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Abstract Cochlear supporting cells (SCs), which include the
cochlear progenitor cells, have been shown to be a promising
resource for hair cell (HC) regeneration, but the mechanisms
underlying the initiation and regulation of postnatal cochlear
SC proliferation are not yet fully understood. Bmi1 is a mem-
ber of the Polycomb protein family and has been reported to
regulate the proliferation of stem cells and progenitor cells in
multiple organs. In this study, we investigated the role of Bmi1
in regulating SC and progenitor cell proliferation in neonatal
mice cochleae. We first showed that knockout of Bmi1 signif-
icantly inhibited the proliferation of SCs and Lgr5-positive

progenitor cells after neomycin injury in neonatal mice in
vitro, and we then showed that Bmi1 deficiency significantly
reduced the sphere-forming ability of the organ of Corti and
Lgr5-positive progenitor cells in neonatal mice. These results
suggested that Bmi1 is required for the initiation of SC and
progenitor cell proliferation in neonatal mice. Next, we found
that DKK1 expression was significantly upregulated, while
beta-catenin and Lgr5 expression were significantly downreg-
ulated in neonatal Bmi1−/− mice compared to wild-type con-
trols. The observation that Bmi1 knockout downregulates
Wnt signaling provides compelling evidence that Bmi1 is re-
quired for the Wnt signaling pathway. Furthermore, the exog-
enous Wnt agonist BIO overcame the downregulation of SC
proliferation in Bmi1−/− mice, suggesting that Bmi1 knockout
might inhibit the proliferation of SCs via downregulation of
the canonical Wnt signaling pathway. Our findings demon-
strate that Bmi1 plays an important role in regulating the pro-
liferation of cochlear SCs and Lgr5-positive progenitor cells
in neonatal mice through the Wnt signaling pathway, and this
suggests that Bmi1 might be a new therapeutic target for HC
regeneration.
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Introduction

The sensory epithelium of the organ of Corti is made up of
hair cells (HCs) and supporting cells (SCs). In mammals, loss
of HCs causes permanent hearing loss because of the limited
spontaneous HC regeneration in the cochlea. In non-
mammalian vertebrates, however, new HCs can be regenerat-
ed after HC loss, and this leads to the functional recovery of
hearing [1–3]. Recent studies reported that when SCs are
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isolated and placed in culture, they can be induced to prolif-
erate and form spheres with the capacity to differentiate into
multiple cell types in vitro [4, 5]. Neonatal mammalian co-
chleae also have limited HC regeneration capacity in vivo
because they harbor stem cells and progenitor cells that can
proliferate and regenerate new HCs [5–11], but no spontane-
ous HC regeneration has been observed in the mature mam-
malian cochlea [12–14].

In neonatal mouse cochleae, Wnt-responsive Lgr5-ex-
pressing cells have been identified as the progenitors that
can regenerate HCs, and the upregulation of Wnt signaling
can stimulate the proliferation of these Lgr5-positive progen-
itor cells [6, 8–11, 15]. The cochlear SCs, including Lgr5-
positive progenitors, remain mitotically quiescent in the neo-
natal mouse cochlea, but the mechanisms underlying the ini-
tiation and regulation of postnatal cochlear SC proliferation
remain poorly understood. Previous studies have shown that
after HC damage, SCs can reenter the cell cycle and can be
labeled with mitotic tracers [8, 16]. Promoting the prolifera-
tion of SCs first and then letting the proliferated SCs differen-
tiate into HCs would preserve the SC number while
regenerating HCs and would be a much better method for
HC regeneration than relying on direct differentiation.
Several genes have been reported to be involved in the regu-
lation of SC proliferation, including p27Kip1 and N-Myc.
p27Kip1 knockout leads to overgrowth of HCs and SCs in
the cochlea [17], and conditional inactivation of N-Myc de-
creases the proliferation of cochlear prosensory cells [18].

B cell-specific Moloney murine leukemia virus integration
site 1 (Bmi1) is a member of the polycomb protein family that
is ubiquitously expressed in almost all tissues, and its expres-
sion levels are particularly high in the brain, esophagus, sali-
vary gland, thymus, kidney, lungs, gonads, placenta, blood,
and bone marrow [19–22]. Bmi1 has been reported to play
important roles in regulating the proliferation activity of nor-
mal, stem, and progenitor cells in multiple organs [19–29].
Previous reports showed that transplanted fetal liver and bone
marrow cells from Bmi1−/− mice are able to contribute only
transiently to hematopoiesis, and this indicates a cell-
autonomous defect in Bmi1−/− mice [22]. Bmi1-deficient leu-
kemic stem and progenitor cells can be compromised because
they eventually undergo proliferation arrest and show signs of
differentiation and apoptosis [20]. Bmi1 has also been shown
to regulate self-renewal activity in adult prostate stem cells,
and loss of Bmi1 blocks the self-renewal activity induced by
heightened beta-catenin signaling [21]. Our previous study in
the mouse cochlea showed that Bmi1 is expressed in both HCs
and SCs—in addition to the spiral ligament and spiral gangli-
on cells—and that Bmi1 can regulate redox homeostasis and
reactive oxygen species (ROS) levels and thus plays an im-
portant role in the survival of auditory HCs [30]. However, the
role of Bmi1 in regulating cochlear SC proliferation in the
inner ear is unknown.

In neonatal mouse cochleae, Wnt signaling has been re-
ported to play important roles in regulating the proliferation
of SCs and inner ear progenitor cells [6, 8–11, 15]. A recent
study showed that Bmi1 acts as an activator of the Wnt sig-
naling pathway by repressing the Dickkopf (DKK) family of
Wnt inhibitors. Bmi1 mediates the repression of DKK pro-
teins, especially DKK1, which leads to upregulation of Wnt
[31]. However, the mechanism involved in the function of
Bmi1 in the inner ear remains unknown.

In the present study, we took advantage of Bmi1 knockout
mice and found that the proliferation and sphere-forming abil-
ities of cochlear SCs and Lgr5-positive progenitor cells were
significantly decreased in neonatal Bmi1−/− mice. We further
demonstrated that Bmi1 is required for Wnt signaling because
Bmi1 knockout downregulated Wnt signaling in the mouse
cochlea. Moreover, upregulation of Wnt signaling with the
exogenous Wnt agonist BIO successfully restored the prolif-
erative ability of SCs in Bmi1−/− mice. Taken together, these
results suggest that Bmi1 regulates the proliferation of cochle-
ar SCs and Lgr5-positive progenitor cells through the canon-
ical Wnt signaling pathway.

Results

Bmi1 Knockout Leads to a Reduction in SC Proliferation
After Neomycin-Induced HC Damage

Cochlear SCs in the neonatal mouse maintain mitotic quies-
cence, but they begin to proliferate when HCs are damaged
with aminoglycoside antibiotics. Our previous study in the
mouse cochlea showed that Bmi1 is expressed in both HCs
and SCs (Supp. Fig. 1), and Bmi1 is known to play an impor-
tant role in the survival of auditory HCs [30]. However, the
role of Bmi1 in regulating cochlear SC proliferation in the
inner ear remains unknown. To investigate the role of Bmi1
in regulating SC proliferation, we isolated and cultured the
cochleae from postnatal day (P)1 Bmi1−/−, Bmi1+/−, and
wild-type (WT) mice. After 12 h of recovery, the cultured
tissues were treated with 0.5 mM neomycin for 6 h to damage
the HCs, and the tissues were allowed to recover for another
3 days without neomycin. At the end of the 3 days, the co-
chleae were treated with 10 μM 5-ethynyl-2ʹ-deoxyuridine
(EdU) to label the mitotic cells. To quantify the proliferative
SCs, we stained the tissues with the SC marker Sox2. After
neomycin treatment, progressive HC loss was observed from
the apical to the basal turns (apex=7.8±2.0 % HC loss com-
pared to undamaged control cochleae; middle=47.9±16.3 %
HC loss; Base=70.6±7.8 % HC loss; n=4) (Fig. 1a, b1), and
quantitative polymerase chain reaction (qPCR) data suggested
that the expression of Bmi1 was upregulated after neomycin
injury in P1 WT mice cochlea (Fig. 1b2). After neomycin
treatment, the proliferative SCs were mostly distributed in
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the apical turns, and very few Sox2/EdU double-positive SCs
were observed in the middle and basal turns (apex=13.6±1.7
Sox2/EdU double-positive SCs in the organ of Corti per
100-μm cochlear length; middle = 2.3 ± 0.6 Sox2/EdU
double-positive SCs; Base = 1.0 ± 0.1 Sox2/EdU double-
positive SCs; n=4) (Fig. 1c). The proliferation of SCs in the
apical and middle turns of the organ of Corti in Bmi1−/− mice
was significantly decreased when compared to the WT and
Bmi1+/− littermates with the same neomycin treatment
(p < 0.05, n = 4) (Fig. 1d, e1–3ʹ; Table 1). These results
showed that Bmi1 deficiency significantly inhibited the pro-
liferation of SCs after neomycin injury.

Proliferation of Lgr5-Positive Progenitor Cells is
Decreased in Bmi1 Knockout Mice After
Neomycin-Induced HC Damage

Recent studies reported that Bmi1 plays an important role in
regulating the proliferation of stem and progenitor cells in
multiple organs [19–25, 27–29]. However, the role of Bmi1
in regulating the proliferation of inner ear progenitor cells

remains unknown. Previous studies reported that Lgr5-
positive cells are Wnt-responsive progenitor cells in the in-
ner ear that are capable of proliferating to form clonal colo-
nies and are capable of regenerating HCs [6–8, 11]. We
investigated the role of Bmi1 in regulating the proliferation
of Lgr5-positive progenitor cells by generating Lgr5EGFP-
Ires-CreERT2/+; Rosa26R-tdTomato/+; Bmi1−/− transgenic
mice in which tamoxifen exposure results in tdTomato ex-
pression in Lgr5-positive progenitor cells in Bmi1−/− mouse
cochleae.

Tamoxifen was administered to P1 mice to trace the Lgr5-
positive progenitor cells. At P3, the cochleae were dissected
out and cultured. After a 12-h recovery period, the cultured
tissues were treated with 0.5 mM neomycin for 6 h to damage
the HCs, then recovered for another 3 days without neomycin,
and finally treated with EdU (10 μM) to label the proliferating
cells (Fig. 2a). Lgr5EGFP-Ires-CreERT2/+ and Rosa26R-
tdTomato/+ littermates were used as controls. In undamaged
cochleae, Lgr5 was expressed in Deiters’ cells, pillar
cells, and inner phalangeal/border cells (Supp. Fig. 2).
In the cochleae from control mice, we observed

Fig. 1 Bmi1 knockout inhibited
the proliferation of SCs. a After
neomycin insult, HC death
increased from the apical to basal
turns of the cochlea. b The
percentage of dead HCs was 7.8
± 2.0% in the apex, 47.9 ± 16.3%
in the middle, and 70.6 ± 7.8 % in
the base of the cochlea, n= 4. b2
After neomycin insult for 6 h, the
mRNA level of Bmi1 was
unregulated in P1WTmice. cThe
proliferative SCs were mostly
distributed in the apical turns,
n= 4. d In Bmi1−/− mice, the
percentage of Sox2/EdU double-
positive SCs was significantly
decreased compared to WT mice,
(n = 4). EdU/Sox2 double-
positive cells in neomycin-
damaged cochleae of Bmi1−/−

(e1), Bmi1+/− (e2), and WT (e3)
mice. e3ʹ The partial enlargement
of E3. Compared toWT mice, the
percentage of Sox2/EdU double-
positive SCs was significantly
decreased in Bmi1−/− mice. Data
shown as mean± S.D. *p< 0.05,
**p< 0.01. Scale bars= 20 μm
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significant amounts of tdTomato/EdU double-positive
cells in the apical turns, and the proliferation of Lgr5-
positive progenitor cells in the cochleae of Bmi1−/−

mice was significantly decreased in the apical and mid-
dle turns when compared to the control littermates with
the same neomycin treatment (n= 4, p< 0.01) (Fig. 2b,
c1–1ʹ, c2–3; Table 2). These results demonstrated that
Bmi1 deficiency significantly inhibits the proliferation
of Lgr5-positive progenitor cells after neomycin injury.

Bmi1 Knockout Reduces the Sphere-Forming Ability
of the Organ of Corti

We performed a sphere-forming assay to further elucidate the
role of Bmi1 in regulating the proliferation of organ of Corti
cells. P1 cochleae from Bmi1−/−, Bmi1+/−, and WTmice were
dissected out and dissociated into single cells. Comparison of
the total number of cells isolated from each organ of Corti
showed no difference between the different mice (100,166
±15,002.8; 100,817±7637.6; and 101,667±12,583.0 isolat-
ed cells from each organ of Corti in Bmi1−/−, Bmi1+/−, and
WT mice, respectively, n=9). A total of 50,000 isolated cells
were plated onto non-adhesive 12-well culture plates at a den-
sity of 20 cells/μl and cultured for 5 days. In the first genera-
tion, the sphere number in the Bmi1−/− group was significantly
lower than in the Bmi1+/− and WT groups, and there was no
significant difference between the Bmi1+/− and WT group
(65.5 ± 25.9, 145.5 ± 20.3, and 142.8 ± 21.0 spheres in the

Table 1 Percentage of EdU-positive SCs in the organ of Corti after
neomycin treatment (n= 4)

Group Apical (%) Middle (%) Basal (%)

Bmi1−/− 1.8 ± 0.7 0.1 ± 0.1 0.1 ± 0.1

Bmi1+/− 13.2 ± 1.6 1.3 ± 0.6 0.8 ± 0.2

WT 13.6 ± 1.7 2.3 ± 0.6 0.1 ± 0.1

Fig. 2 Bmi1 knockout inhibited the proliferation of Lgr5-positive
progenitor cells. a Lgr5EGFP-Ires-CreERT2/+; Rosa26R-tdTomato/+;
Bmi1−/− transgenic mice with tamoxifen administration at P1 were used
to trace Lgr5-positive progenitor cells. Neomycin was used to damage the
HCs in vitro, and EdU was used to trace proliferating cells. b When
compared to the Lgr5EGFP-Ires-CreERT2/+; Rosa26R-tdTomato/+ lit-
termates with the same neomycin treatment, the proliferation of Lgr5-
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positive progenitor cells in Bmi1−/− mice was significantly decreased,
n= 4. After neomycin damage, the proliferation of Lgr5-originated cells
was observed in WT (c1), Bmi1+/− (c2), and Bmi1−/− (c3) mice. c1
Partial enlargement of c1. The proliferation of Lgr5-positive progenitor
cells in Bmi1−/− mice was significantly decreased compared to the
Lgr5EGFP-Ires-CreERT2/+; Rosa26R-tdTomato/+ littermates. Data
shown as mean± S.D. *p< 0.05, **p< 0.01, Scale bars= 20 μm



Bmi1 Knockout Decreases the Sphere-Forming Ability
of Lgr5-Positive Progenitor Cells

To determine the role of Bmi1 in regulating the proliferation
of Lgr5-positive progenitor cells, we investigated the sphere-
forming ability of Lgr5-positive progenitor cells by generating
Lgr5EGFP-Ires-CreERT2/+; Bmi1−/− transgenic mice. In this
experiment, we dissected out the P1 cochleae from
Lgr5EGFP-Ires-CreERT2/+; Bmi1−/− mice and purified the
Lgr5-positive progenitor cells by flow cytometry. We found

that around 2.3, 2.7, and 2.8 % of the cells were Lgr5-EGFP-
positive in Bmi1−/−, Bmi1+/−, and WT mice, respectively
(n=4) (Fig. 4a1–3). Immunohistochemical staining showed
that 96.7± 1.2 % of the Lgr5-positive cells sorted by flow
cytometry were also enhanced green fluorescent protein
(EGFP)-positive (n=4). Isolated Lgr5-EGFP-positive cells
showed no staining for the HC marker myosin7a (n= 4)
(Fig. 4b1), but almost all cells were positive for the SCmarker
Sox2 (94.3±1.5 %, n=4) (Fig. 4b2). A total of 200 isolated
cells were plated onto a 96-well ultra-low attachment plate at a
density of 2 cells/μl for 5 days. Cells from Lgr5EGFP-Ires-
CreERT2/+ mice were used as the control. In the first gener-
ation, the number of spheres in the Bmi1−/− group was signif-
icantly lower than the Bmi1+/− and WT group (10.3 ± 2.4,
26.3± 2.7, and 28.3±2.0 spheres in the Bmi1−/−, Bmi1+/−,
and WT groups, respectively, n=4, p<0.01) (Fig. 4c). The
average diameter of the spheres in the Bmi1−/− group was also
slightly smaller than in the control groups (49.0±2.1, 58.3
±1.7, and 59.3±2.7 μm in the Bmi1−/−, Bmi1+/−, and WT
groups, respectively, n=10, p<0.05) (Fig. 4d). After multiple
passages, the Bmi1−/− group formed significantly fewer
spheres than the control group (p< 0.01) suggesting that
spheres from the Bmi1−/− group expanded significantly more
slowly than the control group (Fig. 4e and Table 4). These
results demonstrated that Bmi1 deficiency significantly re-
duces the sphere-forming ability of Lgr5-positive progenitor
cells.

Bmi1 Knockout Inhibits Wnt Signaling in the Organ
of Corti of Neonatal Mice

Previous experiments showed that Bmi1 activates the Wnt
signaling pathway by repressing the Wnt inhibitor DKK1

Table 2 Percentage of tdTomato, EdU co-staining cells in the organ of
Corti after neomycin treatment (n = 4)

Group Apical (%) Middle (%) Basal (%)

Bmi1−/− 2.4 ± 0.7 0.1 ± 0.02 0.1 ± 0.01

Bmi1+/− 11.2 ± 0.3 1.3 ± 0.3 0.8 ± 0.1

WT 11.6 ± 0.4 2.3 ± 0.3 1.3 ± 0.4

Fig. 3 Bmi1 knockout reduced the sphere-forming ability in the organ of
Corti. a The primary sphere number in the Bmi1−/− group was
significantly lower than in the Bmi1+/− and WT groups, n = 4. b The
average diameter of the spheres in Bmi1−/− mice was slightly smaller
than in Bmi1+/− and WT mice, n = 10. c The Bmi1−/− group formed
significantly fewer spheres than the Bmi1+/− and WT groups from the

third to fifth generations, and from the sixth generation onward the
number of spheres in the Bmi1−/− group fell rapidly. d Compared to the
Bmi1+/− and WT groups, the primary sphere number was significantly
lower in the Bmi1−/− group. Data shown as mean ± S.D. *p < 0.05,
**p< 0.01. Scale bars= 50 μm
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Bmi1−/−, Bmi1+/−, and WT groups, respectively, n = 4,
p<0.01) (Fig. 3a). The average sphere size in the Bmi1−/−

group was slightly smaller than in the Bmi1+/− andWT groups
(50.3 ± 1.8, 58.5 ± 1.4, and 62.3 ± 1.0 μm in the Bmi1−/−,
Bmi1+/−, and WT groups, respectively, n = 10, p < 0.05)
(Fig. 3b). After passage from the third to the fifth generations,
the Bmi1−/− group formed significantly fewer spheres than the
Bmi1+/− and WT groups, suggesting that the spheres from the
Bmi1−/− group expanded significantly more slowly than those
from the Bmi1+/− and WT groups (Fig. 3c and Table 3). From
the sixth generation, there were almost no spheres observed in
the Bmi1−/− group (Fig. 3c and Table 3). These results dem-
onstrated that Bmi1 deficiency significantly reduces the
sphere-forming ability of organ of Corti cells.



[31]. To further understand the mechanism for how Bmi1
regulates cell proliferation in the inner ear, we investigated
Wnt signaling activity and the expression of the Wnt inhibitor
DKK1 in Bmi1−/− mice. In neonatal mice, qPCR results
showed that the messenger RNA (mRNA) levels of the key
Wnt signaling factor beta-catenin and the Wnt downstream
targets Lgr5, Axin2, and Sp5 were significantly reduced in P1
Bmi1−/− mice compared to P1 WT controls (Fig. 5a). In con-
trast, the expression of the Wnt inhibitor DKK1 was signifi-
cantly increased, and the expression of the HC marker Brn3.1
and the SC marker Sox2 remained unchanged (Fig. 5a). We
also found that the expression of p27Kip1, a cell cycling inhib-
itor expressed in SCs [5], was significantly increased in

Bmi1−/− mice. Furthermore, Western blot results demonstrat-
ed that DKK1 and p27Kip1 were significantly increased,
while beta-catenin was significantly decreased in neonatal
Bmi1−/−mice (Fig. 5b, c). Immunohistochemistry further con-
firmed that compared with neonatal WT mice, the expression
level of beta-catenin was decreased and p27Kip1 was in-
creased in Bmi1−/− mice (Fig. 5d1–2, e1–2). The Bmi1+/−

mice showed no difference compared to WT mice (Supp.
Fig. 3a, b). These results demonstrated that Bmi1 deficiency
significantly downregulates the Wnt signaling pathway in the
mouse cochlea.

Bmi1 Knockout Inhibits Lgr5 Expression in the Organ
of Corti of Neonatal and Adult Mice

To investigate the expression of Lgr5 in Bmi1−/− mice, we
generated Lgr5EGFP-Ires-CreERT2/+ Bmi1−/− transgenic
mice and used the Lgr5EGFP-Ires-CreERT2/+ mice as con-
trols. Lgr5 was expressed in Deiters’ cells, pillar cells, and
inner phalangeal/border cells in P1 control mice as previously
reported [7]. Interestingly, a mosaic Lgr5 expression pattern
was observed in P1 Bmi1−/−mice (Fig. 6a1–2) and the expres-
sion of Lgr5 was significantly reduced in Bmi1−/−mice com-
pared toWTcontrols (p<0.01) (Fig. 6c1). Compared with the

Table 3 Sphere number of organ of Corti from the first generation to
the sixth generation (n = 4)

Generation Bmi1−/− Bmi1+/− WT

G1 78.3 ± 2.9 154.0 ± 7.8 148.0 ± 13.1

G2 118.0 ± 4.7 152.3 ± 18.9 170.3 ± 5.3

G3 178.3 ± 7.2 302.0 ± 34.1 413.3 ± 23.5

G4 268.7 ± 9.0 603.3 ± 62.3 812.7 ± 48.4

G5 224.0 ± 8.3 1173.3 ± 107.3 1620.0 ± 91.7

G6 55.0 ± 2.9 2346.7 ± 214.58 3240.0 ± 183.3

Fig. 4 Bmi1 knockout reduced the sphere-forming ability of Lgr5-
positive progenitor cells. By flow cytometry, the percentages of Lgr5-
EGFP-positive cells sorted were around 2.3, 2.7, and 2.8 % in Bmi1−/−

(a1), Bmi1+/− (a2), and WT (a3) mice, n = 4. Immunohistochemical
staining of Myosin7a (b1) and Sox2 (b2) showed that 96.7 ± 1.2 % of
the Lgr5-positive cells sorted by flow cytometry were also EGFP
positive, n = 4. Isolated Lgr5-EGFP-positive cells showed no staining
for the HC marker myosin7a, n = 4, and 94.3 ± 1.5 % of cells were
positive for the SC marker Sox2, n = 4. c The sphere number in the

Bmi1−/− group in the first generation was significantly lower than the
control group, n= 4. d The average diameter of the spheres in Bmi1−/−

mice was slightly smaller than Bmi1+/− and WT mice, n = 10. e The
Bmi1−/− group formed significantly fewer spheres than the Bmi1+/− and
WT group in the first and second generations, and from the third
generation, the sphere number of the Bmi1−/− group fell rapidly. f
Compared to the control groups, the primary sphere number was
significantly lower in the Bmi1−/− group. Data shown as mean ± S.D.
*p< 0.05, **p< 0.01, Scale bars= 50 μm
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P1 control, there were significantly more third-row Deiters’
cells and inner pillar cells lacking Lgr5-EGFP expression in
P1 Bmi1−/− mice in all three turns of the cochlea (Deiters’
cells= 34.8±12.2 and 195.0±33.7 cells lacking Lgr5-EGFP
expression in P1 control and Bmi1−/− mice, respectively,
p<0.01; inner pillar cells = 26.5±13.9 and 222.3±37.3 cells
lacking Lgr5-GFP expression per cochlea in the control and
Bmi1−/− mice, respectively, p<0.01, n=4) (Fig. 6b1–2, d1–
2). No significant difference was detected between the WT
control and Bmi1+/− mice (Fig. 6d1, 2; Supp. Fig. 4a). The

distribution of third-row Deiters’ cells and inner pillar cells
lacking Lgr5-EGFP expression in P1 Bmi1−/− mice showed
no significant differences from the apical to the basal turns
(Fig. 6d3–4; Tables 5 and 6).

In P30 adult mice, qPCR results showed that the mRNA
level of Lgr5 was also significantly reduced in Bmi1−/−mice
compared toWTcontrols (p<0.01), that the expression of HC
markers Brn3.1 and Prestin were reduced due to the HC loss
in Bmi1−/−mice (p<0.05) [30], and that the SC markers Sox2
and P27Kip1 remained unchanged (Fig. 6C2). In P30 adult
mice, Lgr5 was only expressed in the third-row Deiters’ cells
[7]. Similar to the neonatal mice, a mosaic pattern of Lgr5
expression was also observed in the adult Bmi1−/− mice
(Fig. 6a3–4). Compared with the P30 controls, there were
significantly more third-row Deiters’ cells lacking Lgr5-
EGFP expression in P30 Bmi1−/− mice in all three turns
(56.3 ± 10.1 and 367.3 ± 22.6 cells lacking Lgr5-EGFP ex-
pression per cochlea in the control and Bmi1−/− mice, respec-
tively, p < 0.01, n = 4) (Fig. 6b3–4, d5–6; Table 7). No

Table 4 Number of spheres from Lgr5+ cells from the first generation
to the third generation (n= 4)

Generation Bmi1−/− Bmi1+/− WT

G1 11.3 ± 2.9 25.7 ± 3.4 29.0 ± 2.6

G2 10.0 ± 2.3 40.7 ± 3.0 43.7 ± 5.2

G3 1.7 ± 0.3 56.3 ± 3.2 59.0 ± 5.6

Fig. 5 Bmi1 knockout inhibited
Wnt signaling in the organ of
Corti of neonatal mice. a
Compared with P1 WT controls,
the mRNA level of the Wnt
downstream targets Lgr5, beta-
catenin, Axin2, and Sp5 were
significantly reduced in P1
Bmi1−/− mice. On the contrary,
the expression of DKK1 and
p27Kip1 was significantly
increased, and the expression of
the HC marker Brn3.1 and the SC
marker Sox2 remained
unchanged (n = 3). b Compared
with P1 WT controls, the protein
level of DKK1 and p27Kip1 were
increased, and beta-catenin was
decreased, in Bmi1−/− mice. c
Relative protein expression levels
from B. Compared to P1 WT
mice (d1), the expression level of
beta-catenin was significantly
decreased in P1 Bmi1−/− mice
(d2). Meanwhile, compared to P1
WT mice (e1), the expression
level of p27Kip1 was
significantly increased in P1
Bmi1−/−mice (e2). Data shown as
mean ± S.D. *p < 0.05,
**p< 0.01, Scale bars= 50 μm
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significant difference was detected between the WT control
and Bmi1+/−mice (Fig. 6d5–6; Supp. Fig. 4b). Compared with
the neonatal mice, significantly less Lgr5-EGFP expression
was observed in adult Bmi1−/− mice (28.1 ± 4.3 and 48.6

±7.6 % of third-row Deiters’ cells were lacking Lgr5-EGFP
expression at P3 and P30, respectively, p < 0.01, n = 4)
(Fig. 6d1, 2, 5). These results demonstrated that Bmi1 defi-
ciency inhibits Wnt signaling in the cochleae of both neonatal
and adult mice.

Wnt Signaling is Involved in the Inhibition of SC
Proliferation in Bmi1−/− Mice

To determine whether Wnt signaling is involved in the inhi-
bition of SC proliferation in the inner ear of Bmi1-deficient
mice, we tested the effects of a Wnt agonist on Bmi1−/− co-
chlear explants. In this experiment, we isolated and cultured
the cochleae from P1 WT or Bmi1−/− mice. After 12 h of
recovery, the cultured tissues were treated with 0.5 mM neo-
mycin for 6 h. The neomycin was washed away, and the cells
were treated with the Wnt agonist BIO (5 μM) for 3 days,
which specifically represses glycogen synthase kinase-3 beta
(GSK-3β) and promotes β-catenin-mediated transcriptional
activity. EdU (10 μM)was administered during the last 2 days

Fig. 6 Bmi1 knockout inhibited the expression of Lgr5 in the organ of
Corti of neonatal and P30 mice. Lgr5EGFP expression in whole organ of
Corti from P3WT (a1), P3 Bmi1−/− (a2), P30WT (a3), and P30 Bmi1−/−

(a4) mice. Detailed enlargements of Lgr5EGFP expression in P3 WT
(b1), P3 Bmi1−/− (b2), P30 WT (b3), and P30 Bmi1−/− (b4) mice. c1
The expression of Lgr5 was significantly reduced in P1 Bmi1−/− mice
compared toWTcontrols. c2 In P30 adult mice, the mRNA level of Lgr5,
Brn3.1, and Prestinwere significantly reduced in Bmi1−/−mice compared
to WT controls. Compared with the P1 WT control, there were

significantly more inner pillar cells (IPC) (d1) and third-rowDeiters’ cells
(TDC) (d2) lacking Lgr5-EGFP expression in Bmi1−/− mice in all three
turns, n= 4. The distribution of cells lacking Lgr5-EGFP expression in the
IPC (d3) and TDC (d4) in P1 Bmi1−/− mice showed no significant dif-
ferences from the apical to the basal turns, n= 4. Compared with P30WT
controls, there were significantly more third-row Deiters’ cells lacking
Lgr5-EGFP expression in P30 Bmi1−/− mice (d5), and the distribution
showed no differences from the apical to basal turns, n = 4 (d6). Data
shown as mean± S.D. *p< 0.05, **p< 0.01. Scale bars= 20 μm

Table 5 Percentage of Lgr5-EGFP–negative cells among the third-row
Deiters’ cells in neonatal mice (n= 4)

Proportion (%) Bmi1−/− Bmi1+/− WT

−10 36.0 ± 4.2 11.8 ± 5.4 5.0 ± 2.2

−20 32.2 ± 6.0 7.7 ± 4.0 6.3 ± 3.1

−30 24.1 ± 5.5 7.6 ± 4.1 6.7 ± 3.1

−40 26.0 ± 4.2 4.1 ± 2.7 2.1 ± 1.7

−50 19.3 ± 4.0 2.7 ± 0.9 1.3 ± 1.3

−60 19.8 ± 5.0 3.4 ± 2.0 3.8 ± 3.0

−70 22.2 ± 6.4 1.6 ± 1.0 1.8 ± 1.8

−80 17.2 ± 4.4 0.6 ± 0.3 6.8 ± 2.8

−90 25.8 ± 3.1 0.8 ± 0.5 6.2 ± 2.8

−100 28.2 ± 6.0 8.4 ± 2.0 6.8 ± 3.3
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of culture to label the proliferating cells (Fig. 7a). We found
that Bmi1 knockout significantly reduced the expression of
Wnt downstream target genes and inhibited the proliferation
of SCs compared to WT control (p<0.01, n=4). Exposure to
BIO completely restored SC proliferation in Bmi1−/− mice in
the apical and middle turns (p<0.01, n=4) (Fig. 7b, d1–1ʹ,
d2–4; Table 8). qPCR data showed that exogenous BIO treat-
ment significantly increased the expression of the Wnt signal-
ing target genes Lgr5, Axin2, and Sp5 in Bmi1−/− mice
(p<0.05) (Fig. 7c). These results demonstrated that Wnt acti-
vation could bypass the requirement of Bmi1 in regulating SC
proliferation, and this suggested that Bmi1 deficiency might
inhibit the proliferation of SCs by downregulating the canon-
ical Wnt signaling pathway in the inner ear. Furthermore,
when we compared the WT and Bmi1−/− groups both treated
with BIO, we found that the WT group treated with BIO still
had higher SC proliferation ability than the Bmi1−/− group
treated with BIO (p<0.05) (Fig. 7d1–2). This result also sug-
gested that Bmi1 is involved in Wnt activation-induced SC
proliferation.

Discussion

In mammals, numerous studies have shown that the SC pop-
ulation in the neonatal cochlea contains stem cells and pro-
genitor cells that can proliferate and regenerate new HCs;
thus, SCs can serve as a reliable resource to regenerate HCs
[5–11]. Recent studies have also shown that a subpopulation
of SCs, the Lgr5-positive cells, can proliferate and regenerate
HCs and are an enriched population of HC progenitor cells
compared to the whole SC population [6, 8–11, 15]. Thus, it is
important to understand the mechanism regulating the prolif-
eration of SCs and Lgr5-positive progenitor cells. Bmi1 is
known to regulate the proliferation of stem and progenitor
cells in multiple organs. However, the role of Bmi1 in regu-
lating the proliferation of SCs and Lgr5-positive progenitor
cells in the mouse inner ear remains unknown. Wnt activation
promotes the proliferation of SCs and Lgr5-positive progeni-
tor cells, but the interaction between Bmi1 and the Wnt sig-
naling pathway in cell proliferation still needs to be deter-
mined in the postnatal mouse cochlea. In this study, we pres-
ent a new role for Bmi1 in regulating the proliferation and
sphere-forming ability of SCs and Lgr5-positive progenitor
cells in the postnatal mouse cochlea. We further demonstrate
that Bmi1 regulates the proliferation of SCs and Lgr5-positive
progenitor cells through the Wnt signaling pathway.

The polycomb gene Bmi1 has been reported to regulate the
proliferation of stem cells and rapidly dividing cells, including
cancer cells and lymphocytes [19–29]. For example, Bmi1-
deficient leukemic stem and progenitor cells can be compro-
mised because they eventually undergo proliferation arrest
and show signs of differentiation and apoptosis [20]. Bmi1
regulates the self-renewal activity of adult prostate stem cells,
and loss of Bmi1 blocks the self-renewal activity induced by
heightened beta-catenin signaling [21]. Our own previous re-
search reported the expression pattern of Bmi1 in the mouse
inner ear and demonstrated that Bmi1 is required for the sur-
vival of auditory HCs and that Bmi1 deficiency leads to HC
death through increased redox activity and ROS accumulation
in the mouse cochlea [30]. However, the role of Bmi1 in
regulating the proliferation and sphere-forming ability of
SCs and Lgr5-positive progenitor cells in the inner ear re-
mains uninvestigated. It has been reported that several genes
are involved in the proliferation of SCs and that the loss of
these genes leads to inhibited proliferation in SCs. For exam-
ple, in p27Kip1 knockout mice supernumerary HCs and SCs
have been observed [17], and decreased proliferation in the
cochlear prosensory region has been reported in N-Myc con-
ditional knockout mice [18]. In this study, we have provided
evidence that Bmi1 deficiency inhibits the proliferation and
sphere-forming ability of SCs and Lgr5-positive progenitor
cells. We showed that the numbers of EdU-labeled SCs and
Lgr5-positive progenitor cells were significantly reduced in
the cochlear sensory epithelia of Bmi1 knockout mice after

Table 7 Percentage of Lgr5-EGFP-negative cells among the pillar cells
in P30 mice (n= 4)

Proportion (%) Bmi1−/− Bmi1+/− WT

−10 51.7 ± 3.1 11.9 ± 4.1 5.1 ± 2.4

−20 43.9 ± 3.5 9.7 ± 5.0 5.7 ± 5.0

−30 36.7 ± 8.0 9.4 ± 5.2 6.9 ± 4.0

−40 42.5 ± 2.9 5.5 ± 3.3 2.4 ± 2.4

−50 32.2 ± 6.4 2.9 ± 1.2 1.1 ± 0.6

−60 32.5 ± 5.0 4.5 ± 2.3 1.0 ± 0.5

−70 37.5 ± 7.7 1.8 ± 1.3 0.7 ± 0.3

−80 29.1 ± 4.5 0.8 ± 0.4 2.8 ± 2.3

−90 45.3 ± 3.6 1.1 ± 0.6 1.6 ± 1.1

−100 31.9 ± 6.8 8.1 ± 2.7 8.4 ± 2.5

Table 6 Percentage of Lgr5-EGFP-negative cells among the pillar cells
in neonatal mice (n = 4)

Proportion (%) Bmi1−/− Bmi1+/− WT

−10 31.5 ± 0.3 1.4 ± 1.4 1.5 ± 0.9

−20 28.1 ± 1.8 0.9 ± 0.6 2.1 ± 1.0

−30 23.8 ± 4.7 2.0 ± 1.2 3.2 ± 2.6

−40 22.1 ± 3.8 2.2 ± 1.0 2.8 ± 2.1

−50 20.1 ± 2.1 2.9 ± 1.0 2.2 ± 2.2

−60 25.1 ± 4.6 1.5 ± 0.9 3.0 ± 2.4

−70 24.1 ± 5.5 1.3 ± 0.8 3.5 ± 1.5

−80 23.9 ± 4.3 0.0 ± 0.0 3.6 ± 3.4

−90 24.2 ± 5.3 0.5 ± 0.5 6.4 ± 2.4

−100 24.7 ± 5.7 2.6 ± 1.4 5.0 ± 3.0
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neomycin injury and Lgr5-positive progenitor cells in the or-
gan of Corti of Bmi1 knockout mice formed significantly
fewer spheres.

In the mouse inner ear, Wnt/β-catenin signaling plays im-
portant roles in regulating cell proliferation, cochlear develop-
ment, and HC regeneration. Activating Wnt signaling in the
Lgr5-positive progenitor cells leads to proliferation and mitot-
ic generation of HCs in the postnatal mouse cochlea in vivo [6,
11]. In other organs, the interaction of Bmi1 with the Wnt
signaling pathway plays a pivotal role in regulating the prolif-
eration of stem and progenitor cells in different cellular and
biological contexts. It has been reported that KLF4 directly
inhibits the expression of Bmi1 in colon cancer cells [32], and
Bmi1 also inhibits the Wnt inhibitor DKK1 thus upregulating
the Wnt signaling pathway [31]. In this study, we have pro-
vided direct evidence that loss of Bmi1 significantly
upregulates DKK1 and inhibits Wnt signaling in the mouse
cochlea, and we showed that Bmi1 deficiency significantly
reduces the mRNA expression level of Wnt downstream

target genes in both neonatal and adult mice. In Bmi1 knock-
out mice, the expression of Lgr5-EGFP decreased around
twice as much in adult Bmi1 knockout mice compared to
neonatal mice.

Recent studies have shownWnt activation in Sox2-positive
SCs and Lgr5-positive progenitor cells in the cochlear epithe-
lium results in increased SC proliferation and HC generation
[6, 10]. Our work supports the idea that Bmi1 deficiency leads
to downregulation of Wnt signaling in the cochlear epitheli-
um, which results in decreased proliferation of Sox2-positive
SCs and Lgr5-positive progenitor cells. Furthermore, when
we used the Wnt agonist BIO to restore Wnt signaling in
Bmi1 knockout mice, we found that the BIO treatment suc-
cessfully upregulated Wnt signaling in the cochlear epitheli-
um and completely bypassed the effects of Bmi1 knockout on
SC proliferation. This indicated that Bmi1 deficiency might
inhibit the proliferation of SCs by downregulating the Wnt
signaling pathway. It is interesting to note that the mRNA
expression levels of Wnt downstream target genes in Bmi1
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Fig. 7 Cell proliferation in P1
Bmi1−/−mice could be rescued by
a Wnt agonist in vitro. a The Wnt
agonist BIO was used to promote
β-catenin-mediated transcriptional
activity, and EdU was used to label
the proliferating cells. b After BIO
treatment, the number of prolifera-
tive cells in Bmi1−/− mice was
completely rescued, n=4. c
The expression level of the Wnt
signaling target genes Lgr5, Axin2,
and Sp5 in Bmi1−/− mice was in-
creased after exogenous BIO treat-
ment, n=3. After BIO treatment,
the number of proliferating cells
was counted in WT (d1) and
Bmi1−/− (d2) mice. d1 is the par-
tial enlargement of D1. Without
BIO treatment, the number of pro-
liferating cells was also counted in
WT (d3) and Bmi1−/− mice (d4)
after neomycin insult. Data shown
as mean±S.D. *p<0.05,
**p<0.01. Scale bars=20 μm



knockout cochlea with BIO treatment were higher than the
WT control cochlea without BIO treatment and that the pro-
liferation of SCs in Bmi1 knockout mice with BIO treatment
was also higher than the WT control mice without BIO treat-
ment. This suggests that Wnt activation could completely by-
pass the effects of Bmi1 knockout on SC proliferation.
Moreover, when we compared the WT and Bmi1 knockout
groups both treated with BIO, we found that the WT groups
still had higher SC proliferation ability than the Bmi1 knock-
out group, and this also suggested that Bmi1 is involved in the
Wnt activation-induced SC proliferation. Taken together, all
of our results indicate that there might be complex regulatory
loops between Bmi1 and the Wnt signaling pathway, and
these should be further investigated in future studies.

In summary, we report here that Bmi1 deficiency inhibits
the proliferation and sphere-forming abilities of cochlear SCs
and Lgr5-positive progenitor cells. We also show that Bmi1
deficiency leads to the downregulation ofWnt signaling in the
cochlear epithelium. Finally, we show that knockout of Bmi1
might inhibit the proliferation of SCs by downregulating the
Wnt signaling pathway in the neonatal mouse cochlea. Our
findings might be useful in further dissecting the mechanisms
regulating mammalian inner ear progenitor cell proliferation
and might suggest a new therapeutic target for stimulating HC
regeneration after injury to the cochlea.

Material and Methods

Animals

Bmi1+/− mice (129OIa/FVB/N hybrid background) were
backcrossed 10–12 times into a C57BL/6J background and
then mated to generate Bmi1−/−, Bmi1+/−, and wild-type
(WT) mice [20]. Lgr5EGFP-Ires-CreERT2 [33] and
Rosa26R-tdTomato [34] mice in the C57BL/6J background
were purchased from the Jackson Laboratory (Cat. #8875 and
#7908, respectively). For Cre activation, tamoxifen (Sigma-
Aldrich, St. Louis,MO, USA)was given to postnatal day (P) 0
mice (2 mg/25 g, i.p.). All animal procedures were performed
according to protocols approved by the Animal Care and Use
Committee of Fudan University and were consistent with the
National Institutes of Health Guide for the Care and Use of

Laboratory Animals. All efforts were made to minimize the
number of animals used and to prevent their suffering.

Genotyping, RT-PCR and qPCR

Transgenic mice were genotyped using genomic DNA from
tail tips by adding 70 μl 50 mM NaOH, incubating at 98 °C
for 20–40 min, and adding 7 μl 1 M HCl. The genotyping
primers were as follows. Bmi1: wild-type (F) CAGTTAGGC
AGT ATG TAG TTT TC; (R) GTT GTG GTG GAG TGT
AAG AGT GT; mutant (F) AAG ATG TTG GCG ACC TCG
TAT TGG; (R) GCAAGACCT GCC TGAAAC CGAACT;
Lgr5: (F) CTG CTC TCT GCT CCC AGT CT; wild-type (R)
ATA CCC CAT CCC TTT TGA GC; mutant (R) GAA CTT
CAG GGT CAG CTT GC; tdTomato: wild-type (F) AAG
GGA GCT GCA GTG GAG T; (R) CCG AAA ATC TGT
GGG AAG TC; mutant (F) GGC ATTAAA GCA GCG TAT
C; (R) CTG TTC CTG TAC GGC ATG G.

For reverse transcriptase polymerase chain reaction (RT-
PCR) and quantitative polymerase chain reaction (qPCR), to-
tal RNA was extracted from the cochlea using TRIzol
(Invitrogen, Carlsbad, CA, USA) with the stria vascularis
and modiolus micro-dissected away. This was followed by
complementary DNA (cDNA) synthesis using the
GoScriptTM Reverse Transcription System (Promega,
Madison, WI, USA). qPCR reactions were performed with
GoTaq® qPCR Master Mix (Promega) on a 7500HT Fast
Real-Time PCR System (Applied Biosystems, Foster City,
CA, USA). Each PCR reaction was carried out in triplicate,
and the relative quantification of gene expression was ana-
lyzed using the ΔΔCT method with β-actin as the endoge-
nous reference.

Primer pairs were designed using the online Primer3 soft-
ware. Lgr5 (F) CCTACT CGA AGA CTTACC CAG T; (R)
GCATTG GGG TGA ATG ATA GCA; Sox2 (F) GCG GAG
TGG AAA CTT TTG TCC; (R) CGG GAA GCG TGTACT
TAT CCT T; Axin2 (F) TGA CTC TCC TTC CAG ATC
CCA; (R) TGC CCA CAC TAG GCT GAC A; Sp5 (F)
TGG GTT CAC CCT CCA GAC TTT; (R) CCG GCG
AGA ACT CGT AAG G; Brn3.1 (F) CGA CGC CAC CTA
CCATAC C; (R) CCC TGATGTACC GCG TGAT; Prestin
(F) GAA AGG CCC ATC TTC AGT CAT C; (R) GCC ACT
TAGTGATAGGCAGGAAC; p27Kip1 (F) TCAAACGTG
AGA GTG TCT AAC G; (R) CCG GGC CGA AGA GAT
TTC TG;β-actin (F) GGCTGTATTCCCCTCCATCG; (R)
CCA GTT GGT AAC AAT GCC ATG T; beta-catenin (F)
ATG CGC TCC CCT CAG ATG GTG TC; (R) TCG CGG
TGG TGA GAA AGG TTG TGC.

Western Blot Analysis

Total protein was isolated with RIPA buffer. Protein concen-
trations were measured using a bicinchoninic acid (BCA)

Table 8 Percentage of EdU-positive SCs in the organ of Corti after bio
administration (n= 4)

Group Apical (%) Middle (%) Basal (%)

WT BIO 87.1 ± 4.1 36.9 ± 5.6 10.0 ± 2.8

Bmi1−/− BIO 48.9 ± 8.8 7.1 ± 0.7 2.2 ± 0.3

WT 13.2 ± 1.6 2.3 ± 0.3 1.0 ± 0.03

Bmi1−/− 2.1 ± 0.7 0.1 ± 0.03 0.1 ± 0.01

1336 Mol Neurobiol (2017) 54:1326–1339



protein kit (Thermo Fisher Scientific, Rockford, IL), and pro-
teins were separated on sodium dodecyl sulfate (SDS)-poly-
acrylamide gels and transferred onto polyvinylidene
difluoride (PVDF) membranes (Immobilon-P; Millipore,
Bedford, MA, USA). The membranes were blocked with
10 % nonfat dried milk in Tris-buffered saline with Tween
20 (TBST) (50 mM Tris–HCl (pH 7.4), 150 mM NaCl, and
0.1 % Tween-20) for 1 h at room temperature and then blotted
overnight with primary antibodies at 4°w. The following an-
tibodies were used as primary antibodies: anti-p27Kip1 (1:500
dilution), anti-DKK1 (1:500 dilution), anti-beta-catenin
(1:800 dilution) (Santa Cruz Biotechnology, CA, USA), and
anti-beta-actin (1:1000 dilution, Cell Signaling Technology,
Danvers, MA, USA).

Sphere Culture

For each experiment, we dissected the organs of Corti from
two or three mice. Each organ of Corti was individually
inspected, dissected from the surrounding tissue, and carefully
rinsed in Hank’s balanced salt solution. All tissues were col-
lected in PBS at pH 7.4 on ice before they were subjected to
digestion with 0.125 % trypsin in PBS for 8 min at 37 °C in a
total volume of 100 μl. The enzymatic reaction was stopped
by adding 50 μl of 20 mg/ml soybean trypsin inhibitor and
2 mg/ml DNAse I solution (Invitrogen) in Dulbecco’s modi-
fied Eagle’s medium (DMEM)/high glucose and F12 media
(mixed 1:1). The cells were carefully triturated with plastic
pipette tips (epTIPS Filter 20–300 μl; Eppendorf) and diluted
with 2 ml DMEM/high glucose and F12 media (mixed 1:1)
supplemented with N2 and B27 (Invitrogen), EGF (20 ng/ml),
bFGF (10 ng/ml), IGF-1 (50 ng/ml) (Thermo Fisher
Scientific, Rockford, IL, USA), and heparin sulfate (50 ng/
ml, Sigma-Aldrich). Cell separation was ensured via micro-
scopic inspection. The cell suspension was then passed
through a 40-μm cell strainer directly into plastic Petri dishes
(Greiner Bio-one, Monroe, NC, USA). A total of 50,000 iso-
lated cells were plated into non-adhesive 12-well culture clus-
ters (Corning, NY, USA) at a density of 20 cells/μl. The total
numbers of primary spheres were assessed after 5 days in
culture. For propagation, spheres were collected after 5 days
in culture and dissociated with 0.25 % trypsin at 37 °C for
6 min followed by addition of 10 % serum/DMEM media to
block the reaction. The cell suspensions were re-plated into
non-adhesive 12-well culture clusters, and the propagation
was repeated at 5-day intervals.

Flow Cytometry and Sphere Culture

Each cochlea from the Lgr5-EGFP-creERT2 Bmi1−/− mice
was carefully dissected out from the surrounding tissue and
carefully rinsed in Hank’s balanced salt solution. For each
experiment, six cochleae were collected in PBS at pH 7.4 on

ice before they were subjected to digestion with 0.125 % tryp-
sin in PBS for 8 min at 37 °C in a total volume of 100 μl. The
enzymatic reaction was blocked by adding 50 μl of 20 mg/ml
soybean trypsin inhibitor and 2 mg/ml DNAse I solution
(Invitrogen, Carlsbad, CA, USA) in DMEM/high glucose
and F12media (mixed 1:1). Following dissociation, cells were
passed through a 40-μm cell strainer (Greiner Bio-one) to
achieve a single-cell suspension. Propidium iodide (1 μg/
mL) (Sigma-Aldrich) was used to label nonviable cells. The
dissociated cells were sorted on a MoFlo® SX FACS
cytometer (Beckman Coulter, CA, USA) using the channels
for GFP, and positive and negative fractions were collected.
The purity of the sorted cells was assessed by resorting and
immunostaining.

Purified cells (2 cells/μl) from cell sorting were cultured in
low-attachment 96-well plates (Corning) for 5 days to gener-
ate neurospheres in DMEM/F12 supplemented with N2, B27,
EGF, IGF-1, bFGF, and heparin sulfate (same as earlier).

Tissue Cultures

Cochleae were isolated under sterile conditions with the anla-
ge of the stria vascularis, modiolus, and tectorial membrane
removed with fine forceps. Whole-mount cochleae were then
placed onto 10-mm coverslips pre-coated with poly-L-lysine
(Sigma-Aldrich). Whole organs were cultured in DMEM/F12
medium (mixed 1:1) supplemented with N2 and B27 in four-
well Petri dishes (media and supplements were obtained from
Invitrogen). Neomycin (0.5 mM, Sigma-Aldrich) was added
for 6 h to kill the HCs. After neomycin was removed, the
tissues were washed twice with PBS and cultured in serum-
free medium with 10 μM 5-ethynyl-2ʹ-deoxyuridine (EdU)
for an additional 72 h. For the Wnt signaling upregulation
experiment, 6-Bromoindirubin-3'-oxime (Bio) (5 μM,
Stemgent, Lexington, MA, USA) was added to the medium
for 72 h after the neomycin was removed. Culture medium
was replenished every 1–2 days.

Immunohistochemistry

Tissues were fixed for 10 min at room temperature with 4 %
paraformaldehyde in 0.1 M phosphate buffer and then im-
mersed in blocking solution consisting of 10 % donkey serum
and 1 % Triton-X100 in PBS at pH 7.4 for 1 h at room tem-
perature. Incubation with primary antibodies that were diluted
in blocking solution was performed overnight at 4 °C in a
humidified chamber. The following day, tissues were rinsed
with PBS and then incubated with secondary antibodies dilut-
ed in 1 % Triton-X100 in PBS for 1 h at room temperature.
After washing with PBS, tissues were mounted in antifade
fluorescence mounting medium and cover-slipped. The pri-
mary antibodies were as follows: mouse anti-beta-catenin
(1:500 dilution, Santa Cruz Biotechnology), mouse anti-
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p27Kip1 (1:500 dilution, Santa Cruz Biotechnology), rabbit
anti-myosin7A (1:500 dilution; Proteus Biosciences, Ramona,
CA, USA), and goat anti-Sox2 (1:500 dilution, Santa Cruz
Biotechnology). The corresponding secondary antibodies
were tetramethylrhodamine (TRITC), fluorescein isothiocya-
nate (FITC), and Cy5 (Jackson Immuno Research, West
Grove, PA, USA). DAPI (Sigma-Aldrich) was used to show
the cell nuclei. EdU detection was performed using an Alexa
Fluor 555 and 647 Imaging Kit (Invitrogen).

Statistical Analysis

Statistical analyses were conducted usingMicrosoft Excel and
GraphPad Prism software. For all experiments, n represents
the number of animals examined. Two-tailed, unpaired
Student’s t tests were used to determine statistical significance
when comparing two groups, and one-way ANOVA followed
by a Dunnett’s multiple comparisons test was used when com-
paring more than two groups. A value of p<0.05 was consid-
ered to be statistically significant. Data are shown as the mean
±S.D.
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