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SUMMARY

The canonical Wnt/B-catenin signaling pathway is known to play crucial roles in organogenesis by regulating both proliferation and
differentiation. In the inner ear, this pathway has been shown to regulate the size of the otic placode from which the cochlea will
arise; however, direct activity of canonical Wnt signaling as well as its function during cochlear mechanosensory hair cell
development had yet to be identified. Using TCF/Lef:H2B-GFP reporter mice and transfection of an independent TCF/Lef reporter
construct, we describe the pattern of canonical Wnt activity in the developing mouse cochlea. We show that prior to terminal mitosis,
canonical Wnt activity is high in early prosensory cells from which hair cells and support cells will differentiate, and activity becomes
reduced as development progresses. Using an in vitro model we demonstrate that Wnt/B-catenin signaling regulates both
proliferation and hair cell differentiation within the developing cochlear duct. Inhibition of Wnt/B-catenin signaling blocks
proliferation during early mitotic phases of development and inhibits hair cell formation in the differentiating organ of Corti.
Conversely, activation increases the number of hair cells that differentiate and induces proliferation in prosensory cells, causing an
expansion of the Sox2-positive prosensory domain. We further demonstrate that the induced proliferation of Sox2-positive cells may
be mediated by the cell cycle regulator cyclin D1. Lastly, we provide evidence that the mitotic Sox2-positive cells are competent to
differentiate into hair cells. Combined, our data suggest that Wnt/B-catenin signaling has a dual function in cochlear development,
regulating both proliferation and hair cell differentiation.
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INTRODUCTION
The mammalian organ of Corti (OC) comprises two types of
mechanosensory hair cells (HCs) along with underlying support
cells that together are responsible for transducing auditory signals
within the sensory epithelium of the cochlea (supplementary
material Fig. S1). The number of cells fated to each of these cell
types, in addition to the size and shape of the cochlea, is crucial for
auditory processing (Kelley et al., 2009). HCs and support cells
originate from a prosensory pool of progenitors that can be
identified by expression of the transcription factor Sox2 (Kiernan
et al., 2005), the cyclin-dependent kinase inhibitor p27XP!
(Cdknl1b) (Chen and Segil, 1999) and the Notch ligand jagged 1
(Jagl) (Lewis et al., 1998). Following terminal mitosis around
embryonic day (E) 13.5 in the mouse cochlea (Ruben, 1967), HC
differentiation begins as a subset of cells within the prosensory
domain upregulates Atohl, a bHLH transcription factor shown to
be necessary and sufficient for HC formation (Bermingham et al.,
1999; Zheng and Gao, 2000), and downregulates Sox2 (Dabdoub
et al., 2008). Once HC differentiation has begun, Notch signaling
diverts the adjacent Sox2-positive progenitors toward a support cell
fate (Lanford et al., 1999).

The canonical Wnt/B-catenin pathway is known to regulate both
proliferation and differentiation in many tissues (MacDonald et al.,
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2009), and has been suggested to be upstream of both Atoh1 (Shi
et al., 2010) and Sox2 (Agathocleous et al., 2009) during neural
progenitor cell maintenance, and is also involved in cross-
regulation with the Notch pathway (Jayasena et al., 2008; Rodilla
et al., 2009). Recently, it has been demonstrated that ectopic
activation of Wnt/B-catenin signaling can induce proliferation and
HC formation in a limited subset of support cells isolated from the
postnatal OC (Chai et al., 2012; Shi et al., 2012), yet its function
in OC development and initial formation had not been determined.
Whts are secreted glycoproteins that act as morphogens in many
developmental processes. In vertebrates, the biological effects of
the large Wnt gene family are mediated through binding with
members of the Frizzled receptor family (Huang and Klein, 2004;
Malbon, 2004; Nusse, 2005). Activation of Wnt/B-catenin
signaling causes the downregulation of glycogen synthase kinase
3B (Gsk3p), resulting in the stabilization and nuclear translocation
of cytoplasmic B-catenin (Clevers, 2006). Within the nucleus, B-
catenin associates with TCF/Lef transcription factors to effect
transcription of target genes (Jin et al., 2008).

During early inner ear development, canonical Wnt/B-catenin
signaling is necessary for the specification of the otic placode, as
conditional deletion or activation of B-catenin in Pax2-positive
ectodermal cells or Foxgl-positive placodal cells significantly
reduces or expands the size of the otic placode, respectively (Freyer
and Morrow, 2010; Ohyama et al., 2006). In the otocyst, both
nuclear and membranous expression of B-catenin is observed
(Takebayashi et al., 2005); following terminal mitosis, however, -
catenin expression becomes primarily membranous (see
supplementary material Fig. S1) and this pattern is maintained
during postnatal stages (Simonneau et al., 2003). Recent analysis
of reporter mice for downstream targets of Wnt/B-catenin signaling
(Chai et al., 2011) has suggested that this pathway might be active
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in the developing cochlea. In this study, we identify and
characterize a dual role for Wnt/B-catenin signaling during
proliferation of the cochlear prosensory domain and during
mechanosensory HC differentiation.

MATERIALS AND METHODS

Animal care and use

Animals were maintained and euthanized in accordance with NIH, UCSD
and Memorial Sloan-Kettering Cancer Center guidelines for the care and
use of laboratory animals. Embryos from CD-1, ICR or heterozygous
TCF/Lef:H2B-GFP reporter mice were obtained, developmental stages
were determined (Kaufman, 1992) and cochleae were dissected.

Cochlear explant cultures

E12-16 cochlear explants were prepared as described previously (Jacques
et al., 2007). Explants were grown in media containing 10% fetal bovine
serum (FBS) along with Wnt activators at the following concentrations:
LiCl (10 mM); Wnt Agonist (0.75 uM; Calbiochem); BIO, Gsk3 inhibitor
IX (3 uM; Calbiochem). Control media contained 10 mM NacCl or vehicle
control (DMSO). For Wnt inhibition, FH535 (3 uM; Calbiochem) was
added to culture media containing 2.5% FBS, similar to controls, or IWR-
1 (150 uM; Sigma) was added to media containing 10% FBS. Dose-
response curves were generated to determine appropriate concentrations
(n>6 explants per dose per treatment type). For Notch inhibition, y-
secretase inhibitor IX (DAPT, 25 uM; Calbiochem) was added to some
explants. Some explants were cultured in BrdU (3.5 pg/ml; BD
Biosciences). Explant experiments consisted of at least six cochleae per
condition, from a minimum of three independent litters.

Electroporation

A square-wave electroporator (BTX 830, Harvard Instruments) was used
to transfect E13.5 cochleae with either the TCF/Lef:H2B-GFP or TOP-
dGFP/pCAG-mCherry reporter constructs as previously described (Jones
et al., 2006).

Immunocytochemistry

Immunocytochemistry was performed as previously described (Dabdoub
et al., 2008). Primary antibodies were used at the following concentrations:
B-catenin (1:500; BD Biosciences and Sigma); Sox2 and Jagl (1:200;
Santa Cruz Biotechnology); myosin 6 (1:1000; Proteus BioSciences);
myosin 7a (1:150; DSHB); cyclin D1 (1:250; Thermo Scientific); Ki-67
(1:500; AbCam); GFP-Alexa Fluor 488 (1:500; Invitrogen); p27<P! (1:100;
Thermo Scientific and NeoMarkers); nuclei were stained with DAPI
(1:3000; Roche). For BrdU labeling (1:250; BD Biosciences), tissue was
first incubated in 1 M HCI for 30 minutes. Some antibodies required
antigen recovery at 95°C in citrate buffer for 15 minutes. Species-specific
Alexa-conjugated secondary antibodies (1:1000; Invitrogen) were applied
for 1 hour in PBST (PBS with 0.5% Tween 20). For p27%iP!
immunohistochemistry on sections, standard alkaline phosphatase reactions
(DAB Kit, Vector Laboratories) were performed following the
manufacturer’s instructions.

Cell quantification

Explants were established at E12 and maintained for 4 days in vitro (DIV)
in control, FH535- or LiCl-treated media along with BrdU. For each
explant we counted the number of Sox2-positive cells at the basal-apical
midpoint within a 200X 100 um box positioned at the lateral edge of the
Sox2-positive domain and extending 100 um medially. The percentage of
Sox2" BrdU" cells was determined (7=9 explants counted per condition).
Similar counts were obtained for explants established at E13.5 from the
region including the first row of outer HCs and extending laterally to the
edge of the culture; the number of Ki-67" BrdU" cells was also determined
(Sox2/BrdU: n=8 control, n=7 LiCl explants counted; Sox2/Ki-67: n=6
control, n=3 LiCl explants counted). Images were obtained with a Zeiss
LSMS510 confocal microscope.

Quantitative RT-PCR and affinity ligation protein assays
E13.5 explants were maintained in FH535, Wnt Agonist, LiCl or control
media for 5 DIV. Explants were pooled by treatment type, placed into

RNAlater (Ambion) and frozen. RNA and protein was purified from each
sample (n=3-5 independent sets of paired control/treated cultures for each
condition consisting of six explants per condition per sample set) using the
PARIS Kit (Ambion). Protein was quantified using the RC/DC Lowry
assay (BioRad). RNA was reverse transcribed using the High Capacity
RNA-to-cDNA Kit (Applied Biosystems). For qRT-PCR gene expression
assays, Applied Biosystems primers were used: Gapdh (Mm99999915 gl)
as control, Sox2 (Mm00488369 s1) and Atohl (Mm00476035 s1), with
an automatic threshold and baseline. For affinity ligation-based protein
expression assays (Swartzman et al., 2010), TagMan Protein Assay Kits
were used (Applied Biosystems) according to the manufacturer’s
instructions with polyclonal biotinylated cathepsin B (as control) or Sox2
antibodies (R&D Systems) to generate probes to measure relative protein
levels between control and Wnt/B-catenin-activated cultures.

RESULTS

Canonical Wnt signaling is active in the
developing mammalian cochlea

We first sought to confirm that direct activation of the TCF/Lef
complex occurs within the developing cochlea. We analyzed
canonical Wnt activity in embryonic cochleae from TCF/Lef:H2B-
GFP reporter mice possessing six copies of a TCF/Lef responsive
element linked to an Asp68 promoter that drives expression of an
H2B-GFP fusion protein (Ferrer-Vaquer et al., 2010). This
transgenic mouse provides highly specific single-cell resolution
readouts of canonical Wnt activity. We analyzed cochleae at the
proliferative E12.5 prosensory stage, at postmitotic E13.5, which
corresponds to the onset of differentiation, at E14.5 when HC
differentiation begins, and at E17.5 when HC differentiation is
complete (n>4 embryos analyzed for each stage); we also verified
the specificity of this reporter in vitro by photobleaching the GFP
signal then treating tissue with a Wnt/B-catenin-specific inhibitor
and observed a failure of the GFP signal to recover (supplementary
material Fig. S2).

Within E12.5 TCF/Lef:H2B-GFP cochleac we observed high
levels of nuclear GFP activity throughout the floor of the cochlear
duct where most of the GFP-positive cells expressed the prosensory
marker Sox2 and many were also positive for Ki-67 (Mki67 —
Mouse Genome Informatics) (Fig. 1A), a protein that is expressed
when cells are actively mitotic (Scholzen and Gerdes, 2000).
Similar levels of GFP were present in E13.5 cochlear ducts, where
Wht activity was observed in the p275P'-positive presumptive OC
(supplementary material Fig. S3A). At E14.5, high levels of GFP
were still detected within the apex (Fig. 1B), whereas the basal
region showed weak expression of GFP in the Sox2-positive
presumptive OC (Fig. 1C), which did not express Ki-67 (data not
shown). High levels of GFP were also detected in the developing
stria vascularis. In the midbasal region, an intermediate level of
GFP expression was observed (supplementary material Fig.
S3B,C). Thus, reporter activity appeared highest in younger
prosensory cells and progressively diminished in some regions
coinciding with the onset of differentiation. At E17.5, when HC
differentiation is mostly complete, low-level activity was detected
primarily within the pillar cells, inner phalangeal cells and lateral
support cells (Fig. 1D; supplementary material Fig. S4),
comparable to the levels observed in the E14.5 base. This pattern
of activity was similar to that in reporter mice for Lgr5, a target of
Wnt/B-catenin signaling (Chai et al., 2011).

To confirm our in vivo results, we performed an independent
assay for canonical Wnt activity in which organotypic embryonic
cochlear cultures were transfected with a TOP-dGFP/pCAG-
mCherry dual expression plasmid. The mCherry provides a
transfection marker and TOP is the promoter/enhancer region of
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Fig. 1. In vivo canonical Wnt/B-catenin reporter activity in the
mouse developing cochlear duct. (A-C) Transverse sections through
heterozygous E12.5 (A) and E14.5 (B,C) TCF/Lef:H2B-GFP reporter
cochleae (medial is left, lateral is right). Merged views of GFP (green),
Sox2 (red) and either Ki-67 or DAPI (blue) are shown on the left, with
individual channels to the right. The apical (B) and basal (C) turns from
the same E14.5 section are shown (a low-magnification image of this
section is shown in supplementary material Fig. S3). Asterisk indicates
the stria vascularis; brackets indicate the Sox2-positive domain.

(D) High-magnification lumenal surface view (top) and z-section
(bottom) of an E17.5 TCF/Lef:H2B-GFP reporter cochlea; colors are the
same as above, except that hair cells (HCs) are labeled for myosin 6
(Myo6, blue). Note that for E14.5 confocal images, settings were
calibrated to the brightest apical region in the sample and these
settings were used for the high-magnification imaging of the basal
region; thus, levels in the base appear much weaker than in the E17.5
sample, which was calibrated separately. Scale bars: 50 um.

TOPFLASH containing four TCF binding sites that drive
expression of a degradable GFP to report Wnt activity (Woodhead
et al., 2006; Yokota et al., 2009). Explants electroporated at E13.5
and fixed after 2-5 DIV showed GFP expression in transfected cells
both within and outside of the prosensory domain, as identified by
co-expression with Sox2 (Fig. 2; n>6 explants examined per
condition).

Combined, our in vivo and in vitro reporters demonstrate that
Wnt/B-catenin signaling is present and active in and surrounding
the prosensory domain during cochlear development, and that the
level of signaling is reduced with the onset of differentiation in the
OC.

Wnt/B-catenin regulates proliferation within the
mitotic E12 prosensory domain

Wnt/B-catenin signaling is known to regulate proliferation within
developing neural progenitor cells and stem cells (MacDonald et
al., 2009). Given the high levels of TCF/Lef reporter activity
observed within the mitotic prosensory domain and the reduced
reporter activity coinciding with terminal mitosis, we hypothesized
that canonical Wnt signaling might regulate proliferation within the

prosensory domain. At E12, when reporter activity is highest
throughout the cochlear duct (Fig. 1A), the prosensory domain is
still proliferating (Ruben, 1967). If Wnt/B-catenin activity is
required for proliferation during this period, then inhibition or
activation of the pathway prior to terminal mitosis should result in
a reduction or enhancement in the number of proliferating cells,
respectively. To test this hypothesis, we utilized an in vitro strategy
in which cochlear explants were established at E12 and maintained
in one of two different Wnt/B-catenin inhibitors: FH535, a specific
TCF inhibitor (Handeli and Simon, 2008), or IWR-1, which acts
by stabilizing axin and subsequently increasing [-catenin
degradation (Chen et al., 2009). Conversely, some explants were
maintained in LiCl, an agonist of Wnt/B-catenin signaling that
blocks the kinase activity of Gsk3f, preventing [-catenin
degradation (Klein and Melton, 1996). Controls were treated with
either NaCl or DMSO. Cultures were also exposed to the DNA
replication indicator 5-bromodeoxyuridine (BrdU) throughout the
culture period and were fixed after 5 DIV.

Immunocytochemistry and subsequent quantification revealed a
moderate level of BrdU incorporation in the OC of control explants
(Fig. 3A,B,G), whereas FHS535-treated cultures showed a
significant reduction in the number of BrdU-positive cells (Fig.
3C,D,G), as well as a reduction in Sox2 expression and an almost
complete absence of HCs, as indicated by reduced expression of
the HC marker myosin 6 (Fig. 3C,D). Similar effects on
proliferation and HC differentiation were obtained with IWR-1
(supplementary material Fig. S5). By contrast, LiCl-treated
explants showed a significant increase in the number of BrdU-
positive cells within the OC (Fig. 3E-G; n=9 explants per
condition; P<0.001), a concurrent expansion in the size of the
Sox2-positive domain and an increase in HCs (Fig. 3E,F). Thus,
inhibition of Wnt/B-catenin signaling significantly decreased
proliferation, whereas activation significantly increased
proliferation.

To determine whether proliferation was ongoing in the
prosensory domain of these explants or was restricted to the initial
phase of treatment, we immunolabeled some explants for the active
proliferation marker Ki-67. Whereas almost no cells within the
Sox2-positive domain of control or FH535-treated explants
established at E12 and maintained for 5 DIV were Ki-67 positive
(Fig. 3H,I), many Sox2" Ki-67" cells were observed in LiCl-treated
explants (Fig. 3J; n>6 explants per condition). Given that Sox2 has
been shown to be downstream of Wnt/B-catenin signaling during
retinal progenitor cell maintenance (Agathocleous et al., 2009) and
within embryonic stem cells (MacDonald et al., 2009), our results
suggested that sustained Wnt/B-catenin activity could maintain the
proliferative state of Sox2-positive progenitor cells.

In addition to Sox2, cyclin D1 (Cendl; CD-1), a cell cycle
regulator that drives cells into the proliferative phase of the cell
cycle, has been shown to be downstream of Wnt/B-catenin
(Shtutman et al., 1999) and Sox2 (Chen et al., 2008), and in the
cochlea CD-1 regulates the proliferative state of prosensory and
support cells (Laine et al., 2010). Therefore, we assayed for CD-1
expression following modulation of Wnt/B-catenin signaling in
cultures established at E12. After 5 DIV, a few rows of cells on the
lateral edge of the OC expressed CD-1 in control explants (Fig.
3K), whereas this expression was absent following FHS535
treatment (Fig. 3L). Conversely, LiCl induced the upregulation of
CD-1 immunoreactivity within most Sox2-positive cells (Fig. 3M;
n>6 explants per condition), suggesting that CD-1 might mediate
the Wnt/B-catenin-induced proliferation of Sox2-positive
prosensory cells.
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E13+2 DIV

Fig. 2. Wnt/B-catenin signaling is active in cultured mouse embryonic cochlear explants. (A-D) Low- (A,C) and high- (B,D) magnification
images of E13.5 cochlear explant cultures electroporated with the TOP-dGFP/pCAG-mCherry reporter construct and maintained for either 2 (A,B) or
5 (C,D) DIV. The boxed regions in A and C are magnified in B and D, respectively; medial is towards the bottom and lateral towards the top. Red
(mCherry) marks transfected cells; green (TOP-dGFP) indicates cells with active TCF signaling; Sox2 (blue) is shown to indicate the prosensory/organ
of Corti (OC) domain. a, apical region; b, basal region. Scale bars: 500 um in A,C; 50 um in B,D.

Canonical Wnt activation induces proliferation
within the postmitotic cochlear prosensory
domain

Although our results indicated that Wnt/B-catenin signaling regulates
endogenous proliferation within the early E12 prosensory domain,
we wanted to establish whether Wnt activation could induce
proliferation after the period of terminal mitosis in cultured E13.5
cochleae, as Wnt/B-catenin has been shown to induce proliferation
in typically quiescent cells in other organ systems, as well as promote
oncogenesis. Activating Wnt/B-catenin signaling at E13.5 with LiCl
increased the number of HCs compared with controls and also
caused a robust lateral expansion of the Sox2-positive domain after
4 DIV (Fig. 4A,B). After 6 DIV, the lateral Sox2 domain was
expanded even further (Fig. 4C). This continued expansion of the
lateral prosensory domain suggested that these Sox2-positive cells
were proliferating. To confirm this, cultures were established at
E13.5 and maintained in LiCl or control conditions for 3 DIV, after
which BrdU was applied (equivalent to stage E16.5); explants were
then maintained for an additional 3 DIV in control/BrdU or
LiCl/BrdU media. Following this treatment, almost no Sox2" BrdU"
cells were observed in control explants, whereas many were
observed in LiCl-treated samples (Fig. 4D,E; n>15 explants per
condition). However, unlike treatment at E12 (Fig. 3), few Sox2"
BrdU" cells were found in the medial OC region, and most were
restricted to the lateral domain. This suggested that Wnt/B-catenin
activation at E13.5 induces proliferation and expands the lateral
domain of Sox2-positive cells, whereas under control conditions
Sox2-positive cells do not proliferate at this stage. When treatment
with LiCl and BrdU was delayed until E16, no change in HCs was
apparent, although a limited increase in Sox2-positive cells and BrdU
incorporation within the pillar cells, inner phalangeal cells and the
greater epithelial ridge was observed after 4 DIV compared with
controls (Fig. 4F,G). It is important to note that these are the same
cells that showed high levels of canonical Wnt activity in both the
E17.5 TCF/Lef:H2B-GFP (Fig. 1E; supplementary material Fig. S4)
and Lgr5 reporter mice (Chai et al., 2011) and that can respond to
ectopic Wnt activation in postnatal cochlear cells (Chai et al., 2012;
Shi et al., 2012).

To further examine the effect of Wnt/B-catenin activation on
typically postmitotic cells we performed a second mitotic assay to
identify cells that were actively proliferating. In E13.5 explants
maintained for 5 DIV, almost no cells were Ki-67" BrdU™ as well

as Sox2 positive (Fig. 5A,B). By contrast, numerous triple-labeled
cells were observed following LiCl treatment (Fig. 5C,D).
Quantification revealed a significant increase in the total number
of Sox2-positive cells at the basal-apical midpoint, as well as a
significant increase the number of Sox2" BrdU" and Sox2" Ki-67"
cells in LiCl-treated explants compared with controls (Fig. 5SE; n=4
control and n=3 LiCl-treated explants). Similar to activation at E12,
almost all ectopic Sox2-positive cells in cultures treated with LiCl
at E13.5 for 5 DIV also expressed CD-1, whereas its expression
was limited in control explants (Fig. 5F,G). Moreover, CD-1
expression was never observed in mitotic lesser epithelial ridge
(LER) cells of control explants, further suggesting that CD-1 might
mediate the Wnt/B-catenin-induced proliferation of Sox2-positive
prosensory cells.

Combined, these experiments demonstrate that sustained
canonical Wnt activation after E13.5 can promote continuous
proliferation within a subset of Sox2-positive cells in the developing
cochlear duct that would otherwise be quiescent after the period of
terminal mitosis. By contrast, treatment during the mitotic phase at
E12 induces enhanced proliferation in Sox2-positive cells throughout
the entire prosensory domain and within the OC.

Wnt/B-catenin signaling is required for HC
differentiation

The reduced proliferation following FH535 treatment at E12 was
not sufficient to explain the nearly complete loss of HCs as most
prosensory cells have formed by this stage, suggesting that Wnt/p-
catenin signaling might have an additional function during HC
differentiation. Recent studies have identified that high-level Wnt
activity promotes proliferation, whereas low-level signals may be
required for differentiation (Fossat et al., 2011). Thus, to further
investigate the role of Wnt/B-catenin signaling during HC
differentiation, and to characterize these functions independently
of its proliferative role, we analyzed explants established at E13.5
after the period of terminal mitosis. Similar to treatment at E12,
E13.5 explants maintained in FH535 for either 3 or 5 DIV showed
a substantial reduction in the number of HCs compared with
controls (Fig. 6A,B; n>10 explants per condition).

Further analysis revealed that the effect of FH535 on HC
formation was reversible. We performed a washout experiment in
which cultures were established at E12 or E13.5 and maintained
for 3 DIV in FH535 or control media, then all cultures were
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Fig. 3. Modulation of Wnt/B-catenin signaling in the mitotic E12 prosensory domain affects proliferation and HC differentiation.
(A-F) Low- (A,C,E) and high- (B,D,F) magnification lumenal surface views of E12 sensory epithelial explants maintained for 5 DIV with BrdU in
control media (A,B), the Wnt/B-catenin inhibitor FH535 (C,D) or the Wnt/B-catenin activator LiCl (E,F). (B,D,F) Merged views are shown on the left
and individual channels to the right. In controls, immunocytochemistry for Sox2 (red), BrdU (green) and Myo6 (blue) indicated that HCs develop
normally and there is a moderate level of BrdU incorporation by Sox2-positive cells (A,B). Wnt inhibition results in a substantial reduction in HCs,
BrdU incorporation and the size of the prosensory field (C,D), whereas Wnt/B-catenin activation substantially increases the number of HCs and

BrdU-positive cells and the size of the prosensory field (E,F). (G) Quantification of Sox2* BrdU™ cells within a 200100 um box positioned over the
lateral HC domain at the basal-apical midpoint in control or Wnt-modulated explants after 4 DIV revealed a significant reduction or expansion in the
number of cells that had undergone mitosis following treatment with Wnt inhibitor, or Wnt activator, respectively, compared with controls. Control
samples maintained in low (2.5%) or high (10%) fetal bovine serum (FBS) appeared similar by immunocytochemistry, but were quantified
independently; n=9 explants counted per condition; *P<0.001 for both treatments. Error bars indicate +s.e.m. (H-J) To identify ongoing
proliferation, immunocytochemistry for Ki-67 (green) was performed on E12 control (H), FH535-treated (I) and LiCl-treated (J) explants maintained
for 5 DIV. AlImost no Ki-67-positive cells were observed in the Sox2-positive OC domain in control (H) and FH535-treated (1) cultures, whereas many
were observed in LiCl-treated explants (J, arrowheads). (K-M) Expression of the cell cycle regulator cyclin D1 (CD-1, green) was observed just
outside of the Sox2-positive (red) sensory domain in control explants (K), whereas CD-1 was almost completely absent from FH535-treated cultures

(L). In LiCl-treated samples, CD-1 expression was increased and overlapped with the expanded Sox2-positive domain (M). Scale bars: 300 um in

A,C,E; 100 um in B,D,F; 50 pm in H-M.

washed and maintained for an additional 3 DIV under control
conditions. Following this treatment course a relatively normal
pattern of HCs was observed in all explants (E13.5 shown in Fig.
6C,C’"; E12 shown in supplementary material Fig. S6A,B) and
there was no significant difference in the number of HCs between
control cultures and those transiently exposed to FHS535
(supplementary material Fig. S7). Explants fixed 1, 2 or 3 days
after removing FH535 from the medium showed that HC
differentiation followed the normal basal-to-apical and medial-to-
lateral pattern (data not shown). Alternatively, if explants were
established at E13.5 and maintained for the first 3 DIV in control
media (equivalent to stage E16.5) and then were incubated in
FHS535 for an additional 3 DIV, no effect on HC formation was
observed (Fig. 6D; n>6 explants per condition). These results
demonstrate that Wnt/B-catenin signaling is required between
E13.5 and E16 for HC differentiation, distinct from its function
during early prosensory proliferation.

In contrast to inhibition, Wnt/B-catenin activation induced
supernumerary HCs. To further investigate this effect we activated
the signaling cascade in postmitotic E13.5 explants utilizing three
different pharmacological agents (Liu et al., 2005; Meijer et al.,

2003). Activating Wnt/B-catenin signaling with LiCl, Wnt Agonist
or BIO at E13.5 (n>10 explants per condition) for 5 DIV increased
the number of both inner and outer HCs compared with controls
(LiCl results shown in Fig. 4; supplementary material Fig. SSA-D
shows similar results from the three activators). Determination of
inner versus outer HCs was based on their separation by p75™-
positive pillar cells, and overall there was an increase in the number
of nerve growth factor receptor (p75™)-positive cells following Wnt
activation (supplementary material Fig. S8E,F). To quantify the
change in OC size, we measured the overall width of the HC domain
and found that, in explants that had been exposed to LiCl, it was
almost double that in controls (P<0.001; n=6 explants per condition;
supplementary material Fig. S8G,H shows examples of measured
explants; supplementary material Fig. SOA shows the quantification).

To further quantify the effects of Wnt modulation, we also
examined the relative expression levels of Sox2 and Afohl, which
are required for HC formation and are also downstream targets of
Whnt/B-catenin signaling (Agathocleous et al., 2009; Leow et al.,
2004; Shi et al., 2010). Exposure of E13.5 cultures to Wnt inhibitor
for 5 DIV resulted in a significant decrease in both Sox2 and Afohl
mRNA levels compared with controls (supplementary material Fig.
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Control B
E136+4DIV] &~ -

Control |E
E13.5+6DIV

Fig. 4. Wnt/B-catenin activation induces proliferation in typically
quiescent Sox2-positive cells of the differentiating prosensory
domain. (A-C') Low- (A-C) and high- (A’-C") magnification lumenal
views of different E13.5 control and LiCl-treated explants maintained
for 4 (A,B) or 6 (C) DIV and immunostained for Sox2 (red) and Myo6
(green). In controls (A,A’), Sox2 expression extends two rows beyond
the lateralmost outer HCs. After 4 DIV in LiCl (B,B’), Sox2-positive cells
extend more than 100 um beyond the lateral HC domain and, after 6
DIV in LiCl, the Sox2 domain is expanded even further laterally (>300
um; C,C’). (D,E) Surface views of control (D) and LiCl-treated (E)
explants established at E13.5 and maintained for 6 DIV; BrdU was
applied after 3 DIV. No Sox2* BrdU* cells are observed in controls (D),
whereas LiCl-treated explants have many Sox2* BrdU* cells in the
expanded lateral domain (E; individual channels shown to right).

(F,G) Control cultures established at E16 and maintained for 5 DIV in
BrdU have no Sox2* BrdU* cells in the OC (F). In LiCl-treated explants, a
subset of Sox2-positive cells, including pillar cells (arrowheads), inner
phalangeal cells and support cells at the lateralmost edge of the OC
(G), are BrdU positive, although HCs are unchanged. Scale bars: 200
um in A-C; 100 um in A’-C’; 50 um in D,E; 25 um in F.G.

S9B). Conversely, exposure to Wnt activators (LiCl or Wnt
Agonist) for 5 DIV resulted in a significant doubling of both Sox2
and Atohl mRNA levels as well as Sox2 protein levels compared
with controls (supplementary material Fig. S9C,D). These results
suggest that both Sox2 and Atohl might be regulated by Wnt/j3-
catenin signaling during prosensory and HC formation.

Wnt/B-catenin signaling promotes prosensory
identity

The increase in the HC domain following Wnt activation at E13.5
and the large lateral expansion of Sox2 suggested that Wnt/[3-
catenin was not only required for HC differentiation but might also
promote prosensory cell identity. Within all inner ear sensory

patches, early expression of the Notch ligand Jagl marks the
prosensory domains; HCs eventually downregulate Jagl, although
it is maintained in support cells (Lewis et al., 1998; Morrison et al.,
1999). To determine whether Wnt/B-catenin signaling induces
prosensory cell identity, E12 and E13.5 explants were maintained
for 5 DIV in control or LiCl-treated media then assayed for Jagl
expression. In control samples, Jagl was highly expressed in
support cells (Fig. 7A,B), but appeared even higher in LiCl-treated
explants where it extended far beyond the HC domain and
overlapped with the expanded pool of Sox2-positive cells (Fig.
7A’,B’). By contrast, E12 cultures treated with Wnt inhibitor for 5
DIV showed reduced levels of Jagl (Fig. 7A"), similar to the
reduction in Sox2. These results suggested that Wnt/B-catenin
signaling might be required for prosensory identity.

In the cochlea, Sox2 has been shown, at least in part, to regulate
the expression of the transcription factor Prox1 (Dabdoub et al.,
2008), another prosensory marker that is eventually downregulated
in HCs (Bermingham-McDonogh et al., 2006). We performed
immunocytochemistry for Proxl following 5 days of LiCl
treatment beginning at E13.5, and further confirmed the increase
in prosensory cells as it was also co-expressed in the laterally
expanded Sox2 domain (Fig. 7C,C"). Like Jagl, Sox2 and Prox1,
p27XP! is also an early marker of the prosensory domain that
eventually becomes restricted to support cells of the OC (Chen and
Segil, 1999). In E13.5 control and LiCl-treated cultures, p27~P!
was co-expressed in all Sox2-positive cells after 3 DIV (Fig.
7D,D’"), including the expanded domain in LiCl-treated cultures. In
FH535-treated explants, p27"P! was also observed in the Sox2-
positive domain after 3 DIV (Fig. 7D"), although these explants
lacked the population of Sox2~ p27"P!* cells at the lateral edge of
the epithelium that was observed in controls. Given that HCs are
able to differentiate once FH535 is removed from the medium, it
is likely that the epithelium is held in developmental stasis
preventing differentiation; thus, similar to the expression of p27+iP!
in all prosensory cells early in development, in FH535-treated
samples this pattern is likely to be maintained. These p27"iP!-
positive cells following FHS535 treatment are therefore
undifferentiated prosensory cells rather than supporting cells.

Sox2-positive cells induced by Wnt/g-catenin
activation are competent to differentiate into HCs
If the Wnt-induced Sox2-positive cells at the lateral edge of the OC
in E13.5 explants represent an expanded prosensory domain, they
should be competent to differentiate into HCs. Inhibition of the
Notch pathway with the y-secretase inhibitor DAPT has been
shown to promote the transdifferentiation of Sox2-positive cells
into HCs (Dabdoub et al., 2008; Takebayashi et al., 2007). We thus
hypothesized that Notch inhibition within Wnt/B-catenin-induced
Sox2-positive prosensory cells should result in the conversion of
some of these ectopic Sox2-positive cells into HCs. E13.5 explants
were incubated in LiCl for 3 DIV to induce an expansion of the
Sox2 domain. Control and LiCl-treated media were then replaced
with media containing DAPT and cultures were maintained for an
additional 4 DIV (7 DIV total). Control explants maintained in
DAPT for 4 DIV had supernumerary HCs in the OC region but no
HCs were observed in the LER (Fig. 8A), as previously described
(Takebayashi et al., 2007). DAPT treatment of cells pretreated with
LiCl, however, resulted in the differentiation of many ectopic HCs
within the far lateral domain, in addition to supernumerary HCs in
the OC (Fig. 8B).

Furthermore, if explants were exposed to BrdU during
pretreatment with LiCl and then incubated in DAPT, many of the
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ectopic lateral HCs were also BrdU positive (Fig. 8C; n>20
explants per condition). If BrdU was added at the time of DAPT
treatment (after the initial 3 DIV in LiCl; n>6 explants per
condition), no ectopic BrdU-positive HCs were observed (data not
shown). This demonstrates that Wnt/B-catenin signaling, not DAPT
treatment, is responsible for BrdU incorporation in the laterally
expanded Sox2-positive cells that differentiated into HCs.
Combined, these results suggest that the Wnt/B-catenin-mediated
proliferative expansion of the prosensory domain produces cells
that are competent to differentiate into HCs.

DISCUSSION

In the chicken basilar papilla it has been reported that
overexpression of activated P-catenin induces ectopic HC
formation (Stevens et al., 2003) and, more recently, it has been
shown that canonical Wnt activation can induce proliferation
within dissociated epithelial cells of the avian utricle (Alvarado et
al., 2011). The role for this pathway during mammalian cochlear
development, however, was unknown. Although multiple
transgenic canonical Wnt reporter mice have been generated (listed
on the Wnt homepage http://www.stanford.edu/group/nusselab/cgi-
bin/wnt/), inconsistencies existed as to the exact spatiotemporal
pattern of endogenous Wnt/B-catenin activity (Barolo, 2006). In the
inner ear, Qian et al. (Qian et al., 2007) reported no Wnt/B-catenin
activity in the otocyst and developing cochlea using the BAT-gal
mouse (Maretto et al., 2003), whereas Laine et al. (Laine et al.,
2010) identified low-level activity in cochleae of the same BAT-gal
strain as well as in the TOP-gal reporter (DasGupta and Fuchs,
1999), and Ohyama et al. (Ohyama et al., 2006) observed
endogenous Wnt activity in otocysts of the TCF/Lef-lacZ reporter
line (Mohamed et al., 2004). A more recent study sought to identify
the pattern of Wnt/B-catenin signaling by analyzing reporter mice
of the Wnt targets Lgr5 and Axin2; although both were present,
their expression was non-overlapping in the cochlea (Chai et al.,
2011). Utilizing the TCF/Lef:H2B-GFP mouse (Ferrer-Vaquer et
al., 2010), which provides high-resolution single-cell reporting, we
describe the pattern of Wnt/B-catenin activity within the developing
cochlear duct, which appeared similar to the reported pattern of
Lgr5 (Chai et al., 2011). We further confirmed canonical Wnt

Fig. 5. Wnt/B-catenin-induced sustained
proliferation within differentiating Sox2-
positive prosensory cells is mediated by
upregulation of cyclin D1. (A-D) Explants
established at E13.5 and maintained for 5 DIV in
BrdU show high levels of BrdU (red), Sox2 (blue)
and Ki-67 (green) co-staining in LiCl-treated
explants (C,D) compared with controls (A,B). The
boxed regions in A and C are magnified in B and
D, respectively; individual channels are shown to
the right of merge. Arrowheads indicate Sox2* Ki-
67" BrdU* cells. (E) Quantification of the number
of Sox2* BrdU* and Sox2* Ki-67* cells in control
and LiCl-treated samples. Error bars indicate
+s.e.m.; *P<0.001 for Sox2* BrdU*; #P=0.002 for
Sox2* Ki-67*. (F-G’) Immunocytochemistry for
CD-1 (green) showing co-expression with Sox2
(red) in LiCl-treated explants (G,G’) but not in
controls (FF’) established at E13.5 and maintained
for 5 DIV. (F',G’) High-magnification views of F
and G, showing Sox2 and CD-1 shown merged at
left and CD-1 alone at right. Scale bars: 50 um in
A,CF,G’; 200 um in FG.

activity in vitro by transfecting embryonic cochlear explants with
an independent reporter construct. Based on in vivo reporter
activity, we can conclude that Wnt/B-catenin signaling is highest in
the early mitotic prosensory domain and is downregulated with the
onset of HC differentiation, although activity is maintained at low
levels. The canonical Wnt activity reported throughout the E9.5
otocyst (Ferrer-Vaquer et al., 2010; Ohyama et al., 2006), combined
with the activity we observed with both of our reporters outside of
the prosensory domain at later stages, suggest that Wnt/B-catenin
signaling might also regulate the development of nonsensory
cochlear regions.

That low-level TCF/Lef activity was still detected at later
developmental stages suggested that it plays a role during both the
early proliferative phase of prosensory development as well as
during later OC differentiation, which was confirmed by our in
vitro functional analysis. We demonstrate that Wnt/B-catenin
activation in embryonic cochlear explants causes an increase in
proliferation as well as an expansion in the number of HCs and in
the expression domain of the prosensory transcription factor Sox2
(Kiernan et al., 2005). Conversely, inhibition of Wnt activity
significantly reduces proliferation and HC differentiation.
Following Wnt inhibition at postmitotic E13.5, the pattern of Sox2
expression was reminiscent of that at E13, suggesting that
inhibiting Wnt/B-catenin signaling delays OC maturation. Recently,
it has been shown that Sox2 regulates the level of Atohl expression
in the prosensory domains of the chick inner ear (Neves et al.,
2012), which might partly explain the effects that we observed on
HC formation. That the extent of HC formation following Wnt/B-
catenin modulation was dose dependent (data not shown) suggests
that precise regulation of endogenous levels of Wnt activity is
required to regulate normal pattern formation during development
of the sensory epithelium. Similarly, a recent study has
demonstrated that slight changes in the level of Wnt/B-catenin
activity can have significant effects on developmental outcomes
(Fossat et al., 2011). Consistent with our observations of
TCF/Lef:H2B-GFP reporter mouse cochleae, it is likely that,
during normal development, high levels of Wnt/B-catenin activity
in the early prosensory domain promote proliferation and low-level
activity is needed for differentiation to proceed.
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Fig. 6. Canonical Wnt signaling is necessary for cochlear HC
differentiation. (A-B’) Lumenal views of E13.5 explants maintained
for 6 DIV in control medium (A) or with FH535 (B,B’) and
immunostained for Sox2 (red) and Myo6 (green). (B’) High-
magnification view of the midbasal region from an explant treated with
FH535, similar to that in B. (C,C’") Explants treated with FH535 for the
initial 3 DIV then maintained for an additional 3 DIV in control media
developed a relatively normal complement of HCs and Sox2 expression
compared with control (A). (D) When explants were maintained under
control conditions for 3 DIV, then treated with FH535 for an additional
3 DIV beginning at a stage equivalent to E16.5, no change in Sox2
expression or HCs was observed compared with control (A). Scale bars:
200 umin A,B,C,D; 100 um in B',C".

Comparable to that reported for retinal progenitor cells
(Agathocleous et al., 2009), continuous Wnt/B-catenin activation
in the cochlea upregulates Sox2 and confers a more progenitor-like
character. We observed differences, however, in the upregulation
of proliferation between E12 and E13.5. Activation at E12 induced
proliferation throughout the presumptive OC domain, whereas Wnt
activation after E13.5 induced proliferation only in a limited subset
of Sox2-positive cells, specifically those at the lateral edge of the
OC domain and around the pillar cell region. The usually quiescent
Sox2-positive cells, which mitotically respond to canonical Wnt
activation at E13.5, are the same cells that maintain endogenous
Whnt reporter activity during later developmental stages (including
pillar cells, phalangeal cells and lateral edge support cells),
suggesting that sustained Wnt/B-catenin activity confers a higher
mitotic capacity. Thus, the lateral expansion of the Sox2 domain at
E13.5 can be partly attributed to the continued proliferation of
lateral Sox2-positive prosensory cells, although the possibility
exists that some of these cells might represent LER cells that have
been induced to express Sox2. Under normal conditions, however,
no Sox2-positive cells are found beyond the lateral edge of the OC.
Additionally, if LER cells were being induced to express Sox2,
then Sox2-positive cells should be found throughout the LER,
which was never the case, as ectopic Sox2-positive cells were only
found in a contiguous pool extending from the lateral edge of the
OC region. Future lineage-tracing experiments should confirm the
source of these ectopic prosensory cells. Furthermore, experiments
will also be needed to clarify whether the apparent Wnt/B-catenin
induction in prosensory cells is due to direct effects of this pathway
on gene expression or is indirectly attributable to the Wnt-induced
proliferative expansion within the epithelium.

A recent study of heart development demonstrated that up- or
downregulation of B-catenin signaling results in a concurrent
increase or decrease in Sox2 expression, respectively, and suggested

Control|D’
E13.5+3DIV

Fig. 7. Canonical Wnt signaling induces ectopic prosensory
identity. (A-B’) Lumenal surface views showing immunocytochemistry
for jagged 1 (Jag1, green) and Sox2 (red, A) or Myo6 (red, B) in E12 (A)
or E13.5 (B) explants maintained for 5 DIV. Compared with controls
(A,B), Jag1 expression is increased following LiCl treatment (A’,B") and
reduced following Wnt inhibition with FH535 (A”). (C,C’) Prox1
expression is also increased in E13.5 cultures maintained for 5 DIV in
LiCI (C') compared with controls (C); counterstaining is for Sox2 (red)
and Myo7a (blue), with merge at left and individual channels to right.
(D-D”) Immunocytochemistry for the prosensory marker p27<P" (green)
in cultures established at E13.5 and maintained for only 3 DIV in control
media (D), LiCl (D’) or FH535 (D”) and counterstained for Myo6 (blue)
and Sox2 (red); n>10 explants per condition per antibody. Scale bars:
50 um in A-A”",D-D”; 100 um in B-C".

that the upregulation of Wnt/B-catenin signaling enhances the
proliferation of cardiomyocytes (Heallen et al., 2011). In embryonic
neural stem cells, Sox2 upregulation via Wnt/B-catenin activation
also mediated the ability to proliferate (Cai et al., 2002; Pevny and
Nicolis, 2010); thus, the increased mitosis we observed in both
mitotic phase E12 prosensory cells as well as in normally quiescent
E13.5 prosensory cells is likely to be the result of downstream
regulation of Sox2. Although the specific mechanism responsible for
inducing this proliferation is unknown, our data suggest that it might
be meditated by upregulation of the cell cycle regulator CD-1
(Besson et al., 2008). In cancer cells, B-catenin signaling induces
proliferation via TCF/Lef regulation of CD-1 expression (Shtutman
et al., 1999), and Laine et al. (Laine et al., 2010) recently suggested
that the downregulation of CD-1 is responsible for the reduced
proliferative capacity of cochlear prosensory and support cells.
Whereas that study did not identify a link between CD-1 and Wnt/[3-
catenin in postnatal cochleae, here we report that modulation of Wnt
signaling regulates CD-1 expression in the embryonic cochlear
epithelium, suggesting that CD-1 might be a target of the Wnt/B-
catenin pathway during early stages of development. Moreover, it is
possible that this upregulation of CD-1 is enhanced by synergistic
interactions between B-catenin and Sox2, which have been shown to
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Fig. 8. Wnt/B-catenin-induced Sox2-positive proliferative cells are competent to develop into HCs. (A,B) Surface views of explants
established at E13 and maintained in control (A) or LiCl-treated (B) media with BrdU for 3 DIV followed by incubation for an additional 3 DIV in
media containing DAPT (25 uM) without NaCl or LiCl. DAPT treatment increased HC numbers (Myo6, green) in control and LiCl-treated samples in
the OC region. In LiCI/DAPT explants, many HCs are found in the lesser epithelial ridge (LER) but none are observed in control/DAPT explants.

(C€) High-magnification view of a cluster of HCs from the LER of a LiCI/DAPT-treated culture demonstrating that LiCl conditioning followed by DAPT
exposure produces ectopic BrdU-positive HCs. Numerous HCs (Myo6, green) have BrdU-positive (red) and Sox2-positive (white) nuclei, suggesting
recent mitotic origins. Inset in the middle panel is an optical transverse section through the HC cluster (position indicated by the white line) showing

characteristic HC morphology. Scale bars: 100 um in A,B; 20 umin C.

enhance transcription of CD-1 during oncogenesis (Chen et al.,
2008). Although more experiments will be needed to confirm this
mode of transcriptional regulation, our data suggest that Wnt/3-
catenin-induced upregulation of Sox2 and CD-1 might act in a
positive-feedback loop to mitotically produce more Sox2-positive
cells. Within the typically quiescent zone of non-proliferation,
ectopic Wnt/B-catenin activation selectively enhances the
proliferation of Sox2-positive cells, effectively expanding the size of
the prosensory domain and the number of cells that are competent to
differentiate into mechanosensory HCs.

In addition to Sox2, Notch signaling is also known to function
in OC development (Brooker et al., 2006; Hayashi et al., 2008;
Kiernan et al., 2006; Pan et al., 2010; Tateya et al., 2011). The
Notch ligand Jagl has been shown to be required for cochlear
prosensory formation (Pan et al., 2010), and, in other systems,
Wnt/B-catenin signaling regulates the expression of Jagl (Chen et
al., 2010; Rodilla et al., 2009). In this study we observed an
expansion of the Jagl domain following Wnt/B-catenin activation.
Moreover, the reported phenotype of Jag! conditional mutants
(Kiernan et al., 2006) is similar to the effects of Wnt/B-catenin
inhibition in vitro, with both possessing very few or patchy HCs.
Thus, it is likely that Wnt/B-catenin may be upstream of Jagl and
the Notch signaling pathway during OC development. Notch
signaling, however, does not seem to be required for proliferation.
Conditional deletion of Rbpyj, a crucial transcription factor required
for Notch signaling, as well as triple knockdowns of HesI, Hes5
and Heyl, had no effect on prosensory proliferation or the number
of prosensory cells that formed (Tateya et al., 2011; Yamamoto et
al., 2011), suggesting that the proliferative effect of Wnt/B-catenin
might be independent of Notch signaling.

In conclusion, our results suggest that Wnt/B-catenin signaling
plays a dual function in the development of the cochlear sensory
epithelium by regulating proliferation within the early prosensory
domain and HC differentiation at later developmental stages. Our
data also demonstrate that, within the postmitotic OC, activation of
Wnht/B-catenin signaling induces proliferation, enabling the mitotic
generation of HCs.
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