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Abstract

Sensory hair cells (HCs) are highly susceptible to damage by noise, ototoxic drugs, and aging. Although HCs cannot be
spontaneously regenerated in adult mammals, previous studies have shown that signaling pathways are involved in HC regen-
eration in the damaged mouse cochlea. Here, we used a Notch antagonist (DAPT), a Wnt agonist (QS11), and recombinant
Sonic hedgehog (SHH) protein to investigate their concerted actions underlying HC regeneration in the mouse cochlea after
neomycin-induced damage both in vivo and in vitro. With DAPT, the numbers of HCs increased, and supporting cell (SC)
proliferation was seen in both the intact and damaged cochlear sensory epithelia, while these numbers were unchanged in
the presence of QS11. When simultaneously treated with DAPT and QS11, the number of HCs increased dramatically, and
much greater SC proliferation was seen in the cochlear epithelium. In transgenic mice with both Notchl conditional knock-
out and p-catenin over-expression, cochlear SC proliferation and HC regeneration were more obvious than in either Norchl
knockout or f-catenin over-expressing mice separately. When cochleae were treated with DAPT, QS11, and SHH together,
SC proliferation was even greater, and this proliferation was seen in both the HC region and the greater epithelial ridge.
High-throughput RNA sequencing was used to identify the differentially expressed genes between all groups, and the results
showed that the SHH and Wnt signaling pathways are involved in SC proliferation. Our study suggests that co-regulation of
the Notch, Wnt, and SHH signaling pathways promotes extensive cell proliferation and regeneration in the mouse cochlea.
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Introduction

The mammalian cochlea has very limited spontaneous hair
cell (HC) regeneration ability, and such regeneration is only
seen at embryonic or very early neonatal ages and the quan-
tity and quality of this limited spontaneous HC regeneration
cannot restore cochlear function (Jung et al. 2013). When
the inner ear sensory HCs are damaged, there is no sponta-
neous HC regeneration in the adult cochlea, and this leads
to permanent hearing loss (Herranen et al. 2020; Nakano
et al. 2020). Thus, stimulating sensory precursor cell prolif-
eration and transdifferentiation into new HCs might be an
effective method for rescuing hearing dysfunction (Yamoah
et al. 2020).

Signaling pathways play fundamental roles in biologi-
cal activities, and many signaling pathways have crosstalk
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with each other, which is also the case in the period of inner
ear development and during HC regeneration (Jayasena
et al. 2008; Petrovic et al. 2015; Roccio and Edge 2019).
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Therefore, regulating these signaling pathways is likely to be
an effective way to stimulate sensory progenitor cell prolifera-
tion and differentiation into new HCs. The Notch, Wnt, and
Sonic hedgehog (SHH) signaling pathways play critical roles
in controlling inner ear sensory cell proliferation and differen-
tiation (Roccio and Edge 2019). The Notch signaling pathway
induces supporting cell (SC) and HC proliferation and differ-
entiation via lateral inhibition during the early development of
the inner ear (Daudet and Zak 2020; Takebayashi et al. 2007),
and the Wnt signaling pathway controls sensory progenitor
cell polarity, proliferation, specification, and differentiation
(van Amerongen and Nusse 2009). The SHH pathway plays
an important role in inner ear development (Driver et al. 2008)
and regulates cochlear HC differentiation (Benito-Gonzalez
and Doetzlhofer 2014; Bok et al. 2013). The Notch and Wnt
signaling pathways also crosstalk with each other in regulating
and maintaining the balance between cell proliferation and
differentiation in many tissues (Fre et al. 2009; Munnamalai
and Fekete 2020). SHH and Notch function together to main-
tain various neuronal progenitor cell populations (Takanaga
et al. 2009; Wu et al. 2012), and the interaction between Wnt
and SHH signaling is important for the dorsal polarity of oto-
cysts (Ohta and Schoenwolf 2018), and both pathways are
required for the formation of the semicircular canals (Hwang
et al. 2019). However, the crosstalk between the Notch, Wnt,
and SHH signaling pathways in regulating the proliferation
and regeneration of sensory progenitor cells in the mouse
cochlea has not been reported in detail.

Therefore, we cultured neonatal mouse cochleae with
DAPT, QS11, and/or SHH together with the cell prolifera-
tion marker EdU for 3 days. Also, we damaged the HCs with
neomycin and then treated the cochleae with DAPT, QS11,
and/or SHH for 7 days. Furthermore, using transgenic mice,
we found that that Notch inhibition and Wnt activation could
promote greater proliferation and regeneration of SCs and
HCs compared to only inhibiting the Notch pathway. Moreo-
ver, simultaneously activating the Wnt and SHH signaling
pathways could further collaborate with DAPT to promote
the proliferation of sensory progenitor cells. Thus, our work
presents novel information about the Notch, Wnt, and SHH
signaling pathways and their crosstalk in regulating sensory
cell proliferation and regeneration and suggests a new way
to regenerate more mammalian HCs after they are damaged.

Materials and methods

Animals

Wild-type neonatal (postnatal day (PO-P4) C57BL/6j mice
were from Fudan Medical School (Shanghai, China), and

Atoh1-EGFP, Notchl-flox (exonl), and Catnb-flox (exon3)
mice were purchased from the Jackson Laboratories.
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Sox2-Cre-ER mice were a gift from Dr. Konrad Hochedlinger
of Harvard University. The care and use of animals were
approved by the Institutional Animal Care and Use Commit-
tee of Fudan University in compliance with the NIH guide-
lines for the care and use of laboratory animals.

Organotypic culture of wild-type mouse cochleae

The mice were euthanized by carbon dioxide asphyxiation
and decapitated, and the heads were placed in 75% ethanol
and quickly transferred to chilled Hanks’ balanced salt solu-
tion (HBSS). The temporal bones were dissected out, and the
cochleae were isolated from the temporal bones using sterile
procedures in ice-cold HBSS. The stria vascular and spiral
ganglion were removed with fine forceps.

Explants of the organ of Corti were placed intact on
polylysine-coated cover glasses (Sigma, St. Louis, MO,
USA) and maintained in four-well culture dishes (Greiner
Bio-One, Frickenhausen, Germany) in Dulbecco’s modified
Eagle’s medium (DMEM) and F12 medium supplemented
with N2 and B27 (Invitrogen/GIBCO/BRL, Carlsbad, CA,
USA) and 50 IU/mL penicillin (Sigma, St. Louis, MO,
USA). The tissues were incubated at 37 °C in a humidified
atmosphere of 5% CO,.

Treatment of cochlear cultures

Cultures were exposed to culture medium with 10% FBS for
about 2 h and then given the following treatments: DAPT
(y-secretase inhibitor IX, N-[N-(3,5-difluorophenacetyl)-1-
alanyl]-S-phenylglycinet-butylester, EMD, Gibbstown, NJ,
USA); QS11 ((2S)-2-[2-(indan-5-yloxy)-9-(1,1"-biphenyl-
4-yl) methyl]-9H—purin-6-ylamino)-3-phenyl-propan-1-ol,
Tocris Biosciences, Ellisville, Missouri, USA), which modu-
lates ARF-GTP levels and synergizes with the Wnt/p-catenin
signaling pathway to upregulate -catenin nuclear transloca-
tion; and recombinant SHH protein (R & D Systems, Min-
neapolis, MN, USA), which activates the SHH signaling
pathway. All compounds were dissolved in sterile dimethyl-
sulphoxide (DMSO, Sigma, St. Louis, MO, USA) to a certain
concentration (DAPT 10 mM, QS11 10 mM, SHH 100 pg/
ml) and stored in aliquots at —20 °C before dilution in culture
medium to their final concentration immediately prior to use.
The cochlear explants were treated with 5 uM DAPT and
10 pM QS11 and/or 200 ng/ml SHH for 3 days. Control cul-
tures were incubated in 0.1% DMSO or PBS. The cell prolif-
eration marker EdU (5-ethynyl-2'-deoxyuridine, Invitrogen,
Grand Island, NY, USA), which is efficiently incorporated into
newly synthesized DNA, was added to the culture medium at
a concentration of 10 pM for the entire culture period.
Another group of cochlear explants were treated with
1 mM neomycin (Sigma, St. Louis, MO, USA) for 16 h
and then thoroughly rinsed in fresh medium. The cultures
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were then treated with 5 pM DAPT and 10 pM QS11 and/or
200 ng/ml SHH along with 10 pM EdU for another 7 days
(Kersigo et al. 2021). Control cultures were cultured in 0.1%
DMSO or PBS.

Treatment of Notch1 knockout and B-catenin
over-expression mouse cochleae

Sox2-CreER and Notch1-flox (exonl) mice were mated with
Catnb-flox (exon3) mice to generate Sox2-CreER, Notch1-
flox (exonl), and Catnb-flox (exon3) mice. Littermates with-
out Notch1-flox (exon1) or without Catnb-flox (exon3) were
used as controls. Tamoxifen (2 mg/25 g body weight, Sigma,
St. Louis, MO, USA) was given to the female mice by intra-
peritoneal injection, and the mother transferred the tamox-
ifen to the pups via her milk to activate the Cre recombinase.
EdU (50 mg/kg) was given to the pups by intraperitoneal
injection twice a day for 7 days. The pups were sacrificed
at 7 days, and their cochleae were dissected out for sub-
sequent immunohistochemistry processing. The mice were
genotyped after being sacrificed.

We also dissected the cochleae from PO to P1 mice and
cultured the cochleae. All of the pups were genotyped after
being sacrificed. After 2 h of adhering, the cultured cochleae
were exposed to 1.0 mM neomycin in the culture medium
for 16 h. The cultures were washed thoroughly with fresh
medium and then treated with 1 pM tamoxifen (Sigma, St.
Louis, MO, USA) for 2 days and then incubated in culture
medium containing 10 pM EdU for another 7 days.

Immunohistochemistry

The cultured cochleae were harvested and fixed for 30 min at
room temperature with 4% paraformaldehyde in 0.1 M phos-
phate buffer and then thoroughly rinsed with 0.01 M PBS.
After being permeabilized in 0.5% Triton X-100 in PBS
(PBST) for 30 min at room temperature, the proliferating
cells were labeled with EQU (Click-iT EdU Alexa Fluor 488
Imaging Kit, Invitrogen, Carlsbad, CA, USA) for another
30 min according to the manufacturer’s protocol. The tissues
were blocked with 10% horse serum in PBST for 30 min,
and the HCs were labeled with the rabbit antibody against
Myo7a (1:500 dilution; Proteus Biosciences, Ramona, CA,
USA) and the goat polyclonal antibody against Sox2 (1:200
dilution; Santa Cruz Biotechnology, Santa Cruz, CA, USA)
at 4 °C overnight.

After being washed with PBST to remove the unbound
antibodies, the tissues were incubated with donkey antirab-
bit (1:500 dilution; Invitrogen, Grand Island, NY) and don-
key antigoat (1:200 dilution; Invitrogen, Grand Island, NY)
diluted in PBST for 1 h at room temperature to visualize
Myo7a and Sox2, respectively. The tissues were stained with

4', 6-diamidino-2-phenylindole dihydrochloride (DAPI) for
5 min at room temperature to visualize the cell nuclei.

To detect functional mechanoelectrical transduction chan-
nels, 5 pM FM1-43 (Thermo Fisher Scientific, Eugene, OR,
USA) was incubated with the cultured organ of Corti for 30 s
and then washed with PBS for three times before fixation.

Image acquisition and quantification

The fluorescent antibody-labeled organ of Corti samples
was visualized using a Nikon (Miyagi, Japan) Eclipse 80i
microscope, and the high-magnification fluorescent images
were obtained with a Leica TCS SP5 microscope (Wetzlar,
Germany). Cells were counted manually with the Imagel
software (Wayne Rosband, NIH, USA). The whole-mount
cochleae were split into the apical, middle, and basal turns
for counting the EdU-labeled cells, Sox2-labeled cells, and
Myo7a-labeled cells. All cells were counted per 100-um
length of the cochlea. The length of each region was meas-
ured by drawing a line between inner and outer HCs using
the ImageJ software. At least five samples in each group
from three independent experiments were collected for sta-
tistical analysis. The cell counts for the control and treated
groups were compared using Student’s ¢-test.

RNA extraction for RNA-Seq analysis

Ten cultured cochleae from independent culture groups were
dissolved in RNALater, and RNA-Seq libraries were gener-
ated using the SMART-Seq® v4 Ultra® Low Input RNA Kit
for Sequencing (Takara Bio USA, Mountain View, CA, USA).
Quality control of the raw sequencing data was performed
using FastQC (http://www.bioinformatics.babraham.ac.uk/).
Adaptors were trimmed and low-quality reads were removed
using Trimmomatic (Bolger et al. 2014). Alignment to the
mouse reference genome (mm10) was done with Hisat2, and
aligned reads were counted with HTseq (https://doi.org/10.
1093/bioinformatics/btu638) according to the UCSC mm10
annotation. Differential expression analysis between condi-
tions was performed using the DESeq2 R package (Love
et al. 2014), and genes with an adjusted p-value <0.05
and fold-change > 1.5 were considered to be differentially
expressed. Gene ontology analysis of the significantly differ-
entially expressed genes was done with DAVID, and pheat-
map in the R package was used to generate heatmaps.

We also performed quantitative real-time PCR (qQRT-PCR)
to validate the differentially expressed genes. Three to five
cultured cochleae from independent culture groups were
pooled and dissolved in 500 pl TRIzol (Invitrogen), and the
total RNA was extracted using the RNeasy Micro Kit (QIA-
GEN, Hilden, Germany) according to the manufacturer’s
protocol. The mRNA was reverse-transcribed to synthesize
cDNA using the GoScript™ Reverse Transcription System
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«Fig.1 Co-treatment with DAPT and QS11 promotes SC prolifera-
tion and HC regeneration in the cochlea in vitro in an age-dependent
manner. The PO-P1 cochleae were cultured with 10 pM QS11 a or
5 pM DAPT b or with both QS11 and DAPT c¢ for 3 days. There were
significantly greater numbers of EdU+/Sox2+cells and EdU+/
Myo7a+cells in the apex of the cochlea compared to the DAPT-only
group and the QS11-only group. The EdU +cells in the DAPT +QS11
co-treated cochleae were seen throughout the sensory cell region in
the apical turn. Scale bar=20 pm. A control cochlea treated with vehi-
cle is shown in d (Scale bar=50 pm). The histograms show the dif-
ferences in the numbers of EdU +cells e and Myo7a+cells f between
these groups. The cells were counted per 100-pm length along the
cochlea. The numbers of EdU +cells were counted between the outer
HCs and the inner HCs. (*p<0.05, **p<0.01, ***p<0.001). The
P4 cochleae were cultured with 10 pM QS11 g-g’” or 5 uM DAPT
h-h’” or with both QS11 and DAPT i-i’” for 3 days. The num-
ber of EdU+and Myo7a+cells was greater than in the DAPT-only
and QS11-only groups, while the numbers of Myo7a+-cells and
EdU +cells in the sensory area were fewer compared to PO-P1 coch-
leae with the same treatment. Scale bar=20 pm. The histograms show
the differences in the numbers of Myo7a+cells j and EdU +cells
k in the apical turn of the cochlea between the PO-P1 mice and the
P4 mice for the different treatment groups. The cells were counted
per 100-pm length along the cochlea. The numbers of EdU 4 cells
were counted between the outer HCs and the inner HCs. (*p <0.05,
**p<0.01, ¥**p <0.001)

(Promega, Maddison, WI, USA). qRT-PCR was performed
using the GoTag® qPCR Master Mix (Promega, Maddison,
WI, USA), 1 pl retrotranscribed cDNA, and gene-specific
primer sets in a volume of 20 pl in a LightCycle 480 (Roche).
GAPDH was used for calibration. Each qRT-PCR was per-
formed in triplicate in a volume of 20 pL using a StepOne
Plus Real-Time PCR System (Applied Biosystems, Foster
City, CA) for 35 cycles. Gene expression levels in the sam-
ples of each group were calculated using the comparative CT
method where AACT=ACT sample — ACT control and the
fold change =2"24¢T,

Statistics

All data were analyzed with the GraphPad Prism software using a
two-tailed, unpaired Student’s #-test when comparing two groups
or with a one-way ANOVA followed by a Dunnett’s multiple
comparisons test when comparing more than two groups. All
data are expressed as either a percentage or as the mean+SEM.
p-Values <0.05 were considered statistically significant.

Results
Notch inhibition along with Wnt activation
promotes SC proliferation and HC regeneration

in the cochlea in vitro in an age-dependent manner

In the QS11-treated cochleae, there were no obvi-
ous EdU +/Sox2 +cells or EdU +/Myo7a + cells in

the sensory epithelium, and the number of HCs did not
change significantly (Fig. 1(a, d—f)). In the DAPT-only
cochleae, numerous EdU + /Sox2 + cells and EdU +/
Myo7a+ cells were observed with a gradient from the
apex to the base, with most cells seen in the apex, which
was consistent with the literature (Matei et al. 2005). The
number of HCs (HCppr 80.09 +2.454/100 pm, N=6)
was significantly increased compared to the control group
HC niror 40.87 £2.692/100 um, N=6)(p <0.05, DAPT
vs control) (Fig. 1(b, d—f)). In the DAPT + QS11 co-
treated cochleae, there were significantly more EAU +/
Sox2 +cells and EAU +/Myo7a+ cells (EdU cellpzprigsi
37.51+£3.845/100 um, N =13) compared to the QS11-
only group (EdU cellyg;; 0.0+0.0, N=5) (p<0.001,
DAPT +QS11 vs. QS11) and the DAPT-only group (EdU
cellppp 17.93 +£3.252, N=6) (p<0.05, DAPT +QS11 vs.
DAPT) (Fig. 1(c—f)). The EdU + cells of the co-treated
group were spread throughout the HC region, and the
number of HCs (HCpaprigsyp 100.6 £3.731/100 pm,
N=13) increased more than in the QS11-only (HC(g;,
42.24 +1.390/100 pm, N=5) (p <0.001, DAPT +QS11 vs.
QS11) and the DAPT-only groups (p <0.01, DAPT +QS11
vs. DAPT) (Fig. 1(a—c, e-f)).

We also used FM1-43 to label HCs with active mecha-
notransduction channels. FM1-43 fluorescence could be
seen in the EAU +/Myo7a + cells in the cultured cochleae
of the DAPT + QS11 group (Supplementary Fig. 1), sug-
gesting that the mitotically regenerated HCs after DAPT
and QS11 co-treatment had active mechanotransduction
channels.

To further investigate whether Wnt upregulation and
Notch inhibition could also induce cochlear SC prolif-
eration and HC regeneration in older mice, we isolated
P4 mouse cochleae and treated them with DAPT and/or
QS11 and EdU. In the DAPT + QS11 group, there were
also some EdU +/Sox2 + cells and EdU +/Myo7a + cells
in the sensory cell region of the cochlea(EdU cellpprigsii
14.29+1.769/100 pm, N=7) (Fig. 1(i’-i’”)), and the num-
ber of EAU + cells was greater than in the DAPT-only group
(EdU cellppr 2.5 +£0.646/100 um, N=5) (Fig. I1(h’-h’”,
1’-1"7,j)) (p<0.01, DAPT+QS11 vs. DAPT). The number
of HCs also increased and was greater than the control and
DAPT-only groups (HCpaprigsiy 78-25 £4.328/100 um,
N=7; HC_ po1 41.33+£1.626/100 um, N =5; HCp,pr
62.5+3.797/100 pym, N=5; p<0.01, DAPT + QS11 vs.
control; p <0.05, DAPT+QS11 vs. DAPT) (Fig. 1(g’-g’”,
h’-h’”, i’-1’”, k)). However, the number of EdU + cells
and HCs in the P4 mice was lower than in the PO-P1 mice
with the same treatment (for EAU + cells: p<0.01, P4 vs.
PO-P1 in DAPT-treated groups; p <0.001, P4 vs. PO-P1 in
DAPT + QS11-treated groups. For HCs: p<0.05, P4 vs.
PO-P1 in DAPT-treated group; p <0.01, P4 vs. PO-P1 in
DAPT + QS11-treated group) (Fig. 1(j, k)).
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Notch inhibition together with Wnt activation
promotes SC proliferation and HC regeneration
in damaged mouse cochleae in vitro

To investigate the effect of Wnt activation and Notch inhibi-
tion after HC ablation, we cultured PO—P1 mouse cochleae
with neomycin to damage the sensory HCs. After HC abla-
tion, the cochleae were treated with DAPT and/or QS11 and
EdU for 7 days.

After being treated with 1 mM neomycin for 16 h,
the DAPT-only group showed some EdU +/Sox2 + cells
and a few EdU +/Sox2 +/Myo7a + triple-positive cells
in the sensory epithelium region of the cochlea. The
EdU + cells were mostly in the apex of the cochlea
(EdU +cellspapr apex 10.8333 +1.108/100 um, N =6),
there were a few EdU + cells in the middle turn of the coch-
lea, and there were no obvious EdU + cells in the base of
the cochlea (EdU + cellspppr mid 3.600+0.51/100 ym;
base 0+0.00/100 um, N=6). The number of HCs was
increased (HCppp apex 55.167 +£3.646/100 pm; mid
36.333 £2.629/100 pm; base 9.500+0.957/100 pm,
N=6. HCy., apex 31.600+1.691/100 pm; mid
21.800+1.655/100 um; base 9.000+0.707/100 ym, N=7.
DAPT vs neomycin, apex p <0.001; mid p <0.01; base
p>0.05), suggesting that DAPT had induced the regenera-
tion of some new HCs (Fig. 2(a—a”, b-b”, e, f)).

In the DAPT + QS11 group, there were more EdU +/
Sox2 +and EdU +/Sox2 + /Myo7a + triple-positive cells
than in the DAPT-only group, and these EdU + cells were
mostly found in the apical sensory epithelium region of the
cochlea (EdU +cellppry g1t apex 24.500 +2.405/100 pm;
mid 6.600 +0.678/100 um; base 0.200 + 0.200/100 pm,
N=6. DAPT+QS11 vs. DAPT, p <0.01). There were also
more newly regenerated HCs induced by DAPT 4+ QS11 co-
treatment compared to the DAPT-only group (HCpupr.gsi1:
apex 79.167+3.572/100 um; mid 53.667 +2.044/100 pm;
base 12.333 +1.333/100 um, N=6. DAPT +QS11 vs.
DAPT, apex p<0.001; mid p <0.001; base p>0.05)
(Fig. 2(a—a”, b-b”, c—c”, d-d”, e, 1)).

To investigate whether EdU + cells could be induced
and whether new HCs could be regenerated in the sensory
HC region after the HCs were even more heavily dam-
aged, we treated the cultured cochleae with 2.0 mM neo-
mycin for 24 h prior to treating the cochleae with 5 pM
DAPT and/or 10 pM QS11 for 7 days. In the DAPT-only
group and the DAPT +QS11 group, there were still some
EdU +/Sox2 +cells and EdU +/Sox2 4+ /Myo7a+cells in
the apical turn of the cochlea and a few cells in the middle
turn (EdU +cellpapriqgsii: apex 10.167+1.276/100 pm;
mid 2.000+0.316/100 pm; base 0.000+0.000/100 um,
N=5. EdU +cellpspr apex 6.833+1.057/100 um; mid
1.600+0.510/100 pm; base 0.000+0.000/100 pm, N=6.).
Also, the number of EAU +/Sox2 + cells and EAU +/Sox2 +/
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Myo7a+cells in the DAPT+QS11 group was greater than
in the DAPT-only group (p <0.05, DAPT+QS11 vs. DAPT,
EdU +cells in apex), and there were more newly regenerated
HCs in the DAPT +QS11 group compared to the DAPT-
only group (HCpapriqsii: apex 53.000+3.066/100 pm;
mid 31.333+0.955/100 pm; base 10+0.894/100 um,
N=6. HCp,py apex 41.500+1.057/100 pm; mid
24.540.957/100 um; base 7.167 +£0.792/100 pm, N =6.
DAPT +QS11 vs. DAPT, p<0.01, HCs in apex; p <0.001,
HCs in mid) (Supplement Fig. 2).

We also used Atoh1-eGFP mice to further confirm whether
Notch inhibition and/or f-catenin upregulation could regener-
ate new HCs after the HCs were damaged. After exposure
to 2.0 mM neomycin for 16 h, the cultured cochleae were
treated with 5 pM DAPT and/or 10 pM QS11 for 7 days.
In the DAPT-only group and the DAPT+QS11 group, we
observed some EdU +/Sox2 +cells and EdU +/Sox2 +/
Atohl —EGFP + triple-positive cells in the apical turn of the
cochlea and a few in the middle turn (EdU + cellpopry g1
apex 14.000 + 1.844/100 pm; mid 4.400+1.030/100 pm;
base 0.200+0.200/100 um, N=6. EdU + cellp,pr apex
7.000 £+ 0.894/100 pm; mid 3.000+0.548/100 pum; base
0.143+0.143/100 um, N=6) (Fig. 2(g-g”, h-h”, j-”,
k—k”, 1)), and the number of HCs increased (HCpapr.qsi1:
apex 62.000+4.351/100 um; mid 41.667 +2.124/100 pm;
base 11.333+1.358/100 um, N=6. HCp,py apex
48.333 +1.424/100 ym; mid 29.333 +1.726/100 um; base
7.333+0.989/100 um, N=6) (Fig. 2(g-g”, h-h”, -7,
k-k”, m)). The number of EdU +cells and HCs induced by
DAPT +QS11 was greater than that induced by DAPT-only
treatment (DAPT +QS11 vs. DAPT, EdU +cells in the apex
p<0.01; HCs in the apex p <0.05; HCs in the middle p <0.01;
HC:s in the base p <0.05) (Fig. 2(I-m)).

These results suggest that inhibiting Notch signaling
induces regeneration of new HCs in the damaged cochlea and
that simultaneous Notch inhibition and Wnt activation induces
even more regenerated HCs in the damaged cochlea.

Co-regulation of Notch inhibition and Wnt
activation promotes SC proliferation and HC
regeneration in transgenic mouse cochleae

We made the Sox2-CreER mice and Notchl-flox (exonl)
mice and mated them with Catnb-flox (exon3) mice to gen-
erate Sox2-CreER, Notchl-flox (exonl), and Catnb-flox
(exon3) mice in which Wnt signaling was activated and
Notch signaling was inhibited specifically in Sox2 + SCs
(Fig. 3(a)). In control mice lacking the Sox2-CreER line,
the number of HCs was not significantly changed com-
pared to wild-type mice and no Sox2 +/EdU + or Myo7a+/
EdU + cells were observed in the sensory epithelium
(Fig. 3(b—b”)). In the cochleae of the Notchl-flox (f/f),
Catnb-flox (exon3) (f/+), and Sox2-CreER (+/—) mice,
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Fig.2 Co-treatment with DAPT and QS11 promotes SC prolifera-
tion and HC regeneration in neomycin-damaged cochleae in vitro.
The PO-P1 cochleae were cultured with 1.0 mM neomycin for
16 h, then treated with either media only a-a”, 5 pM DAPT b-b”,
10 pM QS11 c—c¢”, or both d—d” for another 7 days. The number of
Myo7a+cells was decreased in the apical, middle, and basal turns
of the cochlea, especially in the basal turn and middle turns in the
control and QS11-only groups. However, the numbers of EdU+/
Sox2+-cells and EdU +/Myo7a+cells were increased in the DAPT-
only and DAPT+QS11 groups, especially in the apical turn of the
cochlea. In addition, there were many more EdU + cells in the sensory
area of the cochlea than in the DAPT-only group, especially in the
apical turn of the cochlea (scale bar=20 pm). The histograms show
the differences in the numbers of EdU+cells e and Myo7a+cells
f in the different turns of the cochlea. The cells were counted per
100-um length along the cochlea, which was measured between the
outer HCs and the inner HCs (**p <0.01, ***p <0.001). The PO-P1
Atoh1-eGFP transgenic mouse cochleae were cultured with 2.0 mM
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neomycin for 16 h then treated with either media only g-g”, 5 pM
DAPT h-h”, 10 pM QSI11 i-i”, or both j—j” for another 7 days.
Myo7a+cells were clearly lost in the basal turn and the middle
turn of the cochlea in the control and QS11-only groups, and there
were no EdU+4/Sox2 +cells or EdU+/Myo7a+cells in the sensory
domain in these two groups. However, there were some EdU+/
Sox2 +cells and EdU+/Myo7a+cells in the sensory area of the
cochleae in the DAPT-only and the combination groups, with more
cells seen in the combination group compared to the DAPT-only
group, especially in the apical turn of the cochlea. The PO-P1 Atohl-
eGFP mouse cochleae were cultured only with EdU, and there were
no obvious EAU +/Sox2+cells or EAU +/Myo7a+cells in the sen-
sory area k. The histograms show the differences in the numbers of
EdU +cells 1 and Myo7a+cells m in different turns of the cochlea.
The cells were counted per 100-um length along the cochlea, which
was measured between the outer hair cells and the inner hair cells
(*p<0.05, **p<0.01)
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there were numerous Sox2 +/EdU + cells but only a few
Myo7a+/EdU +cells in the sensory epithelium. Most of
the EdU + cells were in the apical turn and in the pillar cell
region of the cochlea. The number of HCs was increased,
especially in the apical turn of the cochlea (Fig. 3(c—c”)).
The vast majority of the increased HCs were also Sox2 +and
EdU +, indicating that they were mitotically regenerated
immature HCs.

Co-regulation of Notch inhibition, Wnt activation,
and SHH activation promotes the proliferation
of cochlear sensory progenitor cells in vitro

PO-P1 mouse cochleae were treated with 5 pM DAPT,
10 pM QS11, and/or 200 ng/ml SHH for 3 days. In the SHH-
only group, there were no obvious EAU +/Sox2 +cells or

a 2 (f\\ ™ Harvest
A L | 11
N~ —~ PO EdU injection twice daily P7

Sox2-CreER mice Notch1-flox (exon1) mice

or — Cross +
WT mice Catnb-flox (exon3) mice

Base

Apex Mid

Sox2-CreER(-/-)
(WT)

Sox2-CreER(+/-)

Fig.3 Transgenic mouse model for Notchl inhibition and Wnt acti-
vation in SCs. The Sox2-CreER and Notchl-flox (exonl) mice were
crossed with Catnb-flox (exon3) mice to generate pups. Tamoxifen
(2 mg/25 g) was given to the female mice by intraperitoneal injection,
and the mother transferred the tamoxifen to the pups via her milk to
activate the Cre recombinase. EAU (50 mg/kg) was given to the pups
by intraperitoneal injection twice a day for 7 days a. In the Notchl-
flox (f/f), Catnb-flox (exon3) (f/+), and Sox2-CreER (—/—) mouse
cochleae, the number of Myo7a+cells was not changed and there
were no obvious Sox2+/EdU+or Myo7a+/EdU +cells in the sen-
sory epithelium in the apical b, the middle b’, or the basal b” turns,
while in the Notchl-flox (f/f), Catnb-flox (exon3) (f/+), and Sox2-
CreER (+/—) mouse cochleae there were also numerous Sox2+/
EdU +cells, but few Sox2+/EdU +cells, in the sensory epithelium.
Most of the EdU +cells were in the apical turn and in the pillar cell
region of the cochlea including the apical ¢, the middle ¢’, and the
basal ¢” turns. Scale bar =20 pm
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EdU +/Myo7a+ cells in the sensory area of the cochlea
(0.000+0.000, N=6), and the number of HCs showed no sig-
nificant changes (apex 39.017 +2.249; mid 35.060 +2.735;
base 27.500 +3.740, N=6) (Fig. 4(a—a”, d—d”, g)). In the
DAPT +QS11+ SHH group, there were many more EAU +/
Sox2 +cells and EdU +/Myo7a+cells in the sensory area
of the cochlea compared to the DAPT + QS11-treated group
(EdU + cellppprigsii+sun: apex 46.667 +3.211/100 pm; mid
14.000 +2.646/100 um; base 0.000+0.000/100 pm, N=5.
EdU + cellpspryqsii: apex 35.333 +3.947/100 um; mid
9.750+1.931/100 pm; base 0.000+0.000/100 pm, N=5)
(Fig. 4(b-b”, c—c”, e—e”, {7, h)), especially in the apical
turn of the cochlea (DAPT+QS11+SHH vs. DAPT+QS11,
EdU + cells in apex p <0.05) (Fig. 4(c—c”, =, h)). The
EdU +/Sox2 + cells in the DAPT + QS11+ SHH group
appeared not only in the HC region, but also in the greater
epithelial ridge (GER) of the cochlea, and there were
more EdU +/Sox2 + cells in the GER compared to the
DAPT + QS11-treated group (EdU +cellpsprigsii+sun
15.500 £2.221/100 pm, N=12; EdU + cellppprigsii
2.100+0.924/100 um, N=10; DAPT+QS11+ SHH vs.
DAPT +QS11: p<0.05) (Fig. 41", j—j°”, k=K', 1)).

Co-regulation of Notch inhibition, Wnt activation,
and SHH activation also promotes sensory
progenitor cell proliferation and HC regeneration
in neomycin-damaged cochleae in vitro

The PO-P1 mouse cochleae were treated with 1.0 mM
neomycin for 16 h then given 5 pM DAPT, 10 pM QS11,
and/or 200 ng/ml SHH for 7 days. In the DAPT + QS11-
treated group and the DAPT + QS11 4+ SHH-treated
group, there were some EdU +/Sox2 + cells and EdU +/
Myo7a+ cells in the sensory area of the cochlea
(EdU +cellpaprygsii+sun: apex 29.600 + 1.435/100 um;
mid 8.000 + 1.528/100 pm; base 0.000 +0.000/100 pm,
N=5. EdU + cellppprigsii: apex 22.600 +2.713/100 pm;
mid 5.333 +1.453/100 pm; base 0.000 +0.000/100 um,
N =35), and the number of HCs increased, especially in
the apical turn of the cochlea (HCpapriqsii+sun: apex
76.500 £4.515/100 pum; mid 31.333 +4.470/100 pm;
base 10.000 £2.517/100 um, N=6. HCppr,qs1): apex
74.167 +£4.556/100 pm; mid 33.667 +4.440/100 pm; base
8.333+1.764/100 um, N=5) (DAPT +QS11+ SHH vs.
SHH, HCs in the apex p <0.001) (Fig. 5(a—a”, b—b”, c—”,
d-d”, e-e”, f—f”, g)). The number of EAU + cells in the
sensory area of the cochlea in the DAPT + QS11 + SHH-
treated group was greater than that of the DAPT +QS11-
treated group (DAPT +QS11+ SHH vs. DAPT + QS11,
EdU + cells in the apex p < 0.05) (Fig. 5(h)).
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Fig.4 The role of SHH with DAPT and QS11 in the intact inner ear
in vitro. Neonatal PO-P1 cochleae were treated with either 200 ng/
ml SHH a-a”, d-d”, i-i’”, 5 pM DAPT, or 10 pM QS11 b-b”,
e—e”, j—-j’” or the combination of all three c—¢”, f—f’, k-k’” for
3 days. There were EdU +/Sox2 +cells and EdU +/Myo7a+cells in
the sensory area of the cochlea. The numbers of EdU +cells in the
DAPT+QS11+SHH group were much greater than those in the
DAPT+QS11 group a-a”, b-b”, c—¢”, especially in the apical turn
of the cochlea d-d”, e—e”, f—f’. There were many more EdU+/

The mechanism by which DAPT+QS11+SHH
co-treatment induces SC and HC proliferation

and regeneration in neomycin-damaged cochleae
in vitro

To systematically investigate the molecular mechanism under-
lying the effect of DAPT +QS11+4 SHH co-treatment, we
performed RNA-Seq analyses to assess the genome-wide
expression profiles in the cochleae from the neomycin-only
control group, the Neo+ SHH group, the Neo+DAPT+QS11
group, and the Neo+DAPT+QS11+SHH group. A total of
3359 DE (differentially expressed) genes between each group

+ +
+ +
10 12

Sox2 +cells in the GER of the cochlea in the DAPT +QS11+SHH
group compared to the other groups i-i’”, j—j’”, k-K’”. Scale
bar=20 pm. The histograms show the numbers of EdU +cells g and
Myo7a+cells h in the sensory domain and EAU +/Sox2 + cells in the
GER (1) in the different groups. The cells were counted per 100 pm
length along the cochlea, which was measured between the outer
hair cells and the inner hair cells (¥*p <0.05, **¥p <0.001), or were
counted per 30 pm? area of the GER of the cochlea (*** p <0.001)

were identified (Fig. 6a), and 429 DE genes between the
Neo+DAPT+QS11 group and the Neo+DAPT+QS11+SHH
group were identified. Gene ontology analysis suggested the
functional roles of these DE genes in sensory system develop-
ment (Fig. 6b).

Among the DE genes between these groups, we found
that the expression of many genes in the SHH, Hippo, Wnt,
Notch, and TGF-f pathways as well as many transcrip-
tion factors was not significantly different between the
Neo + SHH group and the control group.

In the Neo+DAPT +QS11 group and Neo+DAPT +
QS11+SHH group compared to the control group, the
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Fig.5 The role of SHH with DAPT and QS11 in the damaged inner
ear in vitro. Neonatal PO-P1 cochleae were cultured with 1.0 mM
neomycin for 16 h and then were treated with either 200 ng/ml SHH
a-a”, d-d”, 5 pM DAPT, or 10 pM QS11 b-b”, e-e” or the com-
bination of all three c—¢”, f—f” for 7 days. There were some EdU +/
Sox2+-cells and EdU+/Myo7a+cells in the sensory area of the
cochlea. The numbers of EdU+cells in the DAPT+QS11+SHH

upregulated genes included Ddit3 and Gadd45a in the cell
cycle pathway (Fig. 6b); Bmper, Serpinel, Tgfbl, Bmp2, and
Tgfbr2 in the TGF-p pathway (Fig. 6¢); Lix1l, Rassf2 in the
Hippo pathway (Fig. 6d); Pou4f3, Atohl, and Pou3f2 in the
transcription factor (TF) pathway (Fig. 6e); Lrpl, Wnt16, and

@ Springer

B Neo+SHH (n=7)
O Neo+DAPT+QS11 (n =5)
B Neo+DAPT+QS11+SHH (n = 6)

«Q

*kk

100 -
80 1
60 A
40 -

20 1

Myo7a+ cells / 100 ym

o

>

'S
')

*

>

R

EdU+ cells in the
HC region /100 pm
N
o

group were greater than those in the DAPT+QSI11 group a-a”,
b-b”, c—¢”, especially in the apical turn of the cochlea d-d”, e—e”,
f-f’ (scale bar=20 pm). The histograms show the numbers of
Myo7a+cells d and EdU+cells e in these groups. The cells were
counted per 100-pm length along the cochlea, which was meas-
ured between the outer hair cells and the inner hair cells (*p <0.05,

w5 <0.001)

Cd44 in the Wnt pathway (Fig. 6g); and Disp2 and Bmp?2 in
the SHH pathway (Fig. 6h). The downregulated genes included
Notch3, Jagl, Hes5, Hesl, Heyl, and Heyl in the Notch path-
way (Fig. 6f); Hipk2, Mob1b, Smadl, and Tead! in the Hippo
pathway (Fig. 6d); and Ptchl in the SHH pathway (Fig. 6h).



Cell and Tissue Research (2021) 386:281-296

291

a b (o

Cell Cycle
Color Key
and Histogram

Count
3000

0 1000

-2 -1 0 1 2 =
Row Z-Score Neomycin + + + +
SHH -+ +
DAPT - - + +

Qs11 - -+ 4+ Neomycin +

SHH
DAPT
Qs

Neomycin  +  + + o+ 4+ 4+ o+ o+ 4+ +
SHH e L T e
DAPT + 4+ + o+ o+
Qs11 + o+ o+ o+ 4+

Neomycin + + + Neomycin  +

+
SHH -+ + SHH
DAPT - - + DAPT
Qs - - o+ Qst1

Fig.6 Gene expression and related mechanisms involved in SC pro-
liferation and HC regeneration. DE genes in the neomycin control,
Neo+ SHH, Neo+DAPT+QS11, and Neo+DAPT+QS11+SHH
groups a. Red represents upregulated expression levels and blue rep-
resents downregulated expression levels. Each row represents one

Comparing the Neo+DAPT +QS11+ SHH group and the
Neo+DAPT +QS11 group, the upregulated genes included
Poudf3 and Atohl in the TF pathway (Fig. 6e); Rassf4, Fatl,
Fat3, etc., in the Hippo pathway; Cd44 and Fzd4 in the Wnt
pathway (Fig. 6g); and Bmper, Serpinel, and TgfbI in the
TGF-f pathway (Fig. 6¢). The downregulated genes included
Hesl, 1133, and Fabp7 in the Notch pathway (Fig. 6f), Wifl
in the SHH and Wnt pathways (Fig. 6g, h), and Meis and
Tshz3 in the Hippo pathway. These results indicated that
treatment with SHH alone could not significantly upregulate
the SHH pathway, while DAPT +QS11 co-treatment could.
The DAPT + QS 11 + SHH co-treatment induced even more
SC proliferation, likely via the TF, Hippo, and Wnt signaling
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gene, and each column represents one experimental group. The heat-
map shows the expression of DE genes involved in the cell cycle b,
TGF-B ¢, Hippo d, transcription factor e, Notch f, Wnt g, and SHH
h signaling pathways

pathways in response to neomycin-induced damage in the
cochlea (Fig. 7a).

The qRT-PCR also showed that the Jagl, Hesl, and
Hes5 genes were downregulated in the Neo + DAPT +QS11
and the Neo+ DAPT +QS11+ SHH groups compared
to the control group, while the f-catenin, Wntl16, Cd44,
Atohl, Poudf3, Bmp2, and Disp2 genes were upregulated
(Fig. 7b). These results were consistent with the RNA-Seq
results, which also indicated that Neo+DAPT +QS11 and
Neo+ DAPT +QS11+ SHH co-treatment could inhibit the
Notch signaling pathway and activate the Wnt and SHH
signaling pathways, while these pathways were unchanged
in the SHH-only group.
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Fig.7 Differential expression analysis between groups. Gene
ontology analysis was performed with the DE genes between the
Neo+DAPT+QS11 and Neo+DAPT+QS11+SHH groups a.
The results of qRT-PCR of some of the DE genes showed dif-

Discussion

Inner ear sensory HCs are required for hearing and bal-
ance functions. These highly differentiated mammalian
sensory HCs are vulnerable to damage by ototoxic drugs,
noise, genetic defects, etc., and they have a very limited
ability to spontaneously regenerate new HCs after being
damaged (Oesterle et al. 2008; Yamoah et al. 2020). In
contrast, damaged HCs can be regenerated through the
proliferation and differentiation of SCs in non-mam-
malian vertebrates (Hawkins et al. 2006). This ability
is absent in mammals largely because the SCs cannot
directly differentiate into HCs or undergo proliferation
followed by differentiation into HCs. Therefore, control-
ling the genes and signaling pathways associated with
HC regeneration in order to activate SC and HC prolif-
eration and differentiation is the ideal way to induce HC
regeneration.
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The orchestrated signaling pathways in cochlear
development and HC regeneration

The Notch, Wnt, and SHH signaling pathways all participate
in regulating the development of the inner ear. During inner
ear development, the Notch signaling pathway regulates the
directional differentiation of cells and the formation of chi-
meras (Daudet and Zak 2020; Yamamoto et al. 2006) and
plays important roles in the process of HC regeneration.
Inhibition of the Notch signaling pathway by y-secretase
inhibitors in newborn chickens and in neonatal and adult
mice induces significant numbers of newly regenerated
HC:s that derive from sensory progenitor cells or SCs (Lin
et al. 2011; Mizutari et al. 2013).

The Wnt signaling pathway also plays critical roles in
inner ear development and is involved in otic placode direc-
tional differentiation, cochlear duct extension, sensory cell
directional differentiation, and cell polarity regulation (Qian
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et al. 2007; van Amerongen and Nusse 2009). Activating
the Wnt signaling pathway promotes the proliferation and
colony formation of Lgr5 4 sensory progenitor cells in the
mouse cochlea (Chai et al. 2012).

SHH regulates the differentiation of HCs by influencing
the cell cycle of the progenitor cells located in the coch-
lea (Bok et al. 2013), and it plays an important role in HC
differentiation by regulating the expression of Atohl (Hu
et al. 2010).

Crosstalk between signaling pathways

The Notch and Wnt signaling pathways crosstalk with each
other on all different levels in cells in a variety of tissues (Fre
et al. 2009; Qian et al. 2015). p-catenin has a central position
in the Wnt signaling pathway and is the most active com-
ponent participating in the crosstalk with other pathways.
Studies have shown that, in the inner ear, the Wnt signal-
ing pathway can upregulate the expression of the Jagged],
Notchl, and Hesl genes, and these genes work through the
classical Wnt/p-catenin signaling pathway to regulate the
formation and size of the otic placode (Jayasena et al. 2008).

The Notch and SHH signaling pathways interact antago-
nistically to define the position and size of the prosensory
domain in the developing cochlea (Driver et al. 2008),
while the two pathways cooperate to maintain various neu-
ronal stem and progenitor cell populations (Munnamalai
and Fekete 2020; Wall et al. 2009). The balance between
Wnt and SHH signaling activities is key in distinguish-
ing between vestibular and auditory cell types (Hwang
et al. 2019; Riccomagno et al. 2005).

The role of the crosstalk between all three of the Notch,
Whnt, and SHH signaling pathways in sensory cell regen-
eration in the mammalian cochlea has not been reported
before. In this study, we report the effect of the combination
of Notch inhibition and Wnt activation and/or SHH signal-
ing activation in sensory cell proliferation and regeneration
in the damaged mouse cochlea. Notch pathway inhibition
promotes progenitor cell differentiation into HCs in the inner
ear (Jeon et al. 2011), while Wnt pathway activation pro-
motes progenitor cell proliferation in the neonatal mouse
cochlea (Chai et al. 2012). Our previous study found that
inhibiting the Notch signaling pathway could induce SC pro-
liferation and HC mitotic regeneration, while inhibiting the
Whnt signaling pathway decreased SC proliferation and HC
regeneration (Li et al. 2015). This means that the SC pro-
liferation and HC regeneration induced by Notch inhibition
are facilitated by activation of the Wnt signaling pathway.

In this study, we simultaneously inhibited the Notch sign-
aling pathway and upregulated the Wnt signaling pathway in
the mouse cochlea, and this induced much more SC prolif-
eration compared to Notch inhibition alone, and the mitoti-
cally regenerated HCs with DAPT +QS11 co-treatment

had active mechanotransduction channels. The same results
were obtained in transgenic mice in which the Notch path-
way was knocked out and the Wnt pathway was activated in
Sox2 + SCs. With increased age, however, the proliferation
and regeneration ability of the cochlear HCs and SCs induced
by inhibition of Notch and activation of Wnt decreased, which
may be due to the decreased expression of the Notch signal-
ing pathway along with sensory HC differentiation (Lanford
et al. 1999).

Notch signaling is upregulated after HC ablation in the
mouse cochlea (Batts et al. 2009). Many previous studies
have shown that Notch inhibition can generate new HCs by
transdifferentiation of SCs in response to ototoxic damage
(Lin et al. 2011). In our study, after HC ablation, simultane-
ous inhibition of Notch and activation of Wnt also promoted
greater SC proliferation and HC regeneration compared to
Notch inhibition alone. The experiments in the Atoh1-eGFP
mouse cochlea further confirmed this result.

The mechanism underlying the orchestrated
signaling and gene expression

We performed RNA-Seq and analyzed the gene expres-
sion between the SHH-treated group, the DAPT +QS11-
treated group, and the DAPT 4+ QS11 + SHH-treated group
in order to further explore the mechanism behind SC and
HC proliferation and regeneration. When comparing the
SHH-treated group with the control group, we found that
gene expression between these two groups showed almost
no differences. In contrast, 429 DE genes were identified
when comparing the Neo + DAPT + QS11 group with the
Neo+DAPT +QS11 + SHH group, including transcription
factor genes, Hippo pathway genes, Wnt pathway genes, and
TGF-p pathway genes. Thus, treatment with SHH could not
significantly upregulate the SHH pathway, but co-treatment
with DAPT + QS 11 could upregulate the SHH pathway and
induce SC proliferation and HC regeneration. Co-treatment
with DAPT +QS11 + SHH induced even more SC prolifera-
tion via the transcription factor, Hippo, and Wnt signaling
pathways.

These results suggest that the Wnt signaling pathway has
synergistic effects with the Hippo signaling pathway in pro-
moting SC proliferation and HC regeneration in the mouse
cochlea, and simultaneous Notch inhibition and Wnt acti-
vation induced significant SC proliferation and led to the
regeneration of numerous new HCs in the neonatal mouse
cochlea. The new HCs were mostly regenerated from trans-
differentiation of SCs, while some were mitotically regen-
erated from transdifferentiation of proliferating SCs and
only a few were regenerated directly from mitotic division
of surviving HCs. With the greater dose of neomycin and
greater damage to the HCs of the cochlea, we observed more
newly regenerated HCs by co-regulating the Notch and Wnt
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pathways compared to Notch inhibition alone. The sensory
cells in the apical turn of the cochlea have a greater capac-
ity for proliferation and mitotic generation compared to
the middle and basal turns. Thus, the SC proliferation and
HC regeneration were mostly seen in the apical turn of the
mouse cochlea.

When co-regulating the Notch, Wnt, and SHH signaling
pathways, the SHH pathway enhances the synergistic effects
of the Notch and Wnt pathways to induce greater sensory pro-
genitor cell proliferation not only in the HC area, but also in the
GER of the cochlea. Some genes are involved in mediating the
crosstalk between these signaling pathways (Chen et al. 2017),
and the interaction of these signaling pathways promotes sen-
sory progenitor cell proliferation and HC regeneration.

Some important genes involved in HC differentiation and
regeneration, such as p27, Hesl, and Hes5, are expressed in
the GER of the cochlea at different stages (Zheng et al. 2000;
Zine et al. 2001). Hesl and Hes5 are negative regulatory
genes of HC differentiation and might participate in HC
differentiation by antagonizing Afohl. Hesl was mainly
expressed in the GER and lesser epithelial ridge, while
Hes5 was mainly expressed in the lesser epithelial ridge
and in only a narrow band of cells in the GER (Gemmell
and Nelson 1992). Hes5-deficient mice have extra HCs, and
the extra HCs also express Atohl (Zine et al. 2001). In our
study, co-regulating the Notch, Wnt, and SHH pathways
downregulated Hes! and upregulated Afrohl more so than
in the mice in which only Notch and Wnt pathways were
co-regulated, and this might be the reason why there was
greater sensory progenitor cell proliferation in the GER of
the cochlea. The inner HCs might be derived from the cells
on the farthest side of the GER (Gemmell and Nelson 1992).
Taken together, our results suggest that co-regulating the
Notch, Wnt, and SHH pathways is an effective way to induce
more sensory progenitor cell proliferation that might lead to
the regeneration of new inner HCs.

Conclusions

In summary, we report that inhibition of the Notch signal-
ing pathway and activation of the Wnt signaling pathway
can induce SC proliferation and new HC regeneration after
the HCs have been damaged and that this effect is further
promoted by upregulation of the SHH signaling pathway.
Thus, co-regulation of the Notch, Wnt, and SHH signal-
ing pathways might provide a new and effective method for
inducing sensory progenitor cell proliferation and HC regen-
eration after HC damage in the mammalian inner ear and for
restoring hearing and balance functions.
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