.A. Renewed
proliferation in adult mouse cochlea and regeneration of hair cells. Nat. Commun. 2019, 10, 1-15. [CrossRef]

12.  Liu, Z.; Dearman, J.A.; Cox, B.C.; Walters, B.J.; Zhang, L.; Ayrault, O.; Zindy, F; Gan, L.; Roussel, M.F,; Zuo, ]. Age-dependent
in vivo conversion of mouse cochlear pillar and Deiters’ cells to immature hair cells by Atohl ectopic expression. J. Neurosci.
2012, 32, 6600-6610. [CrossRef]

13.  Querleu, D.; Renard, X.; Versyp, E; Paris-Delrue, L.; Crepin, G. Fetal hearing. Eur. ]. Obstet. Gynecol. Reprod. Biol. 1988, 28,
191-212. [CrossRef]

14. Edge, A.S.; Chen, Z.-Y. Hair cell regeneration. Curr. Opin. Neurobiol. 2008, 18, 377-382. [CrossRef] [PubMed]

15. Costa, A.; Sanchez-Guardado, L.; Juniat, S.; Gale, J.E.; Daudet, N.; Henrique, D. Generation of sensory hair cells by genetic
programming with a combination of transcription factors. Development 2015, 142, 1948-1959. [CrossRef] [PubMed]

16. Kuo, B.R,; Baldwin, EM.; Layman, W.S.; Taketo, M.M.; Zuo, ]. In vivo cochlear hair cell generation and survival by coactivation
of B-catenin and Atohl. J. Neurosci. 2015, 35, 10786-10798. [CrossRef]

17. Ni, W,; Zeng, S.; Li, W.; Chen, Y; Zhang, S.; Tang, M.; Sun, S.; Chai, R.; Li, H. Wnt activation followed by Notch inhibition
promotes mitotic hair cell regeneration in the postnatal mouse cochlea. Oncotarget 2016, 7, 66754. [CrossRef] [PubMed]

18.  Atkinson, PJ.; Najarro, E.H.; Sayyid, Z.N.; Cheng, A.G. Sensory hair cell development and regeneration: Similarities and
differences. Development 2015, 142, 1561-1571. [CrossRef]

19. Driver, E.C; Pryor, S.P; Hill, P;; Turner, J.; Riither, U.; Biesecker, L.G.; Griffith, A.].; Kelley, M.W. Hedgehog signaling regulates
sensory cell formation and auditory function in mice and humans. J. Neurosci. 2008, 28, 7350-7358. [CrossRef]

20. Tateya, T.; Imayoshi, I.; Tateya, I.; Hamaguchi, K.; Torii, H.; Ito, J.; Kageyama, R. Hedgehog signaling regulates prosensory cell
properties during the basal-to-apical wave of hair cell differentiation in the mammalian cochlea. Development 2013, 140, 3848-3857.
[CrossRef]

21. Benito-Gonzalez, A.; Doetzlhofer, A. Heyl and Hey?2 control the spatial and temporal pattern of mammalian auditory hair cell
differentiation downstream of Hedgehog signaling. J. Neurosci. 2014, 34, 12865-12876. [CrossRef]

22.  Su, Y.-X,; Hou, C.-C; Yang, W.-X. Control of hair cell development by molecular pathways involving Atohl, Hesl and Hes5. Gene

2015, 558, 6-24. [CrossRef] [PubMed]


http://doi.org/10.1258/ebm.2009.009281
http://doi.org/10.1242/dev.103036
http://www.ncbi.nlm.nih.gov/pubmed/24496619
http://doi.org/10.1387/ijdb.072408js
http://doi.org/10.1016/j.ymthe.2018.03.004
http://www.ncbi.nlm.nih.gov/pubmed/29680697
http://doi.org/10.1016/j.celrep.2017.01.066
http://doi.org/10.3389/fnmol.2019.00184
http://www.ncbi.nlm.nih.gov/pubmed/31427926
http://doi.org/10.1016/j.celrep.2017.03.044
http://doi.org/10.1016/j.neuron.2012.10.032
http://www.ncbi.nlm.nih.gov/pubmed/23312516
http://doi.org/10.1371/journal.pgen.1007552
http://doi.org/10.1038/s41467-019-13157-7
http://doi.org/10.1523/JNEUROSCI.0818-12.2012
http://doi.org/10.1016/0028-2243(88)90030-5
http://doi.org/10.1016/j.conb.2008.10.001
http://www.ncbi.nlm.nih.gov/pubmed/18929656
http://doi.org/10.1242/dev.119149
http://www.ncbi.nlm.nih.gov/pubmed/26015538
http://doi.org/10.1523/JNEUROSCI.0967-15.2015
http://doi.org/10.18632/oncotarget.11479
http://www.ncbi.nlm.nih.gov/pubmed/27564256
http://doi.org/10.1242/dev.114926
http://doi.org/10.1523/JNEUROSCI.0312-08.2008
http://doi.org/10.1242/dev.095398
http://doi.org/10.1523/JNEUROSCI.1494-14.2014
http://doi.org/10.1016/j.gene.2014.12.054
http://www.ncbi.nlm.nih.gov/pubmed/25550047

Int. J. Mol. Sci. 2022, 23, 66 14 of 16

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Zheng, F.; Zuo, J. Cochlear hair cell regeneration after noise-induced hearing loss: Does regeneration follow development? Hear.
Res. 2017, 349, 182-196. [CrossRef]

Lush, M.E.; Diaz, D.C.; Koenecke, N.; Baek, S.; Boldt, H.; St Peter, M.K.; Gaitan-Escudero, T.; Romero-Carvajal, A;
Busch-Nentwich, E.M.; Perera, A.G. scRNA-Seq reveals distinct stem cell populations that drive hair cell regeneration after loss of
Fgf and Notch signaling. Elife 2019, 8, e44431. [CrossRef] [PubMed]

Millimaki, B.B.; Sweet, E.M.; Dhason, M.S.; Riley, B.B. Zebrafish atohl genes: Classic proneural activity in the inner ear and
regulation by Fgf and Notch. Development 2007, 134, 295-305. [CrossRef] [PubMed]

Cafaro, J.; Lee, G.S.; Stone, ].S. Atohl expression defines activated progenitors and differentiating hair cells during avian hair cell
regeneration. Dev. Dyn. Off. Publ. Am. Assoc. Anat. 2007, 236, 156-170. [CrossRef]

Bermingham, N.A.; Hassan, B.A.; Price, S.D.; Vollrath, M. A.; Ben-Arie, N.; Eatock, R.A.; Bellen, H.J.; Lysakowski, A.; Zoghbi, H.Y.
Mathl: An essential gene for the generation of inner ear hair cells. Science 1999, 284, 1837-1841. [CrossRef] [PubMed]
Radosevic, M.; Fargas, L.; Alsina, B. The role of her4 in inner ear development and its relationship with proneural genes and
Notch signalling. PLoS ONE 2014, 9, e109860. [CrossRef]

Chrysostomou, E.; Gale, J.E.; Daudet, N. Delta-like 1 and lateral inhibition during hair cell formation in the chicken inner
ear: Evidence against cis-inhibition. Development 2012, 139, 3764-3774. [CrossRef] [PubMed]

Jiang, L.; Xu, J; Jin, R.; Bai, H.; Zhang, M.; Yang, S.; Zhang, X.; Zhang, X.; Han, Z.; Zeng, S. Transcriptomic analysis of chicken
cochleae after gentamicin damage and the involvement of four signaling pathways (Notch, FGF, Wnt and BMP) in hair cell
regeneration. Hear. Res. 2018, 361, 66-79. [CrossRef]

Ku, Y.-C.; Renaud, N.A ; Veile, R.A.; Helms, C.; Voelker, C.C.; Warchol, M.E.; Lovett, M. The transcriptome of utricle hair cell
regeneration in the avian inner ear. J. Neurosci. 2014, 34, 3523-3535. [CrossRef]

Zine, A.; Aubert, A; Qiu, J.; Therianos, S.; Guillemot, F.; Kageyama, R.; de Ribaupierre, F. Hes1 and Hes5 activities are required
for the normal development of the hair cells in the mammalian inner ear. J. Neurosci. 2001, 21, 4712-4720. [CrossRef]

Neves, J.; Parada, C.; Chamizo, M.; Girdldez, F. Jagged 1 regulates the restriction of Sox2 expression in the developing chicken
inner ear: A mechanism for sensory organ specification. Development 2011, 138, 735-744. [CrossRef] [PubMed]

Aibar, S.; Gonzalez-Blas, C.B.; Moerman, T.; Imrichova, H.; Hulselmans, G.; Rambow, E,; Marine, J.-C.; Geurts, P,; Aerts, J.;
van den Oord, J. SCENIC: Single-cell regulatory network inference and clustering. Nat. Methods 2017, 14, 1083-1086. [CrossRef]
[PubMed]

Mi, X.-X.; Yan, J.; Li, Y.; Shi, J.-P. Wnt/ 3-catenin signaling was activated in supporting cells during exposure of the zebrafish
lateral line to cisplatin. Ann. Anat.-Anat. Anz. 2019, 226, 48-56. [CrossRef]

Jacques, B.E.; Montgomery IV, W.H.; Uribe, PM.; Yatteau, A.; Asuncion, ].D.; Resendiz, G.; Matsui, ].I.; Dabdoub, A. The role of
Wnt/ 3-catenin signaling in proliferation and regeneration of the developing basilar papilla and lateral line. Dev. Neurobiol. 2014,
74, 438-456. [CrossRef]

Stevens, C.B.; Davies, A.L.; Battista, S.; Lewis, ].H.; Fekete, D.M. Forced activation of Wnt signaling alters morphogenesis and
sensory organ identity in the chicken inner ear. Dev. Biol. 2003, 261, 149-164. [CrossRef]

Hammond, K.L.; van Eeden, E]J.; Whitfield, T.T. Repression of Hedgehog signalling is required for the acquisition of dorsolateral
cell fates in the zebrafish otic vesicle. Development 2010, 137, 1361-1371. [CrossRef]

Son, EJ.; Ma, ]J.-H.; Ankamreddy, H.; Shin, ].-O.; Choi, ].Y.; Wu, D.K.; Bok, ]. Conserved role of Sonic Hedgehog in tonotopic
organization of the avian basilar papilla and mammalian cochlea. Proc. Natl. Acad. Sci. USA 2015, 112, 3746-3751. [CrossRef]
Maier, E.C.; Whitfield, T.T. RA and FGF signalling are required in the zebrafish otic vesicle to pattern and maintain ventral otic
identities. PLoS Genet. 2014, 10, €e1004858. [CrossRef] [PubMed]

Jacques, B.E.; Dabdoub, A.; Kelley, M.W. Fgf signaling regulates development and transdifferentiation of hair cells and supporting
cells in the basilar papilla. Hear. Res. 2012, 289, 27-39. [CrossRef]

Bermingham-McDonogh, O.; Stone, J.S.; Reh, T.A.; Rubel, E.W. FGFR3 expression during development and regeneration of the
chick inner ear sensory epithelia. Dev. Biol. 2001, 238, 247-259. [CrossRef] [PubMed]

Pirvola, U.; Ylikoski, J.; Trokovic, R.; Hébert, ].M.; McConnell, S K.; Partanen, J. FGFR1 is required for the development of the
auditory sensory epithelium. Neuron 2002, 35, 671-680. [CrossRef]

Hayashi, T.; Ray, C.A.; Younkins, C.; Bermingham-McDonogh, O. Expression patterns of FGF receptors in the developing
mammalian cochlea. Dev. Dyn. Off. Publ. Am. Assoc. Anat. 2010, 239, 1019-1026. [CrossRef]

Mueller, K.L.; Jacques, B.E.; Kelley, M.W. Fibroblast growth factor signaling regulates pillar cell development in the organ of corti.
J. Neurosci. 2002, 22, 9368-9377. [CrossRef]

Jacques, B.E.; Montcouquiol, M.E.; Layman, E.M.; Lewandoski, M.; Kelley, M.W. Fgf8 induces pillar cell fate and regulates cellular
patterning in the mammalian cochlea. Development 2007, 134, 3021-3029. [CrossRef]

Hayashi, T,; Ray, C.A.; Bermingham-McDonogh, O. Fgf20 is required for sensory epithelial specification in the developing cochlea.
J. Neurosci. 2008, 28, 5991-5999. [CrossRef] [PubMed]

Hayashi, T.; Cunningham, D.; Bermingham-McDonogh, O. Loss of Fgfr3 leads to excess hair cell development in the mouse organ
of Corti. Dev. Dyn. Off. Publ. Am. Assoc. Anat. 2007, 236, 525-533. [CrossRef]

Kelley, M.W. Regulation of cell fate in the sensory epithelia of the inner ear. Nature reviews. Neuroscience 2006, 7, 837-849.
[CrossRef] [PubMed]


http://doi.org/10.1016/j.heares.2016.12.011
http://doi.org/10.7554/eLife.44431
http://www.ncbi.nlm.nih.gov/pubmed/30681411
http://doi.org/10.1242/dev.02734
http://www.ncbi.nlm.nih.gov/pubmed/17166920
http://doi.org/10.1002/dvdy.21023
http://doi.org/10.1126/science.284.5421.1837
http://www.ncbi.nlm.nih.gov/pubmed/10364557
http://doi.org/10.1371/journal.pone.0109860
http://doi.org/10.1242/dev.074476
http://www.ncbi.nlm.nih.gov/pubmed/22991441
http://doi.org/10.1016/j.heares.2018.01.004
http://doi.org/10.1523/JNEUROSCI.2606-13.2014
http://doi.org/10.1523/JNEUROSCI.21-13-04712.2001
http://doi.org/10.1242/dev.060657
http://www.ncbi.nlm.nih.gov/pubmed/21266409
http://doi.org/10.1038/nmeth.4463
http://www.ncbi.nlm.nih.gov/pubmed/28991892
http://doi.org/10.1016/j.aanat.2019.07.001
http://doi.org/10.1002/dneu.22134
http://doi.org/10.1016/S0012-1606(03)00297-5
http://doi.org/10.1242/dev.045666
http://doi.org/10.1073/pnas.1417856112
http://doi.org/10.1371/journal.pgen.1004858
http://www.ncbi.nlm.nih.gov/pubmed/25473832
http://doi.org/10.1016/j.heares.2012.04.018
http://doi.org/10.1006/dbio.2001.0412
http://www.ncbi.nlm.nih.gov/pubmed/11784008
http://doi.org/10.1016/S0896-6273(02)00824-3
http://doi.org/10.1002/dvdy.22236
http://doi.org/10.1523/JNEUROSCI.22-21-09368.2002
http://doi.org/10.1242/dev.02874
http://doi.org/10.1523/JNEUROSCI.1690-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18524904
http://doi.org/10.1002/dvdy.21026
http://doi.org/10.1038/nrn1987
http://www.ncbi.nlm.nih.gov/pubmed/17053809

Int. J. Mol. Sci. 2022, 23, 66 15 of 16

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Maass, ].C.; Gu, R.; Basch, M.L.; Waldhaus, ].; Lopez, EIM.; Xia, A.; Oghalai, ].S.; Heller, S.; Groves, A K. Changes in the regulation
of the Notch signaling pathway are temporally correlated with regenerative failure in the mouse cochlea. Front. Cell. Neurosci.
2015, 9, 110. [CrossRef] [PubMed]

Walters, B.J.; Yamashita, T.; Zuo, J. Sox2-CreER mice are useful for fate mapping of mature, but not neonatal, cochlear supporting
cells in hair cell regeneration studies. Sci. Rep. 2015, 5, 11621. [CrossRef]

McGovern, M.M.; Zhou, L.; Randle, M.R.; Cox, B.C. Spontaneous hair cell regeneration is prevented by increased notch signaling
in supporting cells. Front. Cell. Neurosci. 2018, 12, 120. [CrossRef]

Jansson, L.; Kim, G.S.; Cheng, A.G. Making sense of Wnt signaling—linking hair cell regeneration to development. Front. Cell.
Neurosci. 2015, 9, 66. [CrossRef]

Chai, R.; Kuo, B.; Wang, T; Liaw, E.J.; Xia, A ; Jan, T.A,; Liu, Z.; Taketo, M.M.; Oghalai, ].S.; Nusse, R. Wnt signaling induces
proliferation of sensory precursors in the postnatal mouse cochlea. Proc. Natl. Acad. Sci. USA 2012, 109, 8167-8172. [CrossRef]
[PubMed]

Shi, F; Hu, L.; Edge, A.S. Generation of hair cells in neonatal mice by (-catenin overexpression in Lgr5-positive cochlear
progenitors. Proc. Natl. Acad. Sci. USA 2013, 110, 13851-13856. [CrossRef]

Jan, T.A.; Chai, R.; Sayyid, Z.N.; van Amerongen, R.; Xia, A.; Wang, T.; Sinkkonen, S.T.; Zeng, Y.A.; Levin, ].R.; Heller, S. Tympanic
border cells are Wnt-responsive and can act as progenitors for postnatal mouse cochlear cells. Development 2013, 140, 1196-1206.
[CrossRef]

Wu, J; Li, W,; Lin, C.; Chen, Y.; Cheng, C.; Sun, S.; Tang, M.; Chai, R.; Li, H. Co-regulation of the Notch and Wnt signaling
pathways promotes supporting cell proliferation and hair cell regeneration in mouse utricles. Sci. Rep. 2016, 6, 1-16. [CrossRef]
Li, W.; Wu, J; Yang, J.; Sun, S.; Chai, R.; Chen, Z.-Y,; Li, H. Notch inhibition induces mitotically generated hair cells in mammalian
cochleae via activating the Wnt pathway. Proc. Natl. Acad. Sci. USA 2015, 112, 166-171. [CrossRef] [PubMed]

Ni, W,; Lin, C,; Guo, L.; Wu, J.; Chen, Y,; Chai, R.; Li, W,; Li, H. Extensive supporting cell proliferation and mitotic hair cell
generation by in vivo genetic reprogramming in the neonatal mouse cochlea. J. Neurosci. 2016, 36, 8734-8745. [CrossRef]
Romero-Carvajal, A.; Acedo, ].N.; Jiang, L.; Kozlovskaja-Gumbriené, A.; Alexander, R.; Li, H.; Piotrowski, T. Regeneration of
sensory hair cells requires localized interactions between the Notch and Wnt pathways. Dev. Cell 2015, 34, 267-282. [CrossRef]
Menendez, L.; Trecek, T.; Gopalakrishnan, S.; Tao, L.; Markowitz, A.L.; Haoze, V.Y.; Wang, X.; Llamas, J.; Huang, C.; Lee, J.
Generation of inner ear hair cells by direct lineage conversion of primary somatic cells. eLife 2020, 9, €55249. [CrossRef] [PubMed]
Li, S.; Qian, W,; Jiang, G.; Ma, Y. Transcription factors in the development of inner ear hair cells. Front. Biosci. 2016, 21, 1118-1125.
[CrossRef]

Gélvez, H.; Abell6, G.; Giraldez, F. Signaling and transcription factors during inner ear development: The generation of hair cells
and otic neurons. Front. Cell Dev. Biol. 2017, 5, 21. [CrossRef] [PubMed]

Venkatesh, I.; Blackmore, M.G. Selecting optimal combinations of transcription factors to promote axon regeneration: Why
mechanisms matter. Neurosci. Lett. 2017, 652, 64-73. [CrossRef]

Dhara, S.P; Rau, A.; Flister, M.]J.; Recka, N.M.; Laiosa, M.D.; Auer, PL.; Udvadia, A.J. Cellular reprogramming for successful CNS
axon regeneration is driven by a temporally changing cast of transcription factors. Sci. Rep. 2019, 9, 1-12. [CrossRef] [PubMed]
Begeman, 1.].; Kang, J. Transcriptional Programs and Regeneration Enhancers Underlying Heart Regeneration. J. Cardiovasc. Dev.
Dis. 2019, 6, 2. [CrossRef]

Kirjavainen, A ; Sulg, M.; Heyd, E; Alitalo, K.; Yld-Herttuala, S.; Moroy, T.; Petrova, T.V,; Pirvola, U. Prox1 interacts with Atohl
and Gfil, and regulates cellular differentiation in the inner ear sensory epithelia. Dev. Biol. 2008, 322, 33-45. [CrossRef]

Sayyid, Z.N.; Wang, T.; Chen, L.; Jones, S.M.; Cheng, A.G. Atoh1 directs regeneration and functional recovery of the mature
mouse vestibular system. Cell Rep. 2019, 28, 312-324.e4. [CrossRef]

Chonko, K.T; Jahan, I; Stone, J.; Wright, M.C.; Fujiyama, T.; Hoshino, M.; Fritzsch, B.; Maricich, S.M. Atohl directs hair cell
differentiation and survival in the late embryonic mouse inner ear. Dev. Biol. 2013, 381, 401-410. [CrossRef]

Walters, B.J.; Zuo, J. A Sox10 rtTA/+ Mouse Line Allows for Inducible Gene Expression in the Auditory and Balance Organs of
the Inner Ear. J. Assoc. Res. Otolaryngol. 2015, 16, 331-345. [CrossRef] [PubMed]

Cox, B.C.; Dearman, J.A.; Brancheck, J.; Zindy, F; Roussel, M.E.; Zuo, J. Generation of Atohl-rtTA transgenic mice: A tool for
inducible gene expression in hair cells of the inner ear. Sci. Rep. 2014, 4, 6885. [CrossRef]

Wiwatpanit, T.; Lorenzen, S.M.; Cantu, J.A.; Foo, C.Z.; Hogan, A.K.; Marquez, E; Clancy, ].C.; Schipma, M.].; Cheatham, M. A ;
Duggan, A. Trans-differentiation of outer hair cells into inner hair cells in the absence of INSM1. Nature 2018, 563, 691-695.
[CrossRef]

Chessum, L.; Matern, M.S.; Kelly, M.C.; Johnson, S.L.; Ogawa, Y.; Milon, B.; McMurray, M.; Driver, E.C.; Parker, A.; Song, Y.
Helios is a key transcriptional regulator of outer hair cell maturation. Nature 2018, 563, 696—700. [CrossRef]

Xu, Z.; Rai, V.; Zuo, ]. TUB and ZNF532 Promote the Atoh1-Mediated Hair Cell Regeneration in Mouse Cochleae. Front. Cell.
Neurosci. 2021, 15, 759223. [CrossRef] [PubMed]

Hoa, M.; Olszewski, R; Li, X.; Taukulis, L; Gu, S.; DeTorres, A.; Lopez, L. A.; Linthicum Jr, FH.; Ishiyama, A.; Martin, D.
Characterizing Adult cochlear supporting cell transcriptional diversity using single-cell RNA-Seq: Validation in the adult mouse
and translational implications for the adult human cochlea. Front. Mol. Neurosci. 2020, 13, 13. [CrossRef]

Cheng, C.; Wang, Y.; Guo, L.; Lu, X.; Zhu, W.; Muhammad, W.; Zhang, L.; Lu, L.; Gao, J.; Tang, M. Age-related transcriptome
changes in Sox2+ supporting cells in the mouse cochlea. Stem Cell Res. Ther. 2019, 10, 1-18. [CrossRef] [PubMed]


http://doi.org/10.3389/fncel.2015.00110
http://www.ncbi.nlm.nih.gov/pubmed/25873862
http://doi.org/10.1038/srep11621
http://doi.org/10.3389/fncel.2018.00120
http://doi.org/10.3389/fncel.2015.00066
http://doi.org/10.1073/pnas.1202774109
http://www.ncbi.nlm.nih.gov/pubmed/22562792
http://doi.org/10.1073/pnas.1219952110
http://doi.org/10.1242/dev.087528
http://doi.org/10.1038/srep29418
http://doi.org/10.1073/pnas.1415901112
http://www.ncbi.nlm.nih.gov/pubmed/25535395
http://doi.org/10.1523/JNEUROSCI.0060-16.2016
http://doi.org/10.1016/j.devcel.2015.05.025
http://doi.org/10.7554/eLife.55249
http://www.ncbi.nlm.nih.gov/pubmed/32602462
http://doi.org/10.2741/4445
http://doi.org/10.3389/fcell.2017.00021
http://www.ncbi.nlm.nih.gov/pubmed/28393066
http://doi.org/10.1016/j.neulet.2016.12.032
http://doi.org/10.1038/s41598-019-50485-6
http://www.ncbi.nlm.nih.gov/pubmed/31578350
http://doi.org/10.3390/jcdd6010002
http://doi.org/10.1016/j.ydbio.2008.07.004
http://doi.org/10.1016/j.celrep.2019.06.028
http://doi.org/10.1016/j.ydbio.2013.06.022
http://doi.org/10.1007/s10162-015-0517-9
http://www.ncbi.nlm.nih.gov/pubmed/25895579
http://doi.org/10.1038/srep06885
http://doi.org/10.1038/s41586-018-0570-8
http://doi.org/10.1038/s41586-018-0728-4
http://doi.org/10.3389/fncel.2021.759223
http://www.ncbi.nlm.nih.gov/pubmed/34819838
http://doi.org/10.3389/fnmol.2020.00013
http://doi.org/10.1186/s13287-019-1437-0
http://www.ncbi.nlm.nih.gov/pubmed/31791390

Int. J. Mol. Sci. 2022, 23, 66 16 of 16

77.

78.

79.

80.

81.

82.
83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

McGovern, M.M.; Randle, M.R.; Cuppini, C.L.; Graves, K.A.; Cox, B.C. Multiple supporting cell subtypes are capable of
spontaneous hair cell regeneration in the neonatal mouse cochlea. Development 2019, 146, dev171009. [CrossRef]

Liu, Z.; Fang, J.; Dearman, J.; Zhang, L.; Zuo, J. In vivo generation of immature inner hair cells in neonatal mouse cochleae by
ectopic Atohl expression. PLoS ONE 2014, 9, e89377. [CrossRef]

Kempfle, J.S.; Turban, J.L.; Edge, A.S. Sox2 in the differentiation of cochlear progenitor cells. Sci. Rep. 2016, 6, 23293. [CrossRef]
[PubMed]

Cai, T,; Jen, H.-L; Kang, H.; Klisch, T.].; Zoghbi, H.Y.; Groves, A.K. Characterization of the transcriptome of nascent hair cells and
identification of direct targets of the Atohl transcription factor. J. Neurosci. 2015, 35, 5870-5883. [CrossRef]

Jen, H.-I; Hill, M.C,; Tao, L.; Sheng, K.; Cao, W.; Zhang, H.; Haoze, V.Y.; Llamas, J.; Zong, C.; Martin, ].F. Transcriptomic and
epigenetic regulation of hair cell regeneration in the mouse utricle and its potentiation by Atohl. Elife 2019, 8, e44328. [CrossRef]
Li, H. Epigenetic and Signaling Pathway Regulation in Hair Cell Regeneration; iMedPub LTD: London, UK, 2015.

Layman, W.S.; Zuo, ]. Epigenetic regulation in the inner ear and its potential roles in development, protection, and regeneration.
Front. Cell. Neurosci. 2015, 8, 446. [CrossRef]

Doetzlhofer, A.; Avraham, K.B. Insights into inner ear-specific gene regulation: Epigenetics and non-coding RNAs in inner ear
development and regeneration. Semin. Cell Dev. Biol. 2017, 65, 69-79. [CrossRef]

Stojanova, Z.P.; Kwan, T.; Segil, N. Epigenetic regulation of Atohl guides hair cell development in the mammalian cochlea.
Development 2016, 143, 1632. [CrossRef]

Zhou, Y.; Hu, Z. Epigenetic DNA demethylation causes inner ear stem cell differentiation into hair cell-like cells. Front. Cell.
Neurosci. 2016, 10, 185. [CrossRef]

Layman, W.; Williams, D.; Dearman, J.; Sauceda, M.; Zuo, J. Histone deacetylase inhibition protects hearing against acute
ototoxicity by activating the Nf-« B pathway. Cell Death Discov. 2015, 1, 1-7. [CrossRef]

Matys, V.; Kel-Margoulis, O.V.; Fricke, E.; Liebich, I.; Land, S.; Barre-Dirrie, A.; Reuter, I.; Chekmenev, D.; Krull, M.; Hornischer, K.
TRANSFAC® and its module TRANSCompel®: Transcriptional gene regulation in eukaryotes. Nucleic Acids Res. 2006, 34,
D108-D110. [CrossRef]

Portales-Casamar, E.; Thongjuea, S.; Kwon, A.T.; Arenillas, D.; Zhao, X.; Valen, E.; Yusuf, D.; Lenhard, B.; Wasserman, W.W.;
Sandelin, A. JASPAR 2010: The greatly expanded open-access database of transcription factor binding profiles. Nucleic Acids Res.
2010, 38, D105-D110. [CrossRef] [PubMed]

Kulakovskiy, I.V.; Medvedeva, Y.A.; Schaefer, U.; Kasianov, A.S.; Vorontsov, LE.; Bajic, V.B.; Makeev, V.J. HOCOMOCO: A
comprehensive collection of human transcription factor binding sites models. Nucleic Acids Res. 2013, 41, D195-D202. [CrossRef]
[PubMed]

Weirauch, M.T,; Yang, A.; Albu, M.; Cote, A.G.; Montenegro-Montero, A.; Drewe, P.; Najafabadi, H.S.; Lambert, S.A.; Mann, L;
Cook, K. Determination and inference of eukaryotic transcription factor sequence specificity. Cell 2014, 158, 1431-1443. [CrossRef]
Janky, R.; Verfaillie, A.; Imrichova, H.; Van de Sande, B.; Standaert, L.; Christiaens, V.; Hulselmans, G.; Herten, K.;
Naval Sanchez, M.; Potier, D.; et al. iRegulon: From a gene list to a gene regulatory network using large motif and track
collections. PLoS Comput. Biol. 2014, 10, e1003731. [CrossRef] [PubMed]

Sun, S.; Li, S.; Luo, Z.; Ren, M.; He, S.; Wang, G.; Liu, Z. Dual expression of Atohl and Ikzf2 promotes transformation of adult
cochlear supporting cells into outer hair cells. Elife 2021, 10, e66547. [CrossRef]

Qian, D.; Radde-Gallwitz, K.; Kelly, M.; Tyrberg, B.; Kim, J.; Gao, W.Q.; Chen, P. Basic helix-loop-helix gene Hes6 delineates the
sensory hair cell lineage in the inner ear. Dev. Dyn. Off. Publ. Am. Assoc. Anat. 2006, 235, 1689-1700. [CrossRef]

Solter, M.; Locker, M.; Boy, S.; Taelman, V.; Bellefroid, E.J.; Perron, M.; Pieler, T. Characterization and function of the bHLH-O
protein XHes2: Insight into the mechanisms controlling retinal cell fate decision. Development 2006, 133, 4097-4108. [CrossRef]
[PubMed]

Bae, S.; Bessho, Y.; Hojo, M.; Kageyama, R. The bHLH gene Hes6, an inhibitor of Hesl, promotes neuronal differentiation.
Development 2000, 127, 2933-2943. [CrossRef]

Kousa, Y.A; Zhu, H.; Fakhouri, W.D,; Lei, Y.; Kinoshita, A.; Roushangar, R.R.; Patel, N.K.; Agopian, A.; Yang, W.; Leslie, E.]. The
TFAP2A-IRF6-GRHL3 genetic pathway is conserved in neurulation. Hum. Mol. Genet. 2019, 28, 1726-1737. [CrossRef] [PubMed]
Klisch, T.J.; Xi, Y.; Flora, A.; Wang, L.; Li, W.; Zoghbi, H.Y. In vivo Atoh1 targetome reveals how a proneural transcription factor
regulates cerebellar development. Proc. Natl. Acad. Sci. USA 2011, 108, 3288-3293. [CrossRef] [PubMed]

Kobayashi, A.; Valerius, M.T.; Mugford, ].W.; Carroll, TJ.; Self, M.; Oliver, G.; McMahon, A.P. Six2 defines and regulates a
multipotent self-renewing nephron progenitor population throughout mammalian kidney development. Cell Stem Cell 2008, 3,
169-181. [CrossRef] [PubMed]


http://doi.org/10.1242/dev.171009
http://doi.org/10.1371/journal.pone.0089377
http://doi.org/10.1038/srep23293
http://www.ncbi.nlm.nih.gov/pubmed/26988140
http://doi.org/10.1523/JNEUROSCI.5083-14.2015
http://doi.org/10.7554/eLife.44328
http://doi.org/10.3389/fncel.2014.00446
http://doi.org/10.1016/j.semcdb.2016.11.002
http://doi.org/10.1242/dev.137976
http://doi.org/10.3389/fncel.2016.00185
http://doi.org/10.1038/cddiscovery.2015.12
http://doi.org/10.1093/nar/gkj143
http://doi.org/10.1093/nar/gkp950
http://www.ncbi.nlm.nih.gov/pubmed/19906716
http://doi.org/10.1093/nar/gks1089
http://www.ncbi.nlm.nih.gov/pubmed/23175603
http://doi.org/10.1016/j.cell.2014.08.009
http://doi.org/10.1371/journal.pcbi.1003731
http://www.ncbi.nlm.nih.gov/pubmed/25058159
http://doi.org/10.7554/eLife.66547
http://doi.org/10.1002/dvdy.20736
http://doi.org/10.1242/dev.02567
http://www.ncbi.nlm.nih.gov/pubmed/17008450
http://doi.org/10.1242/dev.127.13.2933
http://doi.org/10.1093/hmg/ddz010
http://www.ncbi.nlm.nih.gov/pubmed/30689861
http://doi.org/10.1073/pnas.1100230108
http://www.ncbi.nlm.nih.gov/pubmed/21300888
http://doi.org/10.1016/j.stem.2008.05.020
http://www.ncbi.nlm.nih.gov/pubmed/18682239

	Introduction 
	Targeting Signaling Pathways for Hair Cell Regeneration 
	Targeting Notch Signaling for Hair Cell Regeneration 
	Targeting Wnt Signaling for Hair Cell Regeneration 
	Combinational Approaches for Hair Cell Regeneration 
	Modulating Transcription Factors for Hair Cell Regeneration 
	SC Subpopulations and Hair Cell Regeneration 
	Finding Additional Transcription Factors as Novel Targets for Hair Cell Regeneration 
	Investigating Epigenetic Regulation of Hair Cell Development and Regeneration 
	In Silico Approaches to Finding Novel Gene Targets 
	Conclusions 
	References

