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3-Catenin Is Required for Hair-Cell Differentiation in the
Cochlea
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The development of hair cells in the auditory system can be separated into steps; first, the establishment of progenitors for the sensory
epithelium, and second, the differentiation of hair cells. Although the differentiation of hair cells is known to require the expression of
basic helix-loop-helix transcription factor, Atohl, the control of cell proliferation in the region of the developing cochlea that will
ultimately become the sensory epithelium and the cues that initiate AtohI expression remain obscure. We assessed the role of Wnt/3-
catenin in both steps in gain- and loss-of-function models in mice. The canonical Wnt pathway mediator, 3-catenin, controls the
expression of Afoh 1. Knock-out of 3-catenin inhibited hair-cell, as well as pillar-cell, differentiation from sensory progenitors but was not
required to maintain a hair-cell fate once specified. Constitutive activation of 3-catenin expanded sensory progenitors by inducing
additional cell division and resulted in the differentiation of extra hair cells. Our data demonstrate that 3-catenin plays a role in cell

division and differentiation in the cochlear sensory epithelium.

Introduction
Hair cells are mechanosensory cells that detect sound and convert
it into electrical signals. Hair cells and adjacent supporting cells
constitute the hearing organ, the organ of Corti. Early in devel-
opment, the otic placode develops from an ectodermal thicken-
ing. Invagination of the otic placode results in the formation of
the otocyst from which the auditory and vestibular systems are
formed. Canonical Wnt signaling is critical for otocyst induction
from Pax2-expressing preotic placodal cells (Ohyama et al.,
2006), and a balance of dorsal Wnt and ventral sonic hedgehog
directs the patterning of dorsal vestibular and ventral auditory
systems (Riccomagno et al., 2005); Wnt signaling then instructs
vestibular organ formation in both sensory and nonsensory re-
gions (Rakowiecki and Epstein, 2013).

After separation from the vestibular system, auditory hair cells
and supporting cells develop from common sensory progenitors
at mid-embryogenesis. Auditory sensory progenitors exit the cell
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cycle at embryonic day (E)13.5-E14.5 in a gradient from apex to
base, opposite their differentiation gradient from base to apex.
Hair cells first appear at the midbasal region at E14.5, expressing
Atohl, a gene whose expression is required for hair cell develop-
ment, and their development progresses along the longitudinal
cochlear axis toward the apex and base, and laterally from the
inner to outer hair cells. The initial signal that specifies hair cells
from these common progenitors is unknown; however, Wnt sig-
naling was suggested to play arole, because Atoh1 is a direct target
of the Wnt pathway (Shi et al., 2010). Lgr5, a member of the
Whnt-potentiating positive-feedback regulatory loop, was found
to mark inner ear stem cells, and Wnt signals had dual roles in the
control of their proliferation and differentiation (Chai et al.,
2012; Shi et al., 2012). In cochlear explants treated with Wnt
inhibitors and activators (Jacques et al., 2012), Wnt was shown to
play dual roles in both proliferation and hair-cell differentiation
in the developing organ of Corti. In the present study, we use
gain- and loss-of-function models to study the role of B-catenin
in hair-cell differentiation in vivo. We find that B-catenin is re-
quired for hair-cell and pillar-cell differentiation from sensory
progenitors and that overexpression of B-catenin expands post-
mitotic sensory progenitors by reactivating the cell cycle but
blocks longitudinal extension in the cochlea.

Materials and Methods

Animals. B—Cateninﬂ""(m’”” mice (Harada et al., 1999) were gener-
ously provided by Mark Taketo (Kyoto University, Kyoto, Japan),
B-catenin/™*(€*0n2=6) mjce (Brault et al., 2001) by Rolf Kemler (Max-
Planck Institute of Immunobiology and Epigenetics, Freiburg,
Germany), Sox2-CreER mice (Arnold et al, 2011) by Konrad
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Figure 1. Manipulation of B-catenin expression in developing sensory epithelium. 4, In
(MV-CreER; B-catenin™©°"2=5 mutants, exons 2—6 of [3-catenin were deleted in sensory
epithelium 24 and 48 h after the first dose of tamoxifen at E15.5. B, The decrease of 3-catenin
expression in sensory epithelium was atits highest point 48 h after the initial dose of tamoxifen.
Hair cells were positive for GFP (compound mutants also expressed GFP under the control of
Atoh1); B-catenin (red) was expressed in the entire sensory epithelium; Sox2 (blue) was ex-
pressed in supporting cells. €, In Sox2-CreER; B-catenin™®°*>=% mutants, exons 2-6 of
B-catenin were deleted in sensory epithelium 24 and 48 h after the first dose of tamoxifen. D,
[3-catenin expression in sensory epithelium decreased 48 h after the first dose of tamoxifen. E,
Following the initial tamoxifen injection at E15.5 in Sox2-CreER; B-catenin™®°™ mutants,
deletion of exon 3 of B-catenin was seen at 24 and 48 h in sensory epithelium. F, A greater
increase in 3-catenin was apparent in sensory epithelium 48 h after the first dose of tamoxifen.
The controls are littermates without Cre expression at 48 h after tamoxifen. Scale bar, 20 m.

Hochedlinger (Harvard Medical School, Boston, MA), Atohl-nGFP
mice (Lumpkin et al., 2003) by Jane Johnson (University of Texas
Southwestern Medical Center, Dallas, TX), and Gfil-Cre mice (Yang
et al., 2010) by Lin Gan (University of Rochester, Rochester, NY).
CMV-CreER mice were obtained from The Jackson Laboratory (stock
no. 004453). The Cre lines were maintained as hemizygotes. Cochlear
cultures were harvested from embryonic CD-1 mice of both sexes. All
mouse experiments were approved by IACUCs at Massachusetts Eye
and Ear Infirmary, University of California San Diego, or Sunnybrook
Research Institute.

Knock-out or constitutive expression of 3-catenin in vivo. CMV-CreER,
Sox2-CreER, and Gfil-Cre mice were mated with B—cuteninﬂ”x("’“’”z’é) or
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Figure 2.  Disruption of hair cell development in B-catenin knock-out mice. 4, No hair cells
were evidentin a cochlea analyzed at E14.5 after deletion of 3-catenin at E11.5 (before hair-cell
differentiation) by administration of tamoxifen to a (MV-CreER; B-catenin™ ("2~ embryo
that also expressed nGFP under control of Atoh1. B, Hair cells were detected at E14.5 in the
Cre-negative B-catenin™ =% organ of Corti (Ctl) at the midbasal region. Cells in the pro-
sensory domain of B-catenin knock-out ears were positive for Sox2 but did not contain Atoh1-
positive cells. €, Hair cells in the saccule were Atoh7-nGFP-positive. Some were also myosin
Vlla-positivein the control. The 3-catenin knock-out ears had fewer Atoh1-positive cells and no
myosin Vlla-positive cells. D, The number of hair cells was significantly decreased in the
B-catenin mutants (p << 0.01). Scale bar, 20 wm.

B-catenin/ (<13 Atoh1-nGFP mice. Female B-catenin/ox/flox(exon2-0),
Atohl-nGEP mice were mated with male B-catenin/™/flox(exon2=6) mjce
that were hemizygous for one of the Cre alleles to generate knock-
outs. Female [3—cateninﬂ""/ﬂ""("’”"’j);Atohl—nGFP mice were mated
with Sox2-CreER mice to generate Sox2-CreER;B-catenin/ox(exon3)/+,
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Figure 3.  Knock-out of 3-catenin in sensory progenitors inhibits hair cell development. 4,
The number of hair cells was decreased in the sensory region after deletion of 3-catenin was
induced at E12.5 in sensory progenitors (Sox2-positive) of Sox2-CreER; [3-catenin™®r2-9
mice. Low-magpnification views are shown at E15.5. B, Two to three rows of Atoh1-positive
outer hair cells were observed lateral to the myosin Vlla-positive inner hair cells in the midbasal
region; some outer hair cells expressed myosin Vlla in a littermate lacking Cre. A single short-
ened row of hair cells had developed in B-catenin®“®°*>~® mutants. No change in Sox2 ex-
pression was seen. C, The difference in hair cell number was significant (p < 0.01).

Atoh1-nGFP mice. Littermates without Cre were used as controls. Ta-
moxifen was given to the pregnant mice, and they were killed at the
indicated time points. One-hundred microliters EdU (10 mg/ml) was
given to mice twice a day for 3 d, and tamoxifen (250 mg/kg body weight,
Sigma-Aldrich) and estradiol (0.5 mg/kg body weight, Sigma-Aldrich)
were given once a day for two consecutive days by intraperitoneal injec-
tion. Cochleae from embryos were dissected and processed as whole
mount or section preparations. Embryos and pups were genotyped after
sacrifice.

Genotyping of sensory epithelium. Cochlear tissue was harvested by
removal of the cochlear capsule, lateral wall, and spiral ganglion.
Genomic DNA in 100 ul was isolated from the cochlear tissue of one
mouse using the Qiagen DNeasy Blood and Tissue Kit, and 10 ul DNA
was then used in PCR to detect the recombination of B-catenin exons
following induction of Cre activity. The primers for B-catenin/ox(xon2-¢)
mutants were as follows: AAG GTA GAG TGA TGA AAG TTG TT
(RM41); CAC CAT GTC CTC TGT CTA TCC (RM42); TAC ACT ATT
GAA TCA CAG GGA CTT (RM43) to detect B-cateninTx(<x0n2=0) 4t 324
bp, B-catenin®*°"2=¢ at 500 bp, and B-catenin at 221 bp. The primers for
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B-catenin/*(<°n3) mutants were GGT AGT GGT CCC TGC CCT TGA
CAC (F1); CTA AGC TTG GCT GGA CGT AAA CTC (P85) to detect
B-catenin/*(<°"3) 4t 1200 bp, and GGT AGG TGA AGC TCA GCG CAG
AGC (GF2) and ACG TGT GGC AAG TTC CGC GTC ATC C (AS5) to
detect B-catenin®=*" at 700 bp and B-catenin at 900 bp.

Histology and immunostaining. Antibodies used in this study were my-
osin VIIa (1:800, Proteus), Sox2 (1:500; Santa Cruz Biotechnology),
Prox1 (1:200; Millipore Bioscience Research Reagents), E-Cad (1:500;
Abcam), p75 (1:100, Millipore), jagged-1 (1:100, Santa Cruz Biotechnol-
ogy), B-catenin (1:200, Sigma-Aldrich), Ki67 (1:200; Thermo Scientific),
and GFP (1:1000; Invitrogen). Species-specific AlexaFluor-conjugated
secondary antibodies were used for detection (1:500; Invitrogen). The
immunostaining was analyzed by confocal microscopy.

Cochlear explant culture. Cochlear explants were collected at E13.5,
dissected and cultured as previously described (Dabdoub et al., 2008).
For the Rspol experiments, three independent experiments were per-
formed for each condition. Recombinant Rspol (R&D systems) was
added at 5 ug/ml in 2% FBS-DMEM and replenished after 24 h. Explants
were cultured for 6 d then fixed in 4% PFA for 30 min. Cell counts were
taken across a 100 um region at 25, 50, and 75% points from the base
along the length of the duct. For the E-cadherin experiments, explants
were grown in media containing 10% FBS along with 10 mum LiCl, as a
Whnt activator. Control media contained 10 mm NaCl. Some explants
were cultured in BrdU (3.5 ug/ml; BD Biosciences). Experiments con-
sisted of at least six cochleae/condition from a minimum of three inde-
pendent litters.

Quantification. The length and width of auditory and vestibular sen-
sory epithelium were measured using Image]J software with the overall
length determined from the hook to the apex in each sample and the
number of Atoh1 or myosin VIIa-positive cells were manually counted.
The expression of B-catenin and E-cadherin were determined in the
immunohistochemical images, taken with a Leica SP5 confocal micros-
copy, using fixed intensity for control and treated or mutant samples and
analyzed with Image] software. The average fluorescence intensity of
sensory epithelium in 3000 pm? was determined by pixel counts using
Image]J software, and the data were expressed as the mean values = SD.
All cochlear explant experiments were performed on at least six ears, and
p values were calculated using the two-tailed Student’s ¢ test.

Results

B-Catenin is required for cochlear hair-cell development
Previously we found that Atohl, a gene required for hair cell
development was a downstream target of canonical Wnt/S-
catenin signaling (Shi et al., 2010). B-catenin gain- and loss-of-
function experiments were performed using B-catenin/*(<x°12=¢)
and B-catenin™**°"* mutant mice after crossing to CMV-CreER
or Sox2-CreER drivers to create double-mutants. Cre-induced
recombination at the LoxP sites flanking exons 2—6 of B-catenin,
which contain the transcriptional start codon, results in a
B-catenin-null allele (Brault et al., 2001). B-Catenin:exon 3 en-
codes the GSK3 phosphorylation sites for degradation, and exon
3 is not functionally required for 3-catenin transcriptional activity.
Deletion of B-catenin:exon3 therefore results in increased levels of
B-catenin. Cre activity was induced by administration of tamoxifen
on two consecutive days. In CMV-CreER;B-catenin™ ">~ mu-
tants first administered tamoxifen at E15.5, B-catenin:exon2—6
were deleted in the auditory sensory epithelium 24 h after the first
dose and reached near complete deletion at 48 h (Fig. 1A). Im-
munohistochemistry for B-catenin revealed a concomitant de-
crease in protein expression at 48 h (Fig. 1B). When Sox2-CreER
was used as the driver for B-catenin/**(*°"?=¢) mutants, deletion
of B-catenin:exon2—6 in sensory epithelium was observed 24 h
after the first dose of tamoxifen at E15.5 (Fig. 1C), and expression
of the protein was concomitantly decreased, with near complete
loss in Sox2-expressing cells at 48 h (Fig. 1D). Similarly,
B-catenin:exon3 was deleted in Sox2-CreER;B-catenin™~on3)
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Figure4.  B-Catenin knock-out delays hair cell development and patterning. A, Fewer hair cells differentiated and the organ of Corti was shorter in Sox2-CreER; B-catenin™*®°"2=9; mice at
E17.5 when B-catenin deletion was induced at E13.5. B, The hair cells were less organized and inner and outer hair cells had not separated in 3-catenin knock-out mice. €, The organ of Cortiin the
mutants was 29% shorter and had 33% less hair cells (p << 0.05). D, The number of pillar cells decreased and a continuous row of inner pillar cells was not apparent (white lines) when supporting
cells were labeled with Sox2 and Prox1. E, An antibody to jagged-1 revealed irreqular patterning in the inner pillar cell area (white lines). F, No staining (P75) was observed in the pillar cell area. G,
Staining for Prox1, a pillar cell marker, was absent and the inner hair cells contacted the basilar membrane (white line). H, Inner hair cells (outlined; Section 1) or the first outer hair cells (outlined;
Section 2) contacted the basilar membrane (white line) as shown by myosin Vlla staining. Scale bar, 20 wm; H1, H2, H3 are Dieters’ cells and H4and H5 are pillar cells. IHC, Inner hair cells; OHC, outer

hair cells.

sensory epithelium 24 h after the first dose of tamoxifen (Fig. 1E),
and protein expression was further increased at 48 h (Fig. 1F).

Hair cells first develop from postmitotic progenitors in the
mid-basal region of the cochlea and express Atohl at E14.5, be-
fore expression of myosin VIIa. Because Cre activity was most
evident 24—48 h after administration of tamoxifen in the CMV-
CreER; B-catenin™(**">=%) embryos, we examined hair cells at
E14.5 in embryos given a first dose of tamoxifen at E11.5. When
examined at E14.5, cochleae with B-catenin deletion initiated at
E11.5 did not contain Atohl-expressing hair cells, whereas hair
cells of the control cochlea had strong expression of Atoh1 at this
time point (Fig. 2A,B). There was no apparent change in Sox2
expression in the B-catenin knock-out (Fig. 2B). Hair cells in the
saccule develop 24 h before the organ of Corti and initiate expres-
sion of myosin VIla, which is seen after Atohl, at E14.5. Atohl-
positive hair cells could thus be seen in the saccule, but a smaller
number of hair cells developed in the 3-catenin deletion mutants
than in Cre-negative embryos (Fig. 2C,D).

B-Catenin functions in hair-cell generation and patterning
during development

To examine whether inhibition of hair cell development was a
direct effect of B-catenin depletion in sensory progenitors, we
conditionally interrupted -catenin function in sensory progen-
itors using Sox2-CreER;B-catenin™("2=%) mice. Sox2 is ex-
pressed in sensory progenitors, and continues to be expressed in

supporting cells but is downregulated in hair cells. Tamoxifen
was initiated at E12.5 to activate Cre, and the organ of Corti was
examined at E15.5. Outer hair cells differentiated lateral to inner
hair cells at E15.5. When 3-catenin expression was interrupted,
fewer inner hair cells and no outer hair cells developed (Fig.
3A-C). Sox2 expression appeared to be normal compared with
the Cre-negative littermates when [-catenin was knocked out
(but the cochlea was less developed; Fig. 3B). This suggested that
[B-catenin was not required for maintaining progenitors in the
cochlea once they were specified.

To investigate the effect of B-catenin knock-out on hair cell
patterning, tamoxifen was given at E13.5 and E14.5, or at E14.5
and E15.5, and the ear examined at E17.5 or E18.5, respectively,
when hair-cell differentiation is nearly complete. Loss of
[B-catenin expression resulted in a shortening of the organ of
Cortiand decreased inner and outer hair-cell differentiation (Fig.
4A). Hair cells appeared less organized, and separation of inner
and outer hair cells was not observed (Fig. 4B). The organ of
Corti was 29% shorter with 33% fewer hair cells in the
B-catenin®A°">~% mutants (Fig. 4C). The row of elongated inner
pillar cell nuclei was absent and negative for Prox1, a marker of
Dieters’ and pillar cell nuclei (Fig. 4D). Immunostaining for
jagged-1 revealed an irregular pattern of pillar cells (Fig. 4E), and
P75, a pillar cell marker, was not expressed (Fig. 4F). Due to an
apparent lack of underlying pillar cells in the B-catenin®4<<"2-¢
mutants as shown by Prox1 staining (Fig. 4G), inner hair cells,
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Figure 5.  Knock-out of 3-catenin in sensory progenitors inhibits utricular hair cell develop-
ment. A, Examination of the ear at E17.5 after deletion of 3-catenin at E12.5 in Sox2-Cre£R; 3-
catenin™ "6 mice revealed a smaller utricle with less hair cells. B, The decrease in utricular
hair cell number and utricular size were significant after 3-catenin knock-out from E12.5 to
E17.5,E13.5t0 E18.5, and E15.5 to P0.5 (p << 0.01). Scale bar, 20 um.

and the first row outer hair cells contacted the basilar membrane
(Fig. 4H).

In the utricle, which continues to add new hair cells until P7,
B-catenin knock-out mutants had a reduced number of hair cells
(47% of normal) and were smaller at E17.5 when tamoxifen ad-
ministration was initiated at E12.5 (Fig. 5A), unlike the organ of
Corti, which completes hair-cell differentiation by E18.5. The
effect on the size and number of hair cells in the utricle persisted
when B-catenin was knocked out at a later time point (tamoxifen
at E12.5, E13.5, or E15.5; Fig. 5B).

B-Catenin is not necessary for hair-cell maintenance

Gfil is expressed in the cochlea starting from E15.5 specifically in
hair cells (Yang et al., 2010). Conditional deletion of B-catenin in
cochlear hair cells in Gfil-Cre;B-catenin®****">~° mutant mice
had no apparent effect on the organ of Corti (Fig. 6A). No differ-
ence was observed in hair cells or supporting cells (myosin VIIa
and Sox2 expression; Fig. 6 B, B") even though [3-catenin expres-
sion was significantly reduced or undetectable in hair cells of the
B-catenin knock-out ears (Fig. 6C). The normal appearance of
the cochlea was maintained as long as P42, and normal ABR and
DPOAE thresholds at that time point confirmed the functional
integrity of the hair cells and showed that the cochlea remained
intact (Fig. 6D). Therefore B-catenin was required for hair-cell
differentiation from sensory progenitors during development;
however, it was not required for hair-cell maintenance.

B-Catenin overexpression at the time of hair-cell
differentiation increases the number of immature hair cells
We examined the effect of 3-catenin overexpression at different
stages of developing sensory epithelia to assess the known effect
of B-catenin signaling on cell proliferation. Sensory progenitors
in the cochlea exit the cell cycle before their differentiation and
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Figure 6.  Morphology is normal after 3-catenin knock-out in hair cells. 4, No gross change
of hair-cell morphology was seen at P2 in a Gfi-Cre; B-catenin™@*">=% ear (knock-out of
B-cateninin hair cells). B, Hair cells and supporting cells were stained, respectively, with myo-
sinVllaand Sox2.B”, AnXZ scan of B at the white line shows a cross-section of the organ of Corti.
C, B-catenin was expressed in hoth hair cells and supporting cells of the Cre-negative animal.
[3-catenin was not detected in hair cells (hair cell plane) but was retained in supporting cells in
the hair cell-specific 3-catenin knock-out. D, At P42, the cochlea in the Gﬁ—(re;B—(ateninﬂ”X-
(exon2-6) mouse had regular hair cell rows, and ABR and DPOAE thresholds did not differ from
control mice.

remain postmitotic throughout life. By E17.5, sensory epithelial
development is nearly complete and hair-cell differentiation
reaches the apex of the cochlea (Chen and Segil, 1999). Overex-
pression of B-catenin in sensory progenitors by tamoxifen ad-
ministration to Sox2-CreER; B-catenin/*****"3) mice beginning at
E12.5 resulted in a wider sensory epithelium in the midbasal
region with a lack of elongation along the cochlear axis (Fig.
7A,F). Atohl was upregulated, and myosin VIla was found in
one third of the new cells in the expanded sensory epithelium
(Fig. 7B). When tamoxifen was initiated one day later, the sensory
epithelium also expanded but continued to extend toward the
apex (Fig. 7C,D,F) at E17.5. Elongation of the sensory epithe-
lium at postnatal day (P)0 was nearly normal when overexpres-
sion was initiated at E13.5 but not E12.5 (Fig. 7E, F).

B-Catenin overexpression reduces membranous E-cadherin
and expands the organ of Corti

The observed disorganization and expansion of the organ of
Corti, in addition to the proliferation following ectopic 3-catenin
activation, suggested changes in the adhesion complexes within
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molecules. Application of the potent
canonical Wnt activator R-spondinl
(Rspol) to E13.5 cochlear explant cul-
tures resulted in a statistically significant
increase in the number of inner and outer
hair cells (Fig. 8F). Rspol added at 5
pg/ml to culture medium resulted in a
significant increase in the number of cells
that developed as inner hair cells through-
out the cochlear explant compared with
untreated controls. There was also a sig-
nificant increase in the number of outer
hair cells as aresult of the Rspo1 treatment
(Control n = 12, Rspol treated n = 9,
generated across three independent
experiments). Expansion of the hair cell
domain is specific to Rspol; we have pre-
viously shown that Rspo2 (an R-spondin
endogenously expressed in the cochlea)
inhibits formation of outer hair cells
(Mulvaney et al., 2013). These data agree
with the in vivo data presented above and
previous in vitro data demonstrating an
increase in the number of cells that de-
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Figure 7.

(p <<0.05atE17.5). Scale bar, 100 um.

the epithelium. In addition to roles in proliferation and differen-
tiation, 3-catenin plays a role in cell adhesion by binding to the
cytoplasmic tail of cadherins at the plasma membrane (Ozawa
et al., 1989). Similar to B-catenin, E-cadherin is expressed
within the cell membranes of the cochlear sensory epithelium
(Whitlon, 1993; Leonova and Raphael, 1997; Simonneau et al.,
2003). When we overexpressed 3-catenin in the cochlea after
initiation of tamoxifen at E13.5 in the Sox2-CreER;B-
catenin™*(*"¥) mouse, elongation of the sensory epithelium pro-
ceeded into the apical region (Fig. 8A) as expected, and staining
for EQU as well as Ki67, a cell proliferation marker, were observed
(Fig. 8B), but E-cadherin expression within the cell membranes
was decreased (Fig. 8C,E). The cochlea contained multiple rows
of inner hair cells expressing myosin VIla (Fig. 8D). The number
of cells in the pillar cell region was dramatically expanded from 2
to as many as 20; many of the cells expressed Sox2 (Fig. 8D). The
width of the organ of Corti was increased by the extra rows of
cells (Fig. 8E). Our findings showing that constitutive activa-
tion of B-catenin leads to the formation of ectopic hair cells are in
agreement with activation of B-catenin signaling by secreted

Overexpression of 3-catenin expands and inhibits elongation of the sensory epithelium. 4, When B-catenin was
overexpressed in sensory progenitors at E12.5 in Sox2-CreER; 3-catenin™ (™ mice, the sensory epithelium expanded with extra
hair cells in the midbasal region, but failed to extend to the apex by E17.5, when hair cells had nearly completely developed in a
(re-negative littermate. B, At high-magnification, in the midbasal region, all Atoh1-positive cells expressed myosin Vlla. In
[3-catenin expression mutants, the sensory epithelium was wider, but only some of the Atoh 1-positive cells expressed myosin Vlla.
C, When 3-catenin overexpression was initiated at E13.5, the sensory epithelium also expanded and extended toward the apex by
E17.5. D, Higher-magnification of B (overexpression of 3-catenin) showed an expanded area between inner and outer hair cells. E,
At PO the sensory epithelium extended nearly to the apex when B-catenin overexpression was initiated at E13.5 but not at E12.5.
F, When overexpression of 3-catenin was initiated at E12.5, the difference in the length of the sensory epithelium was significant
atE17.5and PO (p << 0.01), whereas it was shorter at E17.5 but similar to the Cre-negative littermate by PO wheniinitiated at E13.5

To further examine whether Wnt acti-
vation had an effect on E-cadherin in the
cochlear duct and the effect on prolifera-
tion, E13 cochleae were isolated and es-
tablished in culture, then maintained in
control media or 10 mm LiCl (to activate
canonical Wnt signaling) for up to 7 d in
vitro  (DIV). Immunostaining for
E-cadherin identified a significant reduc-
tion in membranous localization of
E-cadherin within the hair cell domain of
LiCl-treated cultures compared with con-
trols (Fig. 9A,B; n > 6). This reduction
was observed throughout the cochlear
duct where similar results were observed
in the basal, midbasal, and apical regions
(data not shown). Moreover, if LiCl treat-
ment was delayed until the fourth DIV (equivalent to E17) and
explants were maintained for an additional 3 DIV, a similar re-
duction in membranous E-cadherin expression was observed
(Fig. 9C). This demonstrates that even at advanced stages of de-
velopment, activation of canonical Wnt signaling can affect cell
adhesion within the organ of Corti. Furthermore, washout exper-
iments demonstrated that membranous E-cadherin expression
was restored to control levels when explants were allowed to re-
cover for 3—4 DIV after an initial 3 d treatment with LiCl (Fig.
9D-F), suggesting a dynamic role for 3-catenin in cochlear cell
adhesion.

To determine whether the observed reduction in membra-
nous E-cadherin expression corresponded with regions of in-
duced proliferation, E13 cochlear explants were exposed to BrdU
for 6 DIV in either control or LiCl-treated media. In control
explants, BrdU incorporation was restricted to cells outside of the
organ of Corti, to the region in which E-cadherin expression was
lowest (Fig. 9G). In contrast, numerous BrdU-positive cells were
found throughout the organ of Corti domain in LiCl-treated ex-
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Figure 8. Overexpression of [-catenin expands sensory epithelium and generates

more hair cells. A, The organ of Corti in 3-catenin overexpression mutants was expanded
when B-catenin was overexpressed from E13.5 to PO in Sox2-CreER; B-catenin™ ("3
mice. B, EdU was incorporated, and Ki67-positive cells were seen in the inner pillar cell
region in [-catenin overexpression mutants. (, [3-catenin overexpression reduced
E-cadherin expression in the expanded organ of Corti (bracket). D, The cells in the pillar cell
region were expanded dramatically in the 3-catenin overexpressing ear. The expanded
cells had decreased or abolished Sox2 expression. E, B-catenin overexpression signifi-
cantly expanded the organ of Corti, and decreased the expression of E-cadherin, with p <
0.01. F, The number of hair cells in organ of Corti explant culture was increased by Rspo1
(p<0.01).
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plants (Fig. 9H) where the levels of membranous E-cadherin
were significantly reduced compared with controls.

Discussion

In this study, we temporally and spatially manipulated the ex-
pression of B-catenin, the key mediator of canonical Wnt signal-
ing. Knock-out of B-catenin in the course of sensory epithelium
development inhibited the differentiation of hair cells from sen-
sory progenitors. In contrast, overexpression of B-catenin ex-
panded the sensory progenitors and increased the number of hair
cells.

Canonical Wnt activity in the developing cochlea

Wnt signaling has been demonstrated to control planar cell po-
larity during stereociliary bundle formation in developing hair
cells and in convergent extension during cochlear development
via a 3-catenin independent noncanonical pathway. Several re-
porters have been used to study canonical Wnt activity during the
course of hair-cell development and generated inconsistent data.
BAT-gal reporter mice, which express LacZ under the control
of a B-catenin/TCF responsive element, containing seven
TCF/LEF-binding sites upstream of a minimal-promoter
TATA box (Maretto et al., 2003) did not show activity in the
cochlea from E10.5-E18.5 (Qian et al., 2007). Using similar
reporters based on multimerized TCF sites upstream of other
promoters, TOP-gal and TCF/LEF:H2B-GFP, we and others have
found that Wnt activity parallels the course of hair-cell develop-
ment (DasGupta and Fuchs, 1999; Jacques et al., 2012; Shi et al.,
2013). Lgr5-GFP, a downstream Wnt target gene which success-
fully identified Wnt-responsive stem cells in intestine (Barker et
al., 2007), reveals a similar pattern of Wnt activity in the devel-
oping cochlea (Chai et al., 2012; Shi et al., 2012).

B-Catenin is involved in cell-cycle regulation of

progenitor cells

The Wnt/B-catenin pathway plays important roles in develop-
ment (van Amerongen and Nusse, 2009) by controlling key stages
of proliferation, specification, and cell differentiation. Wnts,
short distance secretory glycopeptides, bind to frizzled receptors,
and activate intracellular cascades to control cell growth, cell fate,
and proliferation. The canonical Wnt pathway is mediated by
B-catenin, which controls expression of downstream target
genes. [3-Catenin is also a structural protein and can act as a
component of cadherin-based adhesion junctions and in centro-
some complexes during mitosis (Valenta et al., 2012).

One of the effects of Wnt/B-catenin signaling is to stimulate
cell proliferation. B-catenin overexpression increases the size of
otic vesicles between E8.25 and E10, without apparent effects on
cell proliferation, but at the expense of the surrounding Pax2-
expressing epidermal tissue (Ohyama et al., 2006). B-Catenin
stimulation with LiCl in cultured cochlear explants increases pro-
liferation and differentiation of cochlear progenitors to result in
extra hair-cell formation (Jacques et al., 2012). The effects of
B-catenin activation could be cell-stage or Wnt-level dependent.
At later stages of development (E12.5), when sensory progenitors
exit the cell cycle and initiate terminal differentiation, we found
that constitutive activation of B-catenin promoted proliferation
but inhibited elongation of the cochlea along the longitudinal
axis from the mid-basal region to the apex, suggesting continued
longitudinal extension after cell division had ceased. Elongation
continued, however, when upregulation was initiated later in de-
velopment (E13.5), suggesting that elongation could proceed
during cell proliferation.
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Control  0-4 DIV
LiCl ~4-7 DIV

LiCl  0-3 DIV
washoff 3-7 DIV

In vitro activation of Wnt/3-catenin signaling reduces the level of membranous E-cadherin expression in the developing organ of Corti. A-C, Organ of Corti explants established at E13

and maintained for 7 DIV were immunostained for E-cadherin (green), Sox2 (red), and myosin 6 (blue); merged colors are shown at left and E-cadherin is shown alone at right. Compared with
explants maintained for 7 DIV in control media (A), explants maintained in 10 mum LiCl for 7 DIV (B) showed a reduction in membranous E-cadherin expression. Similarly, delayed addition of LiCl until
the last 3 DIV (€) also resulted in reduced membranous E-cadherin expression within the organ of Corti domain. D—F, High levels of membranous E-cadherin could be detected after 3 DIV (D), but
were significantly reduced if explants were maintained in LiCl for the first 3 DIV (E). If the LiCl was washed from the media and explants were maintained under control conditions for an additional
4DIV, membranous E-cadherin expression was restored (F). G, H, In E13 explants maintained for 6 DIV, BrdU incorporation (blue) was only detected in cells outside of the organ of Corti domain which
has the highest levels of membranous E-cadherin expression (G, brackets), whereas numerous BrdU-positive cells were found within the organ of Corti domain in LiCl-treated explants (H, brackets)

where the levels of membranous E-cadherin were significantly reduced. Scale bars, 100 wm.

The planar cell polarity pathway, which is one of the nonca-
nonical Wnt pathways and is distinct from canonical Wnt signal-
ing through [B-catenin, reportedly drives elongation of the
cochlear duct via a process of convergent extension (Wang et al.,
2005), although the cochlea elongated normally after conditional
knock-out of Vangl2 (Copley et al., 2013), one of the core planar
cell polarity components. Our observation of disruption of co-
chlear elongation after the forced expression of B-catenin suggest
that the canonical pathway may also play a role, and interactions
between the two pathways have been reported (Hayes et al.,
2013), but the effect of B-catenin is most likely to be due to the
increased number of progenitors that result from canonical Wnt
signaling.

B-Catenin is required for hair-cell specification but not for
maintaining hair- cell fate

Atohl is a key transcription factor in hair cell development, with
roles in the initial differentiation as well as the maturation and
stability of hair cells (Bermingham et al., 1999; Cai et al., 2013;
Chonko et al., 2013). Overexpressing Atohl in developing and
young organ of Corti induces generation of hair cells (Zheng and
Gao, 2000; Gubbels et al., 2008). We have identified Atohl as a
direct downstream target of Wnt/B3-catenin signaling (Shi et al.,
2010). The current study supports our hypothesis that 3-catenin
is crucial for Atohl expression during hair-cell development; in-
terrupting B-catenin expression inhibits Afohl expression and
prevents hair cell generation. Furthermore, Wnt signaling inhib-
itors significantly reduced hair cell generation in an in vitro model
(Jacques et al., 2012); a similar reduction in hair cell generation

was observed in vivo after interruption of B-catenin. Constitutive
activation of B-catenin generated more Atoh1-expressing cells in
the middle and basal regions, whereas proliferation of progeni-
tors dominated over differentiation into hair cells in the apex of
the cochlea. The specification of supporting cells in the develop-
ing cochlea is secondary to hair-cell differentiation and lateral
inhibition of the neighboring cells (Lanford etal., 1999). Without
hair cells, we were not able to assess the role of B-catenin in
supporting cell differentiation. We find that 3-catenin is not re-
quired to maintain Atohl expression, once hair-cell fate is estab-
lished using a hair cell-specific Cre, Gfi-1, to interrupt the
function of B-catenin, as no disorganization of hair cells was seen
after B-catenin knock-out in hair cells. B-Catenin also acts as an
adhesion molecule at cell-cell junctions, suggesting that com-
pensatory mechanisms exist to maintain the junctions (Rudloff
and Kemler, 2012).

B-Catenin is required for cell patterning in developing organ
of Corti

In the absence of B-catenin in sensory progenitors, the gap be-
tween inner and outer hair cells did not form, suggesting an in-
hibitory effect on pillar cell development. This phenotype is
similar to the effect of interruption of FGF8-Fgfr3 interaction
(Mueller et al., 2002; Hayashi et al., 2007; Jacques et al., 2007;
Puligilla et al., 2007). Altered Wnt signaling reduces the number
of cells developing as inner hair cells and could thus decrease the
differentiation of inner pillar cells through a deficit of FGF8,
because inner hair cells are the source of FGF8 required for the
differentiation of inner pillar cells. Alternatively, the lack of inner
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pillar cell development could be a direct result of the absence of
Wnt signaling since inner pillar cells are part of the subset of
supporting cells where Lgr5 continues to be expressed during
development, and cells expressing Lgr5 respond to Wnt overex-
pression long after they exit the cell cycle (Shi et al., 2013). Fur-
thermore, Lgr5 acts as a receptor for R-spondins. At postnatal
stages, addition of Rspol to dissociated Lgr5-expressing cochlear
cells induces expression of hair cell markers (Chai et al., 2012; Shi
et al., 2012), and we show that addition of Rspol to embryonic
cochleae leads to an increase in hair cells. This implies that the
Lgr5-positive cells respond to stimulation with the Wnt potenti-
ator, Rspol, during development. No expansion of pillar cell-like
cells was observed, likely due to application of Rspol after Wnt-
induced cell proliferation had ceased and Wnt-induced expres-
sion of Atohl had been initiated.

B-Catenin overexpression inhibits E-cadherin before
induction of proliferation

At later developmental stages, and throughout adulthood,
E-cadherin is highly expressed in the lateral regions of the organ
of Corti beginning in the pillar cells and extending laterally to-
ward the outer hair cells and Hensen’s cells (Simonneau et al.,
2003). Canonical Wnt/B-catenin activity has been shown to neg-
atively regulate E-cadherin expression during epithelial bud de-
velopment (Jamora et al., 2003), and in the inner ear, reduced
levels of E-cadherin were observed in vestibular sensory epithelia
following Wnt activation (Lu and Corwin, 2008).

E-cadherin regulates the proliferative state of cancer cells un-
der the control of Wnt/S-catenin signaling (Jeanes et al., 2008). It
hasbeen suggested that the balance between cell adhesion and cell
proliferation is mediated by competition for limited amounts of
B-catenin within a cell (Nelson and Nusse, 2004). In a previous
study, we showed that activation of Wnt/S-catenin signaling in-
duced proliferation in typically quiescent cells of the developing
organ of Corti (Jacques et al., 2012), and here we show that Wnt/
B-catenin both altered the localization of E-cadherin from mem-
branous to cytoplasmic and increased proliferation. Given that
E-cadherin/B-catenin complexes are stabilized by the presence of
GSK3p, we hypothesize that the loss of membranous E-cadherin
in the cochlea following treatment with the GSK3 inhibitor
LiCl, frees up B-catenin from the membrane and shifts the bal-
ance between cell adhesion and proliferation. Reduction in
E-cadherin expression at the cell membrane in mouse utricle
caused by canonical Wnt activation and translocation of
[B-catenin mechanically frees cells from their tight epithelial junc-
tions and induces cell division (Meyers and Corwin, 2007; Lu and
Corwin, 2008).

We conclude that 3-catenin signaling is a necessary upstream
pathway for the development of the sensory epithelium and plays
akey role in the division of progenitors, elongation of the cochlea
and initiation of differentiation of inner pillar cells as well as hair
cells. Canonical Wnt signaling decreases 3-catenin at the mem-
brane and results in increased proliferation to produce the cells of
the maturing cochlea. Signaling via this pathway continues to be
important for development of hair cells, and once these cells are
established in the developing sensory epithelium; their functional
properties are maintained without further contribution by the
Wnt/B-catenin pathway.
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