8734 « The Journal of Neuroscience, August 17, 2016 - 36(33):8734 — 8745

Development/Plasticity/Repair

Extensive Supporting Cell Proliferation and Mitotic Hair Cell
Generation by In Vivo Genetic Reprogramming in the
Neonatal Mouse Cochlea
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The generation of hair cells (HCs) from the differentiation of proliferating supporting cells (SCs) appears to be an ideal approach for
replacing lost HCs in the cochlea and is promising for restoring hearing after damage to the organ of Corti. We show here that extensive
proliferation of SCs followed by mitotic HC generation is achieved through a genetic reprogramming process involving the activation of
B-catenin to upregulate Wnt signaling, the deletion of Notch1 to downregulate Notch signaling, and the overexpression of Atoh1 in Sox2 ™"
SCs in neonatal mouse cochleae. We used RNA sequencing to compare the transcripts of the cochleae from control mice and from mice
with B-catenin activation, Notch1 deletion, and [3-catenin activation combined with Notch1 deletion in Sox2™ SCs. We identified the
genes involved in the proliferation and transdifferentiation process that are either controlled by individual signaling pathways or by
the combination of Wnt and Notch signaling. Moreover, the proliferation of SCs induced by Notch1 deletion disappears after deleting
B-catenin in Notch1 knock-out Sox2 ™ cells, which further demonstrates that Notch signaling is an upstream and negative regulator of
Wnt signaling.
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We show here that the extensive proliferation of supporting cells (SCs) and the subsequent mitotic hair cell (HC) generation is
achieved through a genetic reprogramming process involving activation of 3-catenin to upregulate Wnt signaling, deletion of
Notch1 to downregulate Notch signaling, and overexpression of Atoh1 in Sox2 " SCs in neonatal mice cochleae. By comparing the
transcripts of the cochleae among controls, 3-catenin activation, Notch1 deletion, and 3-catenin activation combined with Notch1
deletion group, we identified multiple genes involved in the proliferation and transdifferentiation process that are either con-
trolled by individual signaling pathways or by the combination of Wnt and Notch signaling. This provides a better understanding
of the mechanisms behind mitotic HC generation and might provide new approaches to stimulating mitotic HC regeneration.

ignificance Statement

been identified in neonatal cochleae and the number of regener-
ated HCs is quite low (Bramhall et al., 2014; Cox et al., 2014).
Therefore, other strategies of generating HCs are needed for re-
storing hearing and balance function.

Introduction
Hair cell (HC) loss is the predominant cause for hearing and
balance disorders. In mammals, in vivo HC regeneration has only
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There is much evidence that cochlear HCs and supporting
cells (SCs) are derived from a common progenitor cell popula-
tion during development (Fekete et al., 1998). SCs can give rise to
the new HCs with or without proliferation, which is the main
source of HC regeneration in nonmammalian vertebrates
(Raphael, 1992; Roberson et al., 2004). Therefore, SCs are con-
sidered to be a promising source for the generation of HCs (Burns
and Corwin, 2013). However, direct transdifferentiation of SCs
into new HCs exhausts the population of SCs, which are needed
to maintain the survival of the newly regenerated HCs. Therefore,
to regenerate the mosaic structure of the cochlea that is needed to
restore hearing, SCs would need to be expanded before differen-
tiate into HCs.

It has been reported that SC populations contain progenitor cells
that can proliferate and regenerate new HCs in neonatal mammalian
cochleae (Wang et al., 2006). Recently, these progenitor cells have
been identified as Wnt-responsive Lgr5 * cells (Chai et al., 2012; Shi
et al,, 2012). Overexpressing B-catenin in Lgr5 * or Sox2™ cells can
initiate the proliferation of cochlear progenitor cells, but only very
limited numbers of SCs in BrdU * foci differentiated into HCs (Shi
etal.,, 2013). Our previous study reported that Notch inhibition led
to the proliferation of progenitors in the postnatal cochlear sensory
epithelium, which could serve as another approach to activating
cochlear progenitor cell proliferation; however, the majority of gen-
erated HCs still came from direct transdifferentiation with the
concomitant depletion of SCs (Li et al., 2015). Furthermore, the
activation of progenitor cells was more obvious in the apical regions
of cochlea, which is problematic because the majority of HCloss is in
the basal region and the HC regeneration capability disappeared
after postnatal day 7 (P7) (Shi et al., 2013; Cox et al., 2014). There-
fore, there are significant challenges associated with generating HCs
in the cochleae of older mice by manipulating a single pathway. To
address these challenges, we investigated the coregulation of multi-
ple signaling pathways.

The crosstalk between Wnt and Notch signaling has been
shown to play an important role in cell fate decisions during otic
placode formation (Jayasena et al., 2008); however, the interac-
tion between these pathways remains largely uninvestigated in
the postnatal mouse cochlea. Our previous study hinted that
Notch signaling might act as a negative regulator for the progen-
itor proliferation induced by Wnt activation (Li et al., 2015),
which was verified during the regeneration of HCs in the lateral
line of zebrafish (Romero-Carvajal et al., 2015). Therefore, com-
bining Wnt and Notch signaling in the cochlea might signifi-
cantly increase the proliferation of progenitors and provide a new
approach for HC generation in mammals.

In this study, by activating Wnt signaling and inhibiting
Notch signaling, we genetically reprogrammed the Sox2™ SCs
and observed extensive cell-cycle reentry in the neonatal mouse
cochlea. We found significantly more proliferated SCs and more
Myo7a™ HCs by simultaneous (-catenin overexpression and
Notch1 inhibition in Sox2™ cells in vivo, suggesting the benefit of
combining SC proliferation induced by B-catenin overexpres-
sion with transdifferentiation into HCs induced by Notchl
deletion. Moreover, we observed significantly more EdU™
Myo7a™ HCs through combined genetic programming with
Notch inhibition and Wnt and Atoh1 overexpression. To further
understand the mechanism behind the extensive proliferation of
SCs and differentiation into HCs after the reprogramming pro-
cess, we compared the gene transcripts of the cochleae among the
control, B-catenin overexpression, Notchl deletion, and 3-cat-
enin overexpression combined with Notch1 deletion mice. Last,
the mechanism behind the interaction of Wnt and Notch signal-
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ing was further investigated in f-catenin and Notchl double
knock-out mice.

Materials and Methods

Mouse models and treatments. Sox2 “FRT/* (Stock 008875), Notch110¥/flox
(Stock 007181), and B—cateninﬂ‘)x(exo“z’f’) (Stock 004152) mice were
purchased from The Jackson Laboratory. 8-catenin 1°X(°"3) mice were gen-
erously provided by Mark Taketo (Kyoto University). CAG-loxP-stop-lox
P-Atoh1-HA ™ mice were kind gifts from St. Jude Children’s Research Hos-
pital. Atoh1-nGFP mice were provided by Jane Johnson (University of Texas
Southwestern Medical Center, Dallas).

Tamoxifen (Sigma-Aldrich) diluted in corn oil was injected intraperi-
toneally at PO and P1 at doses of 0.20 mg/g bodyweight. Ten microliters
of the thymidine analog 5-ethynyl-2'-deoxyuridine (EdU) (Click-iT
EdU Imaging Kit; Invitrogen) were injected at 5 mg/ml intraperitoneally
twice a day from P1 to P6. Male and female mice were used for experi-
ments. All animal experiments were approved by the Institutional Ani-
mal Care and Use Committee of Fudan University.

Immunohistochemistry. Cochleae were fixed in 4% PFA (Sigma-
Aldrich) for 30 min and washed with 10 mm PBS. EdU was detected with
Alexa Fluor azide using the Click-iT EdU Imaging Kits (Life Technolo-
gies) according to the manufacturer’s protocol. The tissues were then
blocked with 10% donkey serum in 10 mm PBS with 1% Triton X-100 for
1 hatroom temperature and incubated with primary antibody overnight
at 4°C. The primary antibodies were rabbit anti-MyosinVIIa (1:800 di-
lution; Proteus BioSciences), goat anti-Sox2 (1:300 dilution; Santa Cruz
Biotechnology), chicken anti-EGFP (1:800 dilution; Abcam), guinea pig
anti-VGLUT3 (1:1000 dilution; Millipore), goat anti-Prestin (1:400 di-
lution; Santa Cruz Biotechnology), and rat anti-HA (1:200 dilution;
Roche). On the following day, the appropriate secondary Alexa Fluor-
conjugated antibodies were incubated for 1-2 h at room temperature.
HC bundles were labeled with phalloidin (Life Technologies) and nuclei
were labeled with DAPI (1:800 dilution; Sigma-Aldrich).

RNA sequencing and analyses. The apical and middle turns of at least
six cochleae from each group were pooled to isolate the total RNA using
the AllPrep DNA/RNA/Protein Mini Kit (QIAGEN) according to the
manufacturer’s protocol.

Preliminary processing of raw reads was performed using Casava 1.8
(Illumina). Subsequently, adapters and low-quality bases were trimmed
using trimmomatic (version 0.23). Trimmed reads for each sample were
aligned to the Mus musculus UCSC mm10 genome using the TopHat
version 2.0.10 software package (Bowtie 2 version 2.2.1 software). These
files were used as the input for the Cufflinks software, which is a comple-
mentary method used to generate assembled transcripts for each group,
and the abundance was evaluated using read data. The fragments per
kilobase per million mapped reads values were calculated for each gene to
normalize the data. These assemblies were used with the Cuffdiff tools
from the Cufflinks 2.2.1 package to calculate the differential expression
levels and to evaluate the statistical significance of the detected altera-
tions. A heat map of differentially expressed genes was generated with
ClustVis using the default parameters.

Functional annotation. DAVID (Database for Annotation, Visualiza-
tion and Integrated Discovery) version 6.7 software (http://david.abcc.
ncifcrf.gov/home.jsp) was used to determine the most functional anno-
tation of significant genes in the datasets as described previously (Huang
et al., 2009). The DAVID program calculates a modified Fisher’s exact
p-value to demonstrate gene ontology (GO) or molecular pathway en-
richment. p-values < 0.05 were considered strongly enriched in the an-
notation category.

Image acquisition and cell counts. Fluorescent images were acquired
using a Leica SP8 confocal microscope. All of the images were digitally
processed using Image] and Adobe Photoshop CS6. Cell counts from
the confocal images were performed using Image]. Total numbers of
HCs and Sox2™ EdU™ cells were counted separately in 100 pum re-
gions of the cochlea in the apical, middle, and basal turns. For quan-
tification of mitotic HCs, Myo7a™ EdU™ cells from all turns of the
cochlea were counted.

Statistical analyses were performed using GraphPad Prism software.
Cell counts were analyzed with one-way ANOVA.
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Results

B-catenin overexpression and Notch1 deletion in Sox2™* cells
led to intensive cell cycle reentry of SCs in the cochlea

To test the effects of combining B-catenin overexpression and
Notch1 deletion in Sox2™ SCs in neonatal mouse cochleae, we gen-
erated the Sox2 “ERT2/*_B_catenin 1°¥*°*"3)_Notch 17°¥/°* (B-cat-
OE/Notch1-KO) mouse in which constitutive activation of
B-catenin and deletion of Notchl in Sox2* SCs was induced by
tamoxifen administration at PO and P1. The thymidine analog EQU
was injected twice per day from P1 to P6 to label the cells entering the
cell cycle, and the mice were killed at P7. Littermates lacking the
Sox2 “FRT2* 3llele were used as controls. In the control group, no
EdU"Sox2™ cells were observed anywhere in the cochlea (Fig. 1A4).
Consistent with previous studies, we observed EdU™ Sox2™ cell foci
in the pillar cell region and greater epithelial ridge (GER) from
Sox2 “ER/T2_B_catenin flox(exon3) ( B-cat-OE) cochleae (Fig. 1 B, G,H,
Table 1). We also observed EdUSox2™ cells in the Sox2 rER/T2.
Notch1®¥1%) (Notch1-KO) cochleae (Fig. 1C,G,H, Table 1). The
number of EdU™ SCs decreased significantly from the apical to the
basal turns of the cochlea. Compared with manipulating 3-catenin
or Notchl signaling separately, more EdU" SCs were identified in
Sox2 CreER/T2_g_catenin 1o*(ex0n3)_Notch 1Y% (B-cat-OFE/
Notch1-KO) cochleae and these SCs extended beyond the pillar cell
region and into the basal part of cochlea (Fig. 1 D, G,H, Table 1). The
total number of Sox2* SCs in the sensory epithelium was deter-
mined to identify the effects of SC proliferation. In the cochlear
cross-sections, we found significantly more Sox2™ cells stacked in
multiple layers (Fig. 1F) and located in the auditory sensory epithe-
lium region, as well as in the GER of B-cat-OE/Notch1-KO mice
(Fig. 11, Table 1).

B-catenin overexpression and Notch1 deletion in Sox2™ cells
led to limited mitotic HC generation

Previous reports have shown that the expansion of SCs can be
achieved by upregulation of B-catenin or deletion of Notch1 in
Sox2™ cells (Chai et al., 2012; Shi et al., 2013; Li et al., 2015) and
that large numbers of SCs differentiated into HCs in the absence
of Notch signaling (Yamamoto et al., 2006; Lin et al., 2011). We
hypothesized that more proliferated SCs might differentiate into
HCs by increasing SC proliferation through B-catenin upregula-
tion and by increasing transdifferentiation into HCs by Notch1
deletion.

To test this hypothesis, we measured the ability of the proliferated
SCs to differentiate into HCs by identifying EdU*Myo7a™ HCs. In
control mice,no EAU*Myo7a™ cells were observed in any part of the
cochlea (Fig. 1A). We found only a few EdU"Myo7a™ cells in the
pillar cell region after upregulation of -catenin (Fig. 1 B, ], Table 1),
and there was no significant increase in Myo7a* HCs in the
B-cat-OE cochleae (Fig. 1K, Table 1). However, many more
EdU*Myo7a™ HCs were observed in the pillar cell region of the
apical turn of the cochlea after Notch1 deletion (Fig. 1C,J, Table 1),
and there were many more Myo7a™ HCs in the Notch1-KO co-
chleae (Fig. 1K, Table 1). In support of our hypothesis, we observed
more EdU "Myo7a" cells in the pillar cell region and the GER in the
B-cat-OE/Notch1-KO cochleae (Fig. 1 D, E,J, Table 1) and these re-
sults were further confirmed in Atohl reporter (Atoh1-nGFP) mice
(data not shown). However, the number of Myo7a™ HCs was sig-
nificantly greater in Notch1-KO mice than in 8-cat-OE/Notch1-KO
mice (Fig. 1K, Table 1). In the cochlear cross-sections of B-cat-OE/
Notch1-KO mice, we observed multiple Myo7a* HCs in both the
inner and outer HC region and some of them were EdU™ (Fig. 1E).
The differentiation ratios from proliferated SCs to HCs were calcu-
lated by counting the EdU* Sox2* SCs and the EdU"Myo7a™ HCs
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from the apical turn of the cochlea (Table 1). Compared with the
extensive proliferation of SCs induced by combining B-catenin
overexpression and Notch1 deletion, only 3.86 * 1.19% of the pro-
liferated SCs in the apex differentiated into HCs, so the efficiency of
mitotic HC generation is relatively low and needs to be improved.
There was no significant difference between the control and
B-cat-OE group in the number of Myo7a™ HCs in any part of the
cochlea. However, compared with the control and B-cat-OE group,
many more Myo7a* HCs were observed in the apical region of the
cochlea after Notch1 deletion with or without 3-catenin overexpres-
sion, whereas the majority of HCs were EAU ~, which suggests that
the transdifferentiation might still be the main source of newly gen-
erated HCs after Notch1 deletion (Fig. 1A-D, J-K, Table 1).

Reciprocal interactions between the Wnt and Notch signaling
pathways during reprogramming

Our previous studies revealed that Notch inhibition initiates the
proliferation of Lgr5 " SCs and the mitotic generation of HCs in
the neonatal mouse cochlea in vivo and in vitro, which hinted that
Notch signaling might act as a negative regulator that inhibits the
proliferation of Lgr5 ™ progenitors and maintains homeostasis of
the cochlear sensory epithelium in terms of cell numbers. In the
current study, this hypothesis was further confirmed by the cumu-
lative effects of downregulating Notchl and upregulating Wnt in
controlling the proliferation of SCs. It has been reported that
membrane-bound Notch associates physically with unphosphory-
lated (active) B-catenin in stem and colon cancer cells and that it
negatively regulates posttranslational accumulation of the active
B-catenin protein (Kwon et al, 2011). To further dissect the
mechanism behind the interaction between Wnt and Notch1 signal-
ing during the activation of progenitor cells in the neonatal mouse
cochlea, we generated another mouse model, Sox2“**/12.g.
catenin fox(exon2-6)_Ngtch flox/lox) (B-cat-KO/Notch1-KO), in
which B-catenin and Notch1 were both knocked out in Sox2 " SCs
after tamoxifen injection at PO and P1. EdU was injected twice per
day from P1 to P6 and these mice were killed at P7.

In the control group without the Sox2-CreER allele, there
were no EdU"Sox2™" or EdU"Myo7a™ cells in any area of the
cochlea (Fig. 2A, E,F, Table 2). Upon deleting 3-catenin in SCs,
no EdU"Sox2™ or EdU"Myo7a™ cells were observed anywhere
in the cochlea (Fig. 2B, E,F, Table 2) and, compared with con-
trols, there were no significant differences in the number of
Myo7a™* HCs (Fig. 21, Table 2). In Notch1-KO mice, EdSox2™
cells were identified both in the pillar cell region and the GER
(Fig. 2C, E, F, Table 2), with a gradient from the apex to the base.
Among the many new HCs generated after Notchl deletion in
SCs (Fig. 21, Table 2), a few EdU " Myo7a™ HCs with Sox2 stain-
ing were identified in the pillar cell region (Fig. 2H, Table 2).
When f3-catenin was knocked out along with Notch1 deletion in
Sox2™ cells, there was a significant decrease in EdU " Sox2* cells,
especially in the sensory epithelium. Only a few proliferated
SCs were observed in the GER (Fig. 2D, F, Table 2) and very few
EdU"Sox2™ cells could be identified in the apex of the sensory
epithelium (Fig. 2E, Table 2). In addition, one or two EdU™
Myo7a™ cells could occasionally be observed (Fig. 2 D, H, Table
2). However, with or without B-catenin deletion, there was no
significant effect on the overall increased Myo7a™ cell number
after Notchl deletion (Fig. 21, Table 2).

Our data provide direct evidence that Notch1 acts as a nega-
tive regulator of the proliferation of progenitor cells in the neo-
natal mouse cochlea through 3-catenin activation and that Notch
signaling serves as an upstream regulator of Wnt signaling for
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Figure 1. 3-catenin overexpression (3-cat-OE) and Notch1 deletion (Notch1-KO) in Sox2 " cells induces extensive proliferation of SCs in the cochlea, but mitotic HC generation s limited. A, In
control cochleae, no EdU™ Sox2 ™ SCor EdU™ Myo7a™ HCs were detected from PO to P7. B, In 3-cat-OE cochleae, numerous EdU ™ Sox2™ SCs were detected in the pillar cell region and GER of the
SClayer (B2), but only a few EdU ™ Myo7a ™ HCs were observed in the HC layer (BT). €, In Notch1-KO cochleae, most EdU ™ Sox2™ SCs were observed in the pillar cell region and GER in the SC layer
(€2) and EdU ™ Myo7a ™ HCs could only be observed in the sensory region of the HClayer (€7). D, In B-cat-OE/Notch1-KO cochleae, EdU™ Sox2™ SCs were detected, not only in the pillar cell region
and GER, but also in the Dieter’s cells D2, Only limited numbers of EdU™* Myo7a™ HCs in the sensory region were detected. E, F, The tissue cross-section also shows the proliferation of SCs and the
limited mitotic HC generation. Most of the EdU™ Sox2™* cells were observed in the pillar cell region and Dieter’s cell region and SCs in this region were stacked in multiple layers. G, H, The number
of EdUSox2 ™ SCs was increased in 3-cat-OE/Notch1-KO cochleae relative to the B-cat-OE and the Notch1-KO cochleae both in the sensory region and the GER. 1, The number of Sox2 ™ SCsin the
sensory region. J, Quantification and comparison of the number of EdU * Myo7a™ HCs from the apex to the base. The 3-cat-OE/Notch1-KO cochleae had significantly more mitotic HCs. K, The number
of Myo7a ™ HCs. Data in G—K are presented as mean = SEM. *p < 0.05, **p < 0.01. The dotted lines in A7 show the counting limits of SCs in the sensory region and GER. The arrows indicate the

mitotic HCs. Scale bar, 50 um.
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Table 1. Synergistic effect on 3-catenin overexpression and Notch1 deletion on Sox>* SCs proliferation and HCs generation

Control (n = 4) B-cat-0E (n =3) Notch1-KO (n = 4) B-cat-0E Notch1-KO (n = 4)

EdU *Sox2 * SCs/100 m of sensory region

Apex 0 44,67 = 7.13 50 £252 81.00 = 5.12

Mid 0 9.00 = 231 233033 37.75 = 8.86

Base 0 0 2.00 = 1.16 550 =171
EdU *Sox2 * SCs/100 wm of GER

Apex 0 45.67 = 3.76 39.67 = 2.03 64.00 = 5.770

Mid 0 26.67 = 4.10 467 +=1.20 40.25 = 4.99

Base 0 2.67 = 0.67 0 19.25 = 3.40
Sox2  SCs/100 um of sensory region

Apex 79.00 = 2.08 108.30 = 4.10 87.33 =393 128.00 = 4.06

Mid 80.33 = 2.60 8433 £ 273 60.67 = 3.28 93.25 =232

Base 70.67 = 3.18 68.33 = 4.41 72.00 = 2.08 68.25 = 3.54
EdU *Myo7a * HCs/cochlea 0 133 +033 18.50 = 1.56 27.00 *+ 2.59
Myo7a * HCs/100 wm

Apex 5733 = 0.67 50.67 = 1.85 132.67 £ 2.96 87.67 = 1.20

Mid 56.33 = 2.33 55.67 = 145 67.00 = 3.21 65.67 = 7.97

Base 50.33 £3.18 50.00 = 4.73 52.67 = 1.33 45.67 = 2.19
EdU *Myo7a */EdU " Sox2 *

Apex 0 1.30 = 0.65% 9.97 = 0.02% 3.86 = 1.19%

maintaining the quiescence of progenitor cells in the neonatal
mouse cochlea.

Mechanism behind extensive cell proliferation

after reprogramming

To assess the genome-wide gene expression profiles among con-
trols, Notch1 deletion, B-catenin activation, and Notch1 deletion
combined with B-catenin activation in Sox2* SCs, we compared
the transcripts of the cochleae (mainly from the apex and middle
turns, where the greatest differences were seen for SC prolifer-
ation and HC generation) from each group using RNA sequenc-
ing. The cochleae were dissected from P7 mice that had been
injected with tamoxifen at PO and P1 to activate Cre and were
examined under a microscope. Six to eight cochleae were pooled
together for each RNA-sequencing experiment and three biolog-
ical replicates were sequenced. We obtained between 98,000,000
and 189,000,000 reads for each sample, with 83-85% of the
paired reads mapping correctly to the reference genome. The
three biological replicates of each population showed high repro-
ducibility. By comparing the transcripts among the three popu-
lations, we identified 1454 genes that had >2-fold differences in
expression (p < 0.01). Gene expression clusters of the 1454 genes
were generated and a heat map was created to aid in the visual-
ization of the gene expression pattern (Fig. 3A). GO analysis was
performed on clusters of genes using DAVID. Three gene clusters
of particular interest are shown in Figure 3A.

Genes in cluster 1 were upregulated in the B-cat-OE and the
B-cat-OE/Notch1-KO group and GO analysis showed a signifi-
cant number of genes involved in mitotic cell division and the cell
cycle, including Lgr5, Cdkl1, and Ndc80.

Genes in cluster 2 were upregulated significantly more in the
B-cat-OE/Notch1-KO group and GO analysis showed that many
of these genes are involved in cell cycle and mitotic cell division,
especially the genes related to the Wnt receptor signaling pathway
such as Cend].

Genes in cluster 3 were upregulated in the Notch1-KO group
and GO analysis revealed that many of these genes are associated
with inner ear development and HC differentiation, such as
Atohl, Gfil, Poudf3, Ush2a, Jag2, Lhfpl5, Bsnd, Myo3a, Barhll,
Otof, Chrna 10, Ptprq, Miat, and GrkI, and that many of the genes

are related to neuron differentiation, including Sall3, Ush2a,
Lhfpl5, Jag2, Cdh4, Rasgrfl, Miat, Grkl, and Atohl.

The differential expression of genes involved in the cell cycle
and mitosis among the Notch1-KO group, B-cat-OE group, and
B-cat-OE/Notch1-KO group were analyzed to better understand
the targets of each individual pathway, as well as the cumulative
effects on the proliferation of SCs by coregulating Notch and Wnt
signaling. We found 40 genes related to the cell cycle and mitosis,
including Ccendl, Cdca5, and Cdca8, that were upregulated upon
overexpression of B-catenin and the expression levels were sig-
nificantly increased in the B-cat-OE/Notch1-KO group. There
were another four genes exclusively regulated in the 8-cat-OE/
Notch1-KO group, including Chekl, Piml, Rmp22, and Rad51.
We also found that there were six cell cycle genes that were up-
regulated upon overexpression of B-catenin and were upregu-
lated by inhibiting Notch signaling. Only one gene, S100a6, was
exclusively downregulated by Notch inhibition (Fig. 3B).

Further, we found 25 genes related to differentiation and HC
function that were upregulated by Notch1 deletion, but only two
of them, Gjb3 and Coch, were upregulated upon overexpression
of B-catenin. Four of them were also upregulated in the B-cat-
OE/Notch1-KO group and 14 genes associated with HCs were
exclusively downregulated in the B-cat-OE/Notch1-KO group,
including Gjb6, Slc26a4, and Col4a3 (Fig. 3C). After the deletion
of Notchl in Sox2* SCs, we found activation of Wnt downstr-
eam target genes in postnatal mice cochlea, including Cdkn2a
(Wassermann et al., 2009) and Nanog (Yong et al., 2016).

Mitotic HC generation through the overexpression of Atohl
in Sox2™ cells

Contrary to our expectations, many of the proliferated SCs could
not automatically differentiate into HCs after genetic program-
ming with upregulation of B-catenin and downregulation of
Notchl and this raised the question of whether the proliferated
cells could still react to Atohl, an important transcriptional fac-
tor during the generation of HCs, and become HC-like cells.

To test this hypothesis, we generated another transgenic
mouse model in which Atoh1 is overexpressed in Sox2 ™" cells after
tamoxifen administration at PO and P1 with or without 3-catenin
activation and Notchl deletion. The expression of transgene-
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of SCs in the sensory region and GER. Scale bar, 50 wm.

Atoh1 was measured by the immunolabeling of HA tag from the
cochlea of transgenic mice. We observed that the majority of
Sox2™ SCs in the GER region (82.54 = 5.44%), as well as in the
sensory epithelial region (68.27 = 4.69%), were upregulated with
transgene after the injection of tamoxifen (see Fig. 5F,G). These
mice were killed at P5 and, consistent with previous studies (Kelly
et al., 2012), after the overexpression of Atohl in Sox2™ cells
(Atoh1-OE), many of the SCs in the GER transdifferentiated into
Myo7a™ cells, but very few EdU*Myo7a™ cells were identified
(Fig. 4B,E, Table 3). Upon combining the activation of
B-catenin, deletion of Notchl, and overexpression of Atohl in
SCs (B-cat-OE/Notch1-KO/Atoh1-OE), we observed extensive
proliferation of SCs in both the sensory epithelium and the GER
and many of the proliferated cells differentiated into HCs (Fig.
4D-G, Table 3). In the sensory region, the efficiency was 13.85 =

0.52%, which was much higher than the efficiency in 3-cat-OE/
Notch1-KO mice (3.86 = 1.19%). In the GER, the number or
proliferative HCs was 13.17 * 1.17 and the number of nonpro-
liferative HCs was 78.17 % 5.83 (Fig. 5H, Table 3). To identify the
effects of SC proliferation, we also counted the Sox2™ SCs in the
sensory epithelium and GER of control and B-cat-OE/Notchl-
KO/Atoh1-OE group. There were more Sox2™ SCs in the sensory
region, but no significant difference in GER (Fig. 51,], Table 4).

Mitotically generated Myo7a* EAU™ cells are on the way to
maturation

To further confirm the identity of the Myo7a™ EdU™ cells gen-
erated in our transgenic mouse models, we investigated the ex-
pression of Myo6, which is expressed at the onset of cochlear HC
maturation, and measured the expression of Vglu3 (an inner HC
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Table 2. Synergistic effect of 3-catenin and Notch1 double knockout on Sox2* SCs proliferation and HCs generation

Control (n =4) B-cat-KO (n = 3) Notch1-KO (n = 4) B-cat-KO Notch1-KO (n = 3)
EdU *Sox2 * SCs/100 m of sensory region
Apex 0 0 50 £252 0.67 = 0.67
Mid 0 0 2332033 0
Base 0 0 2.00 £ 1.16 0
EdU *Sox2 * SCs/100 wm of GER
Apex 0 0 39.67 = 2/03 800 = 1.73
Mid 0 0 467 =1.20 033 =033
Base 0 0 0 0
Sox2  SCs/100 m of sensory region
Apex 79.00 = 2.08 81.00 = 1.73 87.33 =393 50.67 = 2.02
Mid 80.33 = 2.60 75.33 £ 0.88 60.67 = 3.28 65.33 = 4.06
Base 70.67 = 3.18 67.00 = 3.21 72.00 = 2.08 74.67 = 0.88
EdU *Myo7a * HCs/cochlea 0 0 18.50 = 1.56 1.00 + 0.58
Myo7a * HCs/100 wm
Apex 5733 £ 0.67 61.33 = 0.88 132.67 * 2.96 112.67 = 13.86
Mid 56.33 = 233 58.67 =033 67.00 = 3.21 7533 = 2.67
Base 5033 = 3.18 49.00 = 1.15 52.67 =133 57.00 = 1.53

marker) and Prestin (an outer HC marker) to determine the
differentiation and maturation stages of the mitotically generated
HCs. We found that all of the Myo7a™ EdU™ cells could be la-
beled with Myo6, only a few of the Myo7a™ EdU™ HCs in the
sensory epithelium were labeled with Prestin, and no Myo7a™
EdU™ HCs in the GER could be labeled by Prestin (Fig. 5A, B).
No EdU*Myo7a™ cells could be labeled by Vglu3 (data not
shown). To identify the bundle structure of mitotically generated
HCs (EdU"Myo7a™), we labeled the cochlea with phalloidin and
observed that the EdU *Myo7a™ HCs had preliminary immature
bundle structures, which clustered on the border area of new
generated HCs. Compared with control, the bundle-like struc-
tures were relatively short and scattered (Fig. 5C,D). There was no
significant difference in the bundle structures of the mitotically
generated HCs from either the GER region or the sensory epithe-
lial region.

Discussion

Wnt and Notch signaling are two fundamental pathways that
play important roles in progenitor proliferation and cell fate de-
termination in the inner ear (Murata et al., 2012; Munnamalai
and Fekete, 2013; Hartman et al., 2010; Jacques et al., 2012; Shi et
al., 2014). As previously reported, either activating canonical
Wnt signaling or inhibiting Notch signaling can initiate the pro-
liferation of SCs (Chai et al., 2012; Shi et al., 2013; Li et al., 2015).
However, we found that the proliferation and transdifferentia-
tion of SCs is mainly in the apical region, which is consistent with
previous studies (Cox et al., 2014). The difference between the
apical and middle turns of the cochlea in response to Notch
downregulation and Wnt activation might be due to the differ-
ential expression of genes of Lgr5 ¥ progenitors in the different
regions of cochlea (Waqas et al., 2016). In our current study, we
combined Wnt activation and Notch1 deletion in Sox2™ SCs and
observed massive proliferation that extended from the apex to the
base, demonstrating the synergistic effects on the proliferation of
SCs by manipulating the two pathways. In addition, our method
provides the first promising approach for activating HC genera-
tion in the basal region of the cochlea.

Although we did observe a few EdU © Myo7a™* HCs generated by
overexpressing [3-catenin in the sensory region of cochlea, the ma-
jority of the proliferated SCs were trapped in the cell cycle and un-
derwent continuous proliferation, which may due to that the
proliferation takes precedence over cell fate determination at higher

levels of B-catenin expression (Shi et al., 2013). We hypothesized
that more proliferated SCs might differentiate into HCs by simulta-
neously inhibiting Notch and activating 3-catenin. Compared with
the extensive SC proliferation in B-cat-OE/Notch1-KO cochlea,
only 3.86 = 1.19% of the proliferated SCs differentiated into HCs.
Most of the proliferated SCs could not automatically differentiate
into HCs after the genetic programming, raising the question of
whether the proliferated cells could still react to Atoh1, an important
transcription factor for HC differentiation and maturation in the
developing cochlea (Bermingham et al., 1999; Zheng and Gao,
2000), and become HC-like cells. We therefore combined the
activation of B-catenin, deletion of Notchl, and overexpression of
Atohl. When all three pathways were manipulated, we observed
significantly more mitotically generated HCs and this was the first
successful use of a method to regenerate HCs through the manipu-
lation of multiple genes.

A recent study showed that the proliferation of SCs and their
differentiation into HCs were increased by coactivation of
B-catenin and Atohl in neonatal cochlear Lgr5 * cells (Kuo et al.,
2015) and the investigators attributed the synergistic effects to a
repressive role of Atohl on Notch signaling, which was inciden-
tally activated by B-catenin. However, HCs differentiated from
proliferated SCs could not be evaluated clearly and only a few
Myo7a™ EAU™ cells were identified in that study. In our current
study, we used Wnt activation, Notch inhibition, and Atohl
overexpression to induce significant numbers of proliferating
SCs to differentiate into HCs.

We found that the generation of HCs in response to Wnt
activation and Notch1 deletion did not occur at the expense of the
SC population (based on counting Sox2™ cells in the sensory
epithelium region), which provides a promising strategy that re-
generates HCs while maintaining the SC population and delicate
structure of the cochlea. However, due to the limitations of the
transgenic mouse model, all of the genes are deleted or activated
permanently after tamoxifen injection and their expressions can-
not be controlled in an orderly manner as occurs during normal
development. Therefore, in our study, the massive proliferation
and differentiation of HCs went beyond the desired situation in
which there should ideally be a balance in the ratio of sensory and
nonsensory cell types for maintaining the structures. In addition,
the generated HCs are not mature enough to express all of the HC
markers, which is important for the transduction of hearing.
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B-cat-OE

Global comparisons of gene expression among four different transgenic mouse lines and the expression pattern of genes by hierarchical clustering. 4, Hierarchical clustering of the

expression patterns of all differentially expressed genes. Red represents above-average expression levels and blue represents below-average levels. Each row represents one gene and each column
represents one sample. Three gene clusters of interest were selected. B, Analysis of differentially expressed genes involved in the cell cycle and mitosis. €, Analysis of differentially expressed genes
related to HC differentiation and function.
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Table 3. Synergistic effect of 3-catenin overexpression, Notch1 deletion, and
Atoh1 overexpression on mitotic HCs generation

B-cat-OF
B-cat-0E Notch1-KO
Control  Atoh1-OE Atoh1-OE Atoh1-OE
(h=4) (h=3) (n=3) (n=3)
EdU *Myo7a * HCs/cochlea
Sensory region 0 0.67 £0.67 3.67 =1.67 12267 =9.87
GER 0 1.67 £1.20 70.67 = 4.67 296.67 = 14.95
Myo7a *'HCs/100 1um GER
Proliferative HCs 1317 £1.17
Nonproliferative HCs 7817 £5.83

Therefore, the mechanisms behind the production of HCs during
development need to be better understood and new transgenic
tools need to be developed for the transient and sequential regu-
lation of gene expression.

The downstream target genes of Wnt signaling were upregu-
lated after Notchl deletion in Sox2* SCs, whereas very few
EdU™ SCs were identified, even in the apical region of sensory
epithelium in Notchl and B-catenin double knock-out trans-
genic mice (Fig. 2I). This demonstrates that the proliferation in-
duced by Notchl deletion is mediated by the activation of B-catenin
and further suggests that Notch signaling may serve as an upstream
and negative regulator of Wnt signaling in mouse cochlea. However,
Notch inhibition induced the upregulation of Atoh1 and the follow-
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Table 4. Comparison of the number of Sox>* S(s between 3-cat-OE/Notch1-KO
and [3-cat-OE/Notch1-KO/Atoh1-OE group

[3-cat-0E/Notch1-KO

B-cat-0E/Notch1-KO/Atoh1-OE

(n=13) (n=3)
Sox2 ¥ SCs
100 wm of sensory region 73.67 +3.18 110.00 = 4.62
100*60 em of GER 131.00 = 3.79 138.00 £ 9.71

ing SC-to-HC transdifferentiation is Wnt independent, as we pre-
dicted in the previous study (Li et al., 2015).

Consistent with previous reports, GO analysis showed that a
significant number of genes involved in inner ear development

and HC differentiation were enriched after Notch1 deletion. The
upregulated genes included Atohl, Gfil, and Pou4f3, which play
important roles in HC formation and differentiation (Fig. 6C).
Several genes related to congenital or progressive hearing loss,
such as Esrrb (Weber et al., 2014), Bsnd (Rickheit et al., 2008),
Ush2 a (Eudy et al., 1998), and Lhfpl5 (Xiong et al., 2012), were
also upregulated, as well as other genes correlated with HC bun-
dle formation, such as Ptprq (Shahin et al., 2010) and Xirp2
(Scheffer et al., 2015). This gene expression profile after Notchl
deletion will benefit the prediction and the investigation of
specific gene functions. There were only three genes in the
B-cat-OE group and four genes in B-cat-OE/Notch1-KO group
that showed the same changes in the Notchl deletion group,
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suggesting that there might be different A
targets behind the production of HCs by
overexpressing f3-catenin compared with
Notch1 deletion.

When comparing the gene expression
profiles between -cat-OE and B-cat-OFE/ oo
Notch1-KO mice, we found that both
groups showed enrichment of a signifi- B
cant number of genes related to the cell
cycle and to mitotic cell division, includ-
ing Ki67, which is a marker for prolifera-
tion (Scholzen and Gerdes, 2000); Dbf4,
which regulates eukaryotic DNA replica-
tion (Yeeles et al., 2015); CCNBI and
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deletion of Notchl and activation of Kifc1

B-catenin in Sox2™ SCs, such as Ndc80,
Nuf2, Spc24, and Spc25, members of the
Ndc80 complex, which is essential for
kinetochore—microtubule  interactions
(McCleland et al., 2004; Cheerambathur
et al., 2013) and Cdkl-Ccnbl interac-
tions, and its regulator Cdc25¢, which is
important for the onset of mitosis and
successful completion of the M-phase
(Takizawa and Morgan, 2000; Santos et
al., 2012) (Fig. 6C). The significant activa-
tion of genes involved in cell proliferation
and division on the molecular level is consistent with the exten-
sive proliferation of SCs on the cellular level in the 3-cat-OE/
Notch1-KO group and an improved understanding of the
mechanism behind the extensive proliferation might provide
new approaches for promoting proliferative HC generation.
Conversely, six of seven cell cycle genes upregulated by Notchl
deletion were also increased by the overexpression of 3-catenin,
which provides another piece of evidence that the proliferation of
SCsinduced by Notch inhibition is mainly through the activation
of Wnt signaling.

[B-catenin is a key factor involved in Wnt signaling and over-
expression of B-catenin in Sox2™ SCs leads to the upregulation of
some downstream targets or cooperative genes of Wnt signaling,
such as Lgr5, Lgr6, Sp5, and Axin2 (Kuo et al., 2015), which is
consistent with previous reports. Furthermore, when 3-catenin
overexpression and Notchl deletion were combined in Sox2™
SCs, the genes that were upregulated in the B-cat-OE group were
expressed at an even higher level and additional genes involved in
Wnt signaling were unregulated, including Ccnbl, Axin2, Dkk1,
Nkd1, and Nkd2. These results further demonstrated that Notch1
acts as a negative regulator of classical Wnt signaling, as we pre-
dicted in a previous study (Li et al., 2015). However, there are still
multiple genes have not been fully described that were upregu-
lated in B-cat-OE/Notch1-KO group, including Ccdc88c and
Dactl. Further investigation into the mechanism behind the ex-
tensive proliferation of SCs might provide us with more practical
strategies for generating HCs in the inner ear.

In summary, we have described the first successful demon-
stration of mitotic HC generation in the neonatal mouse cochlea

Figure 6.

Model of molecular mechanism during HC generation. 4, Schematic cross-section of the organ of Corti of a
neonatal mouse cochlea. B, Schematic cross-section of the organ of Corti of a neonatal mouse cochlea during HC genera-
tion. Blue cells indicate the Sox2™ cells, gray cells indicate Lgr5 ™ SCs, green cells indicate Myo7a ™ HCs, and red nuclei
indicate the EdU™ cells. €, Activation of Notch signaling inhibits the differentiation of HCs by inhibiting Atoh1, Gfi1, and
Pou4f3. Notch signaling serves as a negative requlator for the proliferation of progenitors through inhibiting Wnt signal-
ing. The activation of Wnt signaling promotes the proliferation of SCs through upregulating Ki67, Ccnb1, Dbf4, Nuf2, and
Kifc1. In B-cat-OE/Notch1-KO mice, more cell-cycle-related genes are upregulated and lead to intensive proliferation of
SCs, including the Ndc80 complex and Cdk1—cnb1. The proliferated SCs could still react to Atoh1 and differentiate into HCs.
OHC, Outer HC; IHC, inner HC; IBC, inner border cell; IPhC, inner phalangeal cell; PC, pillar cell; DCs, Deiters’ cells; Hen,
Hensen’s cells; LER, lesser epithelial ridge.

by manipulating multiple signaling pathways in SCs (Fig. 6 A, B)
and we have shown that the increased proliferation of SCs and the
mitotic generation of HCs occurred along with the increased
expression of genes that are important for the development of the
cochlea. We further conclude that Notch signaling serves as an
upstream and negative regulator of Wnt signaling and that the
proliferation, but not direct transdifferentiation, of SCs induced
by Notch deletion requires the activation of B-catenin. In addi-
tion, the assessment of genome-wide gene expression profiles
among the different groups might provide more hints for under-
standing the mechanisms behind mitotic HC generation and sug-
gest new approaches to stimulate mitotic HC regeneration after
HC loss.
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