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SUMMARY
Although STAT3 signaling is demonstrated to regulate sensory cell differentiation and regeneration in the zebrafish, its exact role is still

unclear in mammalian cochleae. Here, we report that STAT3 and its activated form are specifically expressed in hair cells during mouse

cochlear development. Importantly, conditional cochlear deletionof Stat3 leads to an inhibitiononhair cell differentiation inmice in vivo

and in vitro. By cell fate analysis, inactivation of STAT3 signaling shifts the cell division modes from asymmetric to symmetric divisions

from supporting cells. Moreover, inhibition of Notch signaling stimulates STAT3 phosphorylation, and inactivation of STAT3 signaling

attenuates production of supernumerary hair cells induced by aNotch pathway inhibitor. Our findings highlight an important role of the

STAT3 signaling during mouse cochlear hair cell differentiation and may have clinical implications for the recovery of hair cell loss-

induced hearing impairment.
INTRODUCTION

Hearing loss, often caused by irreversible damage to hair

cells, has been affecting millions of people in the world.

Hair cells, located adjacent to surrounding supporting

cells, are mechanosensory cells that can directly convert

sound into electrical signals (Fujioka et al., 2015). Hair

cell differentiation emerges at the mid-basal region of

sensory epithelium at embryonic day 14 (E14), and sub-

sequently extends along the entire epithelium in basal-

to-apical and medial-to-lateral fashions (Kelley, 2006).

Previous studies demonstrate that LGR5-expressing sup-

porting cells, which retain stem cell features, have the capa-

bility to differentiate into hair cells in vitro (Bramhall et al.,

2014; Chai et al., 2012; Li et al., 2015; Shi et al., 2012).

Therefore, understanding of mammalian hair cell differen-

tiation mechanism and discovery of effective stimulators

for hair cell generation are crucial for potential therapies

of hearing loss.

Over the past two decades, a number of genes and

signaling pathways have been reported to regulate inner

ear hair cell development (Chai et al., 2012; Dabdoub

et al., 2008; Gnedeva and Hudspeth, 2015; Golden et al.,

2015; Huh et al., 2012; Kiernan, 2013; Kuo et al., 2015; Li

et al., 2015; Mizutari et al., 2013; Ono et al., 2014; Shi

et al., 2014). Of them, Notch signaling has been shown
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to be a major player in the specification of prosensory

epithelium and regulation of hair cell differentiation (Mun-

namalai et al., 2012; Pan et al., 2010). Activation of Notch

signaling contributes to choosing the sensory progenitor

fate and maintaining their undifferentiated status. Inacti-

vation of Notch signaling in conditional knockout mouse

models or by pharmacological inhibitors induces an in-

crease in hair cell production (Kiernan, 2013; Li et al.,

2015; Mizutari et al., 2013). Another important factor

is MATH1, a basic-helix-loop-helix transcription factor.

MATH1 is not only sufficient to induce differentiation of

supporting cells into hair cells (Gao, 2003; Shou et al.,

2003; Zheng and Gao, 2000), but also required for hair

cell differentiation (Bermingham et al., 1999; Woods

et al., 2004). More recently, Liang et al. (2012) reported

that in the zebrafish the signal transducer and activator

of transcription 3 (STAT3) signaling, a classical pathway

activated by extracellular factors (Tadokoro et al., 2014),

plays a role in regulation of zebrafish neuromast hair cell

development. The zebrafish lateral line neuromasts are

similar to the mammalian inner ear sensory epithelium

in structure. STAT3 signaling is activated following hair

cell damages and hair cell regeneration in the lateral line

neuromasts. Knock down of Stat3 decreases the number

of hair cells by downregulating Math1 expression during

hair cell development. However, the importance of STAT3
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signaling for mammalian inner ear hair cell differentiation

and the relationship between STAT3 and Notch signaling

pathways during this process are still unknown.

On the other hand, normal tissue homeostasis is main-

tained through symmetric and asymmetric cell divisions

of stem/progenitor cells (Knoblich, 2010; Yang et al.,

2015). Symmetric divisions are required for the expansion

of progenitor numbers, while asymmetric divisions are

operated to give rise to differentiated cells. For instance,

in developing prostates, basal cells display symmetric divi-

sion to produce daughter cells with self-renewal capacity,

and undergo asymmetric division to generate daughter

cells to achieve both self-renewal and differentiation po-

tential (Wang et al., 2014). Up to now, the cell division

modes that the inner ear supporting cells undergo have

never been examined and whether STAT3 signaling influ-

ences these cell division modes during hair cell differentia-

tion has not been reported.

In this study, we report that STAT3 activation is spe-

cifically correlated with hair cell differentiation. Either

conditional Stat3 gene deletion in mice in vivo or pharma-

cological inhibition of the STAT3 pathway in vitro leads

to a decreased production of hair cells. Such effects

appear to be achieved by shifting from asymmetric divi-

sions to symmetric divisions of supporting cells. In addi-

tion, STAT3 signaling is activated when the Notch

pathway is inhibited by either using Notch1 conditional

knockout mice or administration with a pharmacological

inhibitor, and blocking STAT3 signaling attenuates the

effect of the inhibition of Notch signaling on induction

of extra hair cells. Thus, STAT3 signaling is an impor-

tant regulator of hair cell differentiation in mammalian

cochleae.
RESULTS

STAT3 Is Selectively Expressed and Activated in the

Prosensory Epithelium of the Developing Mouse

Cochlea In Vivo

To determine expression patterns of STAT3 signaling mole-

cules in the mouse inner ear epithelium, we performed

qRT-PCR experiments of four STAT3 signaling-related

genes, including Jak1, Jak2, Stat3, and Socs3 (Liang et al.,

2012). As shown in Figure 1A, Stat3 showed a relatively

high expression level in the cochlea relative to the other

three genes at post-natal day 0 (P0). Temporally, the Stat3

expression level was increased gradually during cochlear

development from E14 to P0, but decreased at P5 and P15

(Figure 1B).

To get a better idea about the cellular expression patterns

of STAT3 signalingmolecules during hair cell development,

we dissected, dissociated, and fluorescence-activated cell
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sorting (FACS) sorted hair cells, non-hair cell epithelial

cells, and mesenchymal cells from the developing inner

ear tissues prepared from the Math1-GFP transgenic mice,

in which Math1 is the promoter driving the reporter GFP

(Woods et al., 2004). In addition to separate hair cells

by using green fluorescence, we also used VIMENTIN as a

marker to separate epithelial versus mesenchymal cells

(Figures S1A and S1B). The inner ear cells from Math1-

GFP mice were divided into three groups: Hc (MATH1-

GFP+ hair cells), Ep (MATH1-GFP� epithelial cells), and

Me (VIMENTIN+ mesenchymal cells). qRT-PCR analysis

showed that Stat3 expression level was higher in Hc than

that in Ep and Me groups (Figure 1C). To confirm the

qRT-PCR data, we examined the exact spatial expression

patterns of STAT3 in the cochlea by immunostaining the

otocyst sections with an antibody against STAT3 at various

development time points. At E11, the stage prior to sen-

sory cell specification, a diffused expression of STAT3

was observed throughout the cochlear prosensory epithe-

lium. However, at E14, there was a restricted expression

of STAT3 in the prosensory epithelium region, in which

progenitor cells just started to give rise to supporting

cells and hair cells. Notably, STAT3 expression began to

be at high levels in MYO7A+ cells, which represent hair

cells at E14, and was confined to hair cells at E18 and P0

as development progressed. At P5, STAT3 were expressed

in the cochlea hair cells as well as a small fraction of sup-

porting cells that were located surrounding the hair cells

(Figure 1D).

To get more insight into the role of STAT3 signaling

in hair cell development, we examined its activation by

immunostaining with an antibody against phosphorylated

STAT3 at serine 727 (STAT3 pS727). We found that expres-

sion of STAT3 pS727 was limited in theMYO7A+ domain at

E14, and maintained through all of the three turns of the

cochlea at E14–P0 (Figure 1E). In addition, STAT3 and

STAT3 pS727were also expressed in hair cells within vestib-

ular sensory organs including crista (Figures S2A and S2B).

These expression patterns of STAT3 and STAT3 pS727

in the cochlea and vestibular organs imply that STAT3

is possibly engaged in prosensory epithelial specification

and highly associated with hair cell differentiation during

inner ear morphogenesis.

STAT3 Is Activated during Hair Cell Differentiation

In Vitro

To provide further evidence that STAT3 signaling is asso-

ciated with hair cell differentiation, we first performed

non-adhesive culturesusingFACS sortedGFP� inner ear sup-

porting cells prepared from the Math1-GFP mice at E18 to

form otospheres, and then transferred them to an adhe-

sive substrate to generate newly differentiated hair cells

(the latter is named as otosphere-adhesive differentiation



Figure 1. Expression Patterns of STAT3 in the Organ of Corti
(A) qRT-PCR analysis of relative Jak1, Jak2, Stat3, and Socs3 mRNA levels in the cochlea at P0 (n = 3 independent experiments).
(B) qRT-PCR analysis of Stat3 mRNA expression in the cochlear epithelium at stages from E14 to P15 (n = 3 independent experiments).
(C) Schematic diagram of dissociated inner ear cells from Math1-GFP mice. See Figures S1A and S1B for verification of supporting cell
purification from Math1-GFP mice. qRT-PCR data of Math1, Stat3, Jak1, Jak2, and Socs3 mRNA levels in hair cells (Hc), non-hair cells
epithelia (Ep), and mesenchymal cells (Mc), respectively.
(D) Immunohistochemistry results using anti-STAT3, anti-SOX2, or anti-MYO7A antibodies on the cochlear section at E11, E14, E18, P0,
and P5. Scale bar, 100 mm.
(E) Immunohistochemistry analysis for STAT3 pS727 and MYO7A at the stages from E14 to P5. Scale bar, 100 mm.
cultures). By taking advantage ofMath1-GFPmice in which

all hair cells are GFP positive in the cochlea, hair cells

could be easily sorted by FACS. Supporting cells, expressing

SOX2 but not MATH1-GFP or VIMENTIN (Figures S1A

and S2B), were sorted out by FACS as described previously

(White et al., 2006). Under otosphere-adhesive differentia-

tion culture, spontaneous hair cell differentiation occurred

as the newly formed hair cells expressed MATH1-GFP and

MYO7A (Figure 2A). We found that STAT3 was highly ex-
pressed in the newly differentiated hair cells as they were

MATH1-GFP positive and MYO7A positive by immuno-

staining assay (Figure 2B). Importantly, we also observed

phosphorylated STAT3 (STAT3 pS727 and STAT3 pY705)

in the newly produced hair cells (Figures 2C and 2D), indi-

cating that STAT3 activation was involved in hair cell

fate determination. qRT-PCR assay showed that, adhesive

otosphere cells displayed an increased mRNA level of Stat3,

concomitant with upregulated expression of Math1, as hair
Stem Cell Reports j Vol. 9 j 231–246 j July 11, 2017 233



Figure 2. STAT3 Activation during Hair
Cell Differentiation In Vitro
(A) Schematic drawings of hair cell gener-
ation from Math1-GFP mice in vitro. Scale
bar, 20 mm.
(B–D) Immunostaining for STAT3, STAT3
pS727, STAT3 pY705, and Myo7a expression
and cellular localization during hair cell
differentiation. Scale bar, 20 mm.
(E) qRT-PCR data of Math1, Stat3 mRNA
expression in otosphere-adhesive differen-
tiation cultures at 2 to 8 DIV (n = 3 inde-
pendent experiments).
(F) Immunoblot of STAT3 pS727, STAT3
pY705, and STAT3 at 2 and 6 DIV, respec-
tively. GAPDH is used as a loading control.
Mean ± SEM; Student’s t test; *p < 0.05,
**p < 0.01.
cell differentiation proceeded (Figure 2E). Immunoblot-

ting results showed that STAT3 pS727 and STAT3 pY705

levels were both higher at 6 days in vitro (DIV) than that

at 2 DIV during hair cell differentiation (Figure 2F). Thus,

otosphere-adhesive differentiation cultures re-capitulated

what was observed in the developing inner ear in vivo, that

is, STAT3 signaling was activated in the process of hair cell

differentiation and positively correlated withMath1 expres-

sion in a stage-dependent manner.
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Deletion of the Stat3 Gene Leads to Defects in Mouse

Cochlear Hair Cell Development In Vivo

To determine whether the Stat3 gene is functionally crucial

for cochlear sensory epithelial development in vivo, we

generated a Sox2CreER;Stat3flox/flox mouse line in which

Stat3 can be deleted following induction of Cre activity

by continuously treating pregnant mice from E13 to E15

with tamoxifen (Figure 3A) as SOX2 is a selective prosen-

sory epithelial cell marker in the otocyst (Dabdoub et al.,



Figure 3. Deletion of STAT3 Impairs Pro-
duction of Hair Cells in the Organ of Corti
In Vivo
(A) Schematic illustration and the time
course of Cre-inducible activity in vivo.
Knock out of Stat3 was induced beginning
at E13.
(B) Representative embryos from Sox2CreER;
Stat3+/+ (WT) and Sox2CreER;Stat3flox/flox

(Stat3 CKO) mice are presented. Scale bar,
500 mm.
(C) H&E staining analysis of cochlear sec-
tions from Sox2CreER;Stat3+/+ and Sox2CreER;
Stat3flox/flox mice. Immunohistochemistry for
MYO7A expression in cochlear explants. Scale
bar, 100 mm.
(D) Quantification of MYO7A+ hair cells in
cochlear explants (n = 6 different cochlea).
(E) Immunostaining for STAT3 and MYO7A in
different cochlear turns. Scale bar, 100 mm.
Mean ± SEM; Student’s t test; **p < 0.01,
***p < 0.001.
2008). Although Sox2CreER;Stat3flox/flox mice showed post-

natal lethality, we were able to examine their cochlear

phenotypes by dissecting and examining the embryonic

tissues. As shown in Figure 3B, the cochlear phenotypes

were analyzed at E20, Sox2CreER;Stat3flox/flox (Stat3 CKO)

mouse was smaller in size and showed microcephaly rela-

tive to Sox2CreER;Stat3+/+(WT) mouse. Histology of the co-

chlea at E20 exhibited disorganization of supporting cells
and hair cells in Stat3 CKO cochleae, while WT mice

showed a normal cochlear structure, regular structural

arrangement of the sensory epithelium, and a develop-

mental pattern (Figure 3C). Stat3 deletion was confirmed

by immunostainingwith STAT3 antibody in otic vesicle tis-

sue section of Stat3 CKOmice (Figure 3E). Immunostaining

for MYO7A from isolated cochlear explants indicated that,

compared with WT mice, Stat3 CKO mice displayed a
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significant reduction in the number of hair cells. We

divided cochlear turns into three parts and counted the

number of MYO7A+ hair cells. Decreases of 83%, 48%,

and 10% were observed in hair cell number in the apical,

mid, and basal turns, in Stat3 CKO versus control litter-

mates, respectively, indicating that the hair cell loss due

to deletion of Stat3 was more severe in the apical turn

than that in the basal turn (Figure 3D). Immunofluores-

cence results from Stat3 CKO cochlear sections showed

similar results: sections from the apical turn had no

MYO7A+ hair cell, the middle turn showed one inner hair

cell and two outer hair cells (OHCs), and the basal turn

showed four regular hair cells (Figure 3E). Notably, Stat3

CKO mice received tamoxifen administration from E16

to E18 displayed a milder reduction in the number of

MYO7A+ hair cells, and Stat3 CKOmice subjected to tamox-

ifen administration from P0 to P3 had no significant

effect on hair cell production (Figure S4). These results indi-

cated that inactivation of STAT3 appears to affect hair cell

differentiation only at the early developmental stage.

Stat3 CKO mice also showed a reduction in the number of

CALRETININ+ cells, which also represent hair cells (Fig-

ure S3A). qRT-PCR study showed downregulated levels of

hair cell-related genes in Stat3 CKO mice, including

Math1, Myo7a, Pou4f3, and Gfi1 (Figure S3B). In addition,

Stat3 CKO mice displayed increased expression of Notch-

downstream genes, Hes5 and HeyL, which are negatively

associated hair cell differentiated (Doetzlhofer et al.,

2009) (Figure S3C). In addition, absence of STAT3 in the

sensory epithelium affects neural connection with spiral

ganglion cells, as revealed by a dramatic loss of TUJ1 and

MAP2 expression in the Stat3 CKO mice (Figures S3D and

S3E), indicating a neuronal innervation defect due to hair

cell loss induced by Stat3 deletion. These data together

demonstrate that loss of STAT3 signaling impairs hair cell

differentiation and functions during inner ear develop-

ment in vivo.

Inactivation of STAT3 Impedes Hair Cell

Differentiation In Vitro

To assess the effects of STAT3 signaling on hair cell pro-

duction in vitro, we first performed Sox2CreER;Stat3+/+

(WT) and Sox2CreER;Stat3flox/flox (Stat3 CKO) cochlear

explant cultures in the presence of 4-OH tamoxifen to

induce Cre activity. We explanted cochlea at E14 and

cultured them for 7 days, which recapitulates the process

of hair cell differentiation (Figure 4A). Consistent with

loss-of-function studies in vivo, the number of MYO7A+

cells was decreased significantly in Stat3 CKO cochlear ex-

plants at E14. The apical-mid turn of cochlear explants

showed a significant loss of hair cell compared with the ex-

plants from mid-basal turn. On the contrary, there was no

change of hair cell numbers inWT explants after exposure
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to 4-OH tamoxifen (Figures 4B and 4C). In addition, when

a well-known STAT3 inhibitor, S3I-201, was added to the

otosphere-adhesive differentiation culture to suppress

STAT3 activation, the number of MATH1-GFP+ cells and

MYO7A+ cells was reduced remarkably compared with

that in control cultures (Figure 4D and 4D0). qRT-PCR

analysis revealed that S3I-201 dramatically suppressed

expression of Math1, and increased expression of Lgr5

(Figure 4D00).
Given the fact that LGR5 has recently been shown to be a

more authentic hair cell progenitor marker (Bramhall et al.,

2014; Chai et al., 2012; Li et al., 2015; Shi et al., 2012), we

decided to determine whether inhibition of the STAT3

signaling also impedes hair cell production derived from

the LGR5-expressing supporting cells. First, we employed

Lgr5-EGFP-IRES-CreER (referred as Lgr5-GFP) mice to purify

LGR5+ supporting cells (LGR5-GFP+/MYO7A� cells) by

FACS (Figure S1C) and then performed otosphere-adhesive

differentiation cultures. S3I-201 application also decreased

the production of MYO7A+ hair cells that are differentiated

from LGR5-GFP+ cells (Figures 4E and 4E0). Thus, these

experiment reinforce the conclusion that inactivation of

STAT3 signaling inhibits hair cell differentiation.

STAT3 Signaling Regulates Cell Division Modes of

Supporting Cells

To understand possible mechanisms by which STAT3

signaling modulates supporting cell differentiation, we

performed experiments to examine cell division patterns

during hair cell production in the otosphere-adhesive

differentiation cultures. We performed 48-hr bromodeox-

yuridine (BrdU) incorporation at different culture stages

during hair cell differentiation (Figures 5A and S5A). As

shown in Figures 5B and 5C, when BrdU pulse labeling

was performed at the earlier time point (1–3 DIV) of the

9-day culture period, S3I-201 treatment increased BrdU+/

SOX2+ and BrdU+/PROX1+ cell numbers in the cultures

prepared from WT supporting cells, but decreased BrdU+/

MATH1-GFP+ cell number prepared from MATH1-GFP�

supporting cells. Similar results were obtained in the cul-

tures prepared from LGR5-GFP+ supporting cells (Fig-

ure 5B00). In addition, BrdU pulse labeling at 3–5 DIV

showed an increase in BrdU+/SOX2+ and BrdU+/PROX1+

cell numbers, and a reduction in BrdU+/MATH1-GFP+ cell

numbers. However, labeling at 5–7 or 7–9 DIV did not

display much difference, possibly due to the fact that

the overall cell proliferation is limited in the culture after

5–9 days (Figures S5B–S5D). Thus, inactivation of STAT3

leads to an expansion of supporting cells and decreases

numbers of hair cells that are derived from the dividing

supporting cells.

Next, to better understand the cellular mechanism

related to mitosis-mediated production of hair cells and



Figure 4. Inhibition of STAT3 Impedes
Hair Cell Differentiation In Vitro
(A) Schematic illustration and the time
course of Cre-inducible activity in vitro.
4-OH-TMX was used in the cochlear explants
cultures from E14 to P0.
(B) Immunostaining for MYO7A in
the different turns of cochlear tissues
from Sox2CreER;Stat3flox/flox and Sox2CreER;
Stat3+/+ cochlear explants. Scale bar,
100 mm.
(C) Quantification of MYO7A+ hair cells in
cochlear explants (n = 3 independent ex-
periments).
(D) Immunostaining for MYO7A in oto-
sphere-adhesive differentiation cultures
prepared from MATH1-GFP� supporting
cells in the presence or absence of S3I-
201. Scale bar, 20 mm. (D0) Quantification of
MATH1-GFP+/Myo7a+ cells and (D00) qRT-
PCR analysis of Math1 and Lgr5 mRNA levels
in the control and S3I-201-treated cultures
(n = 3 independent experiments).
(E) Immunostaining for SOX2 and MYO7A in
otosphere-adhesive differentiation cultures
prepared from LGR5-GFP+ supporting cells
in the presence or absence of S3I-201. Scale
bar, 20 mm. (E0) Quantification of MYO7A+

cells in control and S3I-201-treated cul-
tures (n = 5 independent experiments).
Mean ± SEM; Student’s t test; *p < 0.05,
**p < 0.01.
expansion of supporting cells, we performed double immu-

nostaining for SURVIVIN or a-TUBULIN to label the mid-

body to define anaphase/telophase of mitosis and for

progenitor cell or differentiated cell markers to analyze

the fates of two future daughter cells derived from the sup-

porting cell. This type of study is also called cell division
mode analysis (Wang et al., 2014). As shown in Figure 5D,

there were three cell division modes: (1) both daughter

cells expressing SOX2 were symmetrically segregated

into two daughter cells when a progenitor/supporting cell

divided (symmetric self-renewal, SOX2+/SOX2+ division);

(2) when SOX2 was asymmetrically distributed into two
Stem Cell Reports j Vol. 9 j 231–246 j July 11, 2017 237
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daughter cells (asymmetric division, SOX2+/SOX2� divi-

sion); (3) when SOX2 expression was lost in both daughter

cells (symmetric commitment, SOX2�/SOX2� division).

We also further confirmed this event by analyzing daughter

cells prepared from MATH1-GFP� supporting cells (Fig-

ure 5E). The supporting cell could either undergo a

symmetric self-renewal to generate two MATH1-GFP�

daughter cells (MATH1-GFP�/MATH1-GFP� division) or

symmetric commitment (MATH1-GFP+/MATH1-GFP+ divi-

sion), which generated two MATH1-GFP+ hair cells. In

addition, a supporting cell underwent an asymmetric divi-

sion to produce one daughter cell that was MATH1-GFP�

and the other was MATH1-GFP+ (MATH1-GFP�/MATH1-

GFP+ division). To provide additional evidence for asym-

metric and symmetric division modes, we also tested for

the distribution of PROX1 (another supporting cellmarker)

and NUMB (another putative differentiated cell marker)

(Kechad et al., 2012). Our immunostaining for NUMB re-

vealed that it was expressed at high levels in MYO7A+

hair cells, but low levels in LGR5-GFP+ supporting cells

(including pillar, Deiters’, and inner phalangeal cells) (Fig-

ure S5F), supporting the notion that NUMB could be used

as a differentiated cell marker to analyze symmetric and

asymmetric divisions of the epithelial progenitor cells. As

shown in Figure S5E, these two markers also displayed

existence of symmetric and asymmetric division modes.

We then treated the cultured cells with S3I-201, to study

its impact on the three models of cell divisions. Immuno-

staining for SOX2 revealed that about 9.8% of supporting

cells went through asymmetric divisions in response to

S3I-201, lower than that in the control group (18.5% ±

2.1%). Meanwhile, 65.6% ± 3.1% of supporting cells dis-

played symmetric self-renewal following treatment with

S3I-201, higher than that in control group (52.2% ±

4.4%) (Figure 5D0). Analysis of SOX2 distribution between
Figure 5. Inhibition of STAT3 Reduces Asymmetric Divisions
(A) Schematic illustration of BrdU incorporation in otosphere-adhesi
(B) Immunostaining for BrdU together with Sox2 or Prox1 in control
fication of BrdU+/SOX2+ cells or BrdU+/PROX1+ cells in the cultures
presence or absence of S3I-201. (n = 3 independent experiments).
(C) Immunostaining for BrdU with MATH1-GFP and (C0) quantification
control and S3I-201 groups (n = 3 independent experiments). Scale b
(D) Immunodetection of division models of a dividing cell in anaphase/
dicates a dividing cell. Scale bar, 20mm. (D0-D00) Statistical analysis of the
cell divisions in the cultures prepared fromWT (D0) or LGR5-GFP supporti
experiments). S/S:SOX2+/SOX2+ division (symmetric self-renewal); S/�
division (symmetric commitment).
(E) Immunodetection of division modes using anti-a-TUBULIN antibo
of the percentage of different division modes (�/�, �/M, M/M) ove
supporting cells in the presence or absence of S3I-201 (n = 3 ind
(symmetric self-renewal); �/M:MATH1-GFP�/MATH1-GFP+ division
(symmetric commitment).
Mean ± SEM; Student’s t test; *p < 0.05.
two daughter cells in the cultures prepared from LGR5-

GFP+ supporting cells showed similar results (Figure 5D00).
Next, we investigated MATH1-GFP inheritance during

hair cell differentiation in vitro using MATH1-GFP� sup-

porting cells. S3I-201 treatment showed a reduced ratio of

asymmetric divisions of supporting cells, but an enhanced

ratio of symmetric self-renewal divisions (Figure 5E0).
To confirm this, we also assessed self-renewal capacity in

the absence of STAT3 signaling pathway by performing

otosphere experiments. S3I-201 administration promoted

formation of otosphere in both numbers and sizes (Figures

S6A and S6B). Similar results were seen in the cell cultures

prepared from Stat3 CKO mice (Figures S6C and S6D).

Therefore, the interference of STAT3 broke the balance of

cell division modes by shifting from asymmetric divisions

to symmetric divisions to diminish hair cell production.

Inhibition of Notch Signaling Induces STAT3

Phosphorylation

To further investigate the mechanism of STAT3 signaling

during prosensory epithelia cell differentiation, we paid

our attention to Notch signaling as the latter is so far the

most important pathway in regulation of the inner ear sen-

sory cell fate (Kiernan, 2013; Li et al., 2015; Mizutari et al.,

2013; Pan et al., 2010). First, we checked whether the

effects of STAT3 signaling on determination of sensory

cell fates were correlated with the Notch signaling activity.

Sox2CreER;Notch1flox/flox (Notch1 CKO) mice were utilized

to inactivate Notch signaling when Cre was activated by

administration with tamoxifen from E14 to E16, and the

cochlear phenotypes were then analyzed at P0 (Figure 6A).

In agreement with previous reports (Li et al., 2015),

Notch1 CKO mice exhibited an increase in MYO7A+ hair

cell numbers. Notably, STAT3 and STAT3 pS727 were

also expressed in ectopic hair cells (Figure 6B). In addition,
ve differentiation culture.
or S3I-201-treated groups. Scale bar, 20 mm. (B0 and B00) Quanti-
prepared from WT (B0) or LGR5-GFP+ supporting cells (B00) in the

of BrdU+/MATH1-GFP+ cells from MATH1-GFP� supporting cells in
ar, 20 mm.
telophase using anti-SOX2 and SURVIVIN antibodies. The outline in-
percentageof differentdivisionmodes (S/S, S/�,�/�) over the total
ng cells (D00) in the presence or absence of S3I-201 (n = 3 independent
:SOX2+/SOX2� division (asymmetric division); �/�:SOX2�/SOX2�

dy along with MATH1-GFP. Scale bar, 20 mm. (E0) Statistical analysis
r the total cell divisions in the cultures prepared from MATH1-GFP�

ependent experiments). �/�:MATH1-GFP�/MATH1-GFP� division
(asymmetric division); M/M:MATH1-GFP+/MATH1-GFP+ division
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Figure 6. Inhibition of Notch Signaling
Pathway Induces STAT3 Activation
(A) Schematic illustration and the time
course of inducible Cre activity in vivo.
Deletion of Notch1 was induced beginning
at E14.
(B) Immunostaining for STAT3, STAT3
pS727, and MYO7A in Sox2CreER;Notch1+/+

and Sox2CreER;Notch1flox/flox cochlear sec-
tions. Scale bar, 100 mm.
(C) Immunostaining for STAT3 pS727 anti-
body along with MATH1-GFP in control and
DAPT-treated groups. Scale bar, 100 mm.
(D and E) qRT-PCR analysis of Math1, Stat3
mRNA levels and Immunoblotting of STAT3
pS727, STAT3 pY705 in control and DAPT-
treated explant cultures (n = 6 different
cochlea). GAPDH is used as a loading con-
trol. Mean ± SEM; Student’s t test; **p <
0.01.
we also observed enhanced STAT3 activity when Notch

signaling was pharmacologically abolished by DAPT,

which blocks the Notch ligand-dependent cleavage and

activation of Notch receptors (Mizutari et al., 2013) in the

cochlear explant cultures. Immunostaining analysis on

the explant cultures revealed an increase in STAT3 pS727

levels in parallel to production of an extra number of

hair cells (Figure 6C). Similarly, immunoblot analysis of

cochlear explants showed that, accompanied by Notch

inactivation, both STAT3 pY705 and STAT3 pS727 expres-

sionwere significantly upregulated (Figure 6E). In addition,

qRT-PCR study also showed an upregulation of Stat3

expression in the Notch1 CKO cochlear but not in the WT
240 Stem Cell Reports j Vol. 9 j 231–246 j July 11, 2017
tissues (Figure 6D). These finding suggest that perturbing

Notch signaling may activate STAT3 signaling in the sen-

sory epithelia.

STAT3 Activation Appears to Partially Mediate Hair

Cell Production Induced by a NOTCH Pathway

Inhibitor

Given that Notch inhibition promotes the phosphoryla-

tion of STAT3, we hypothesized that the inhibitory effect

of Notch signaling on sensory cell development might be

partly achieved through STAT3 activation. To substantiate

this hypothesis, we performed otosphere-adhesive differ-

entiation cultures in the presence of DAPT or S3I-201, or



Figure 7. Crosstalk between STAT3 and Notch Signaling Pathways during Hair Cell Differentiation
(A) Immunostaining with MYO7A antibody along with MATH1-GFP. Scale bar, 20 mm. (A0) Quantitation of MATH1-GFP+/MYO7A+cells in the
culture prepared from MATH1-GFP� supporting cells in the absence or presence of DAPT, or DAPT together with S3I-201 (n = 3 independent
experiments).
(B) Immunostaining for SOX2 and MYO7A. Scale bar, 20 mm. (B0) Quantification of MYO7A+ cells in the cultures prepared from LGR5-GFP+

supporting cells in the absence or presence of DAPT, or DAPT together with S3I-201 (n = 5 independent experiments).
(C–E) Statistical analysis of the percentage of different division modes over total cell divisions in the cultures prepared from WT (C), LGR5-
GFP+ (D), and MATH1-GFP� supporting cells (E) in the absence or presence of DAPT or DAPT together with S3I-201 (n = 3 independent
experiments).

(legend continued on next page)
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both. Consistent with previous reports (Doetzlhofer et al.,

2009; Mizutari et al., 2013), inhibition of Notch signaling

by DAPT led to an increase in MATH1-GFP+ and MYO7A+

cell numbers. When S3I-201 was added to the cultures

along with DAPT, the increase in the number of MATH1-

GFP+ and MYO7A+ cells was diminished (Figures 7A

and A0). In addition, analysis of MYO7A+ cells differenti-

ated from LGR5-GFP+ supporting cells showed similar re-

sults (Figures 7B and 7B0). These data together indicate

that DAPT causes an increase in hair cell numbers during

hair cell differentiation, while S3I-201 reverses the effects

induced by DAPT.

To determine whether cell division mode change

induced by STAT3 activation also mediates hair cell pro-

duction induced by inhibition of Notch signaling, we per-

formed BrdU immunostaining and cell division mode

analysis in the otosphere-adhesive differentiation cultures.

DAPT treatment decreased BrdU+/SOX2+ and BrdU+/

PROX1+ cell numbers, but increased BrdU+/MATH1-GFP+

cell numbers, showing an increase in mitosis-derived pro-

duction of hair cells after Notch signaling was blocked.

Application of S3I-201 along with DAPT reduced mitosis-

derived generation of hair cells to attenuate theNotch inhi-

bition-dependent effects (Figures S7A–S7A00). Analysis of

SOX2 segregation in the two daughter cells displayed that

50.4% ± 5.4% supporting cells went through asymmetric

division in response to DAPT, which was much higher

than that in the control group. The proportion of support-

ing cells undergoing symmetric self-renewal divisions after

administration with DAPT (31.8% ± 10.2%) was much

lower than that in the control group (Figure 7C). Quantifi-

cation of SOX2 distribution between two daughter cells

generated from LGR5-GFP+ supporting cells (Figure 7D)

or MATH1-GFP distribution prepared from MATH1-GFP�

supporting cells (Figure 7E) showed similar results. Taken

together, blockade of Notch signaling induced a shift to

more asymmetric divisions in supporting cells to promote

production of more daughter hair cells. However, after

exposure to S3I-201 in combination with DAPT, support-

ing cells reversed cell division modes induced by Notch

inhibition via a change from asymmetric divisions to sym-

metric divisions (Figures 7A–7E).

Next, we explored the relationship between Notch and

STAT3 signaling on the production of hair cells in cochlear

explant cultures. When exposed to DAPT, the explants

showed production of supernumerary MATH1-GFP+ and

MYO7A+ hair cells, leading to excess of the hair cell differ-

entiation, compared with the control cultures. Addition of
(F) Immunostaining for MYO7a together with MATH1-GFP on cochle
MYO7A+ cell numbers in the control group versus the groups treated
periments).
Mean ± SEM; Student’s t test; *p < 0.05, **p < 0.01, ***p < 0.001.
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S3I-201 along with DAPT abolished generation of ectopic

hair cells, as seen by a restoration of a relatively normal

number of hair cells (Figure 7F and 7F0). qRT-PCR study

showed a downregulation ofHes5 andHeyL in the presence

of DAPT, while S3I-201 reversed this effect (Figure S7B).

In addition, imaging acquisition of the cochlear explants

cultures at different time points revealed that S3I-201

weakened the hair cell production effect by DAPT in a

time-dependent fashion, when the cultures were treated

together with DAPT and S3I-201 (Figures S7C and S7D).

Thus, suppression of STAT3 signaling reverses the effects

of blocking the Notch pathway on hair cell differentiation.
DISCUSSION

Using conditional Stat3 and Notch1 knockout mouse

models and pharmacological STAT3 and Notch path-

way inhibitors in otosphere-adhesive differentiation or

cochlear explant cultures, the present study provides evi-

dences for a role of STAT3 signaling in supporting cell pro-

liferation and hair cell differentiation in mammalian

cochleae. In addition, by studying cell division modes of

supporting cells during normal development and inactiva-

tion of Notch signaling-induced production of supernu-

merary hair cells, our experiments also shed additional

light onto cellular and molecular mechanism regarding

how STAT3 signaling regulates mammalian inner ear hair

cell differentiation.
The Role of STAT3 Signaling in Hair Cell Development

The specification of sensory cells is believed to be attributed

to the spatiotemporal expression levels of determinants in

developing cochlear epithelia (Ono et al., 2014). In the pre-

sent study, we found that STAT3 and STAT3 pS727 were

confined selectively in hair cells in the inner ear. Condi-

tional knock out of STAT3 in the sensory domain resulted

in a disorganization of the cochlear epithelium, inhibition

of hair cell development, and a significant downregulation

of hair cell-related genes. Our findings are consistent with

previous reports on a role of STAT3 signaling in zebrafish

lateral line neuromast formation based on a powerful tran-

scriptional profiling of gene expression (Liang et al., 2012).

The role of STAT3 signaling in the mouse inner ear ap-

pears to development dependent. When STAT3 signaling

was disrupted at E13, a time point at which hair cell gener-

ation is just starting, cochlear explants showed an obvious

deficit in hair cell numbers. However, cochlear deletion of
ar explants. Scale bar, 100 mm. (F0) Quantitation of MATH1-GFP+/
with DAPT or DAPT together with S3I-201 (n = 3 independent ex-



Stat3 induced at E16 or P0 exhibited only mild or no

obvious defects in hair cell formation, respectively, indi-

cating that the impact of Stat3 deletion is more severe

at the early stage of hair cell development. Consistently,

inhibition of hair cell differentiation, caused by lack of

STAT3 signaling in the sensory epithelium, was more

prominent in the apical turn than the basal turn of the co-

chlea explant, due to a development gradient from the

basal-to-apical turn. In addition, deletion of Stat3 also led

to a more severe reduction in the number of OHCs, but

notmuch effect on IHCs. Considering that previous studies

have shown that HES5 expression is essential for differenti-

ation ofOHCs, while HES1 is critical for production of IHCs

(Zheng et al., 2000; Zine et al., 2001), this raises a possibility

that HES5 deficiency might be a mechanism underlying

the OHCs deficit seen in the Stat3 CKO mice. Consistent

with this notion, our qRT-PCR analysis indeed demon-

strated a downregulation of Hes5 in the Stat3 CKO mice.

It is worth mentioning that the hair cell phenotypes

of Stat3 CKO mice resemble those in fibroblast growth

factor (FGF) knockouts, indicating a requirement of the

gene network for regulating hair cell differentiation (Huh

et al., 2012; Munnamalai et al., 2012; Ono et al., 2014).

Toward that direction, the FGF-STAT3 signaling pathway

is reported to regulate cell-cycle exit and control neural

crest specification (Nichane et al., 2010). The FGF receptor

stimulates STAT3 phosphorylation in a GP130-dependent

manner to promote breast tumorigenesis (Bohrer et al.,

2014). Future studies are needed to investigate a possible

mechanism regarding regulation of STAT3 by FGF in the

process of hair cell differentiation.
Cell Division Mode Analysis during Hair Cell

Differentiation

Stem cells achieve their self-renewal and differentiation via

symmetric and asymmetric divisions (Knoblich, 2010;

Wang et al., 2014; Yang et al., 2015). Understanding how

the cell division modes are regulated is helpful to uncover

the mechanism underlying stem cell proliferation and

differentiation. Using double immunostaining for cell

mitotic markers (SURVIVIN/a-TUBULIN) and supporting

cell markers (SOX2/PROX1), or differentiated cell markers

(MATH1-GFP/NUMB), the present experiments provided

a useful method for studying cell division modes during

hair cell generation. While SURVIVIN or a-TUBULIN stain-

ing helps to define the position of two future daughter cells,

the supporting or differentiated cell markers identify the

cell fates of daughter cells. Application of this method

may allow us to identify crucial molecules that control

cell division modes of sensory supporting cells and might

provide therapeutic targets for stimulating inner ear sup-

porting cell expansion or hair cell regeneration.
In this study, we found three cell division modes during

hair cell differentiations, including symmetric self-renewal

division, asymmetric division, and symmetric commit-

ment division. Romero-Carvajal et al. (2015) have reported

two patterns in regenerating hair cell from non-vertebrates

that contain the amplifying cell division and the differ-

entiating cell division. Our study may interpret these two

patterns as follows: the amplifying cell division means

symmetric self-renewal division, while the differentiating

cell division indicates symmetric commitment. Notably,

we discovered a distinct asymmetric divisionmode in addi-

tion to the two above-described modes, i.e., one daughter

supporting cell and one daughter hair cell, suggesting an

important cellular mechanism for production of hair cells.

The beauty of this division mode is that it not only allows

the production of hair cells, but alsomaintains the support-

ing cell numbers.

When the STAT3 pathwaywas blocked by S3I-201, the ra-

tio of asymmetric divisions over the total cell divisions of

supporting cells was reduced, and the rate of symmetric

divisions of supporting cells was enhanced. Therefore,

inhibition of STAT3 changes the balance of cell division

modes by shifting from asymmetric divisions to symmetric

divisions.

The Relationship between STAT3 and Notch Pathways

Given the findings that both STAT3 and Notch pathways

play regulatory roles in inner ear development (Kiernan,

2013; Liang et al., 2012; Mizutari et al., 2013; Munnamalai

et al., 2012), it is important to determine the relationship

between these two pathways. Our study revealed that

inhibition of the Notch pathway by either conditional

knock out of the Notch1 or a pharmacological inhibitor

DAPT not only upregulated expression of STAT3, STAT3

pY705, and STAT3 pS727, but also increased the number

of MATH1-GFP+/STAT3 pS727+ cells, implying that STAT3

activationmight mediate the effects of inhibition of Notch

on cochlear hair cell production. Consistent with this

notion, recent work in other types of tissue, such as the

lung airway epithelium (Tadokoro et al., 2014), confirms

a negative relationship between Notch and STAT3 path-

ways. In this regard, inactivation of STAT3 signaling might

tentatively attenuate the Notch inhibition-induced hair

cell production effect. Our otosphere-adhesive differentia-

tion and cochlear explant culture experiments provided

supporting evidence for this hypothesis. Addition of S3I-

201 together with DAPT into the cultures resulted in a

counteraction on DAPT-dependent response, showing a

regression of disordered epithelium, a recovery from the

reduction in the hair cell numbers, and a reversion of the

cell division modes.

Our observations that inhibition of the STAT3 pathway

cannot completely reverse the differentiation-promoting
Stem Cell Reports j Vol. 9 j 231–246 j July 11, 2017 243



action of DAPT suggest that other factors might also be

involved. For example, FGF signaling is a candidate regu-

lator of Notch-STAT3-mediated action (Doetzlhofer et al.,

2009; Munnamalai et al., 2012; Ono et al., 2014). Mun-

namalai et al. (2012) demonstrate that inactivation of

Notch signaling downregulates FGF20 expression. FGF

signaling is reported to control HEY2, and rescues the ac-

tions of disrupted Notch signaling on hair cell regeneration

(Doetzlhofer et al., 2009).Whether, and how, STAT3 collab-

orates with other molecules such as FGF signaling to

mediate the Notch inhibition-induced hair cell production

remain to be studied.

In conclusion, STAT3 signaling is important for mamma-

lian cochlear hair cell differentiation. It contributes to

the downstream of the Notch pathway in regulation of

hair cell production via influencing the balance between

symmetric and asymmetric division modes of supporting

cells.
EXPERIMENTAL PROCEDURES

Experimental Animals
Sox2-CreER, Math1-GFP, Lgr5-EGFP-IRES-CreER (referred as Lgr5-

GFP), Stat3flox/flox, andNotch1flox/floxmicewere purchased from Jack-

son laboratory. For Cre activation, 100 mL tamoxifen (10 mg/mL,

Sigma) was administered to pregnant mice via gavage. 4-OH

tamoxifen (100 mg/L, Sigma) was added into medium to induce

Cre activity in vitro. All mouse experiments were approved by the

Institutional Animal Care and Use Committee at the School of

Biomedical Engineering, Shanghai Jiao Tong University.

Cochlear Explant Cultures
The mice were anatomized at different stages after standard anes-

thesia. By careful removal of the stria vascularis, Reissner’s mem-

brane, and surrounding connective stroma, cochlear explants

were separated in accordance with the method described previ-

ously (Zheng and Gao, 2000). Subsequently, explants were placed

and cultured onto 6-well plates coated with rat tail collagen gels

(50 mg/mL, BDBiosciences) inDMEM-F12with B27 andN2 supple-

ment (Invitrogen) for 7–10 days. The tissues were then fixed and

immunostained for different markers.

Purification of Cochlear Cells
Cochlear explants were prepared from Math1-GFP or Lgr5-GFP

mice according to the same protocol shown above. To dissect the

sensory epithelium from non-sensory mesenchyme, we trypsi-

nized the explants in DMEM/F12 with thermolysin (0.5 mg/mL,

Sigma) and DNase (10 U/mL, Invitrogen) for 30–45 min at 37�C.
After termination with DMEM containing 10% fetal bovine serum

(Invitrogen), the separated sensory epithelial sheets were collected

and then pipetted up and downgently. After being filtered through

a 40-mm cell strainer, the cells were placed onto 12-well plates

to obtain single cells. Employing a FACSAria cytometer (BD Bio-

sciences), GFP+ and GFP� cells were sorted out sequentially, both

of which achieved >95% purity as immunostained by distinct
244 Stem Cell Reports j Vol. 9 j 231–246 j July 11, 2017
markers. All the GFP+, GFP�, andmesenchymal cells were collected

separately.

Otosphere-Adhesive Differentiation Cultures
To form otosphere, sorted cells as described above were placed at a

clonal density (10 cells/mL) onto Ultra-Low Attachment dishes

(Corning Life Sciences) and cultured in DMEM/F12 plus N2,

B27 supplement, epidermal growth factor (20 ng/mL, R&D Sys-

tems), and FGF (10 ng/mL, R&D Systems). After 7–14 days, oto-

spheres were collected and counted.

To analyze cell differentiation, we transferred otospheres

onto plates coated with poly-D-ornithine (10 mg/mL, Invitrogen)

and laminin (10 mg/mL, Invitrogen), which allow spheres to

stick on the bottom. After adhesion, we changed the medium

every 2 days, supplemented it with DMEM/F12, N2, and B27 fac-

tors, and cultured it for 7–10 days. For the hair cell differentiation

generated from LGR5-GFP+ supporting cells, it was noted that,

after 7–10 days in culture, the green fluorescence of LGR5-GFP+

supporting cells was lost, similar to studies by others (Chai et al.,

2012; Shi et al., 2012).

Other Reagents
To determine if STAT3 signaling regulates hair cell differentiation,

STAT3 inhibitor S3I-201 (10 mg/mL, Selleck) was added once the

primary cells were seeded on dishes. For detection of mitosis cells,

BrdU (10 mg/mL, Sigma) was added intomedium during cell differ-

entiation progress. The Notch inhibitor (g-secretase inhibitor),

DAPT (5 mM, Sigma), was used individually during culture period.

Cell Counting and Statistical Analysis
The cochlear explants and cells were distinguished using hair cell-

and supporting cell-specific markers. Using the ImageJ software

(NIH), we counted cells in the cochlear segments (100 mm) for

each of the cochlear explants and those in 2,000 total cells for

each of the otosphere-adhesive differentiation cultures, respec-

tively. The quantitative data are presented as mean ± SEM. Statisti-

cal analyses were done with Student’s t test.
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