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Celastrol enhances Atoh1 expression in inner ear stem cells
and promotes their differentiation into functional auditory

neuronal-like cells
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ABSTRACT. We aimed to investigate the beneficial effect of Celastrol on inner ear stem cells and
potential therapeutic value for hearing loss. The inner ear stem cells were isolated and characterized
from utricular sensory epithelium of adult mice. The stemness was evaluated by sphere formation
assay. The relative expressions of Atoh1, MAP-2 and Myosin VI were measured by RT-PCR and
immunoblotting. The up-regulation of MAP-2 was also analysed with immunofluorescence. The in
vitro neuronal excitability was interrogated by calcium oscillation. The electrophysiological property
was determined by inward current recorded on patch clamp. Our results demonstrated that Celastrol
treatment significantly improved the viability and proliferation of mouse inner ear stem cells, and
facilitated sphere formation. Moreover, Celastrol stimulated differentiation of mouse inner ear stem
cells to neuronal-like cells and enhanced neural excitability. Celastrol also enhanced neuronal-like
cell identity in the inner ear stem cell derived neurons, as well as their electrophysiological function.
Most notably, these effects were apparently associated with the upregulation of Atoh1 in response to
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Celastrol treatment. Celastrol showed beneficial effect on inner ear stem cells and held therapeutic
promise against hearing loss.

KEYWORDS. Celastrol, Atoh1, inner ear stem cell, neuronal-like cell, hearing loss

INTRODUCTION

Permanent hearing loss is one of the most
common auditory disabilities worldwide and
imposes severe compromise on health and
life quality. The etiology of hearing loss inti-
mately associates with loss and decreased
regenerative capacity of mechanosensory
hair cells within the sensory epithelium of
the cochlea.1 Currently, hearing aids are the
most effective treatment for most patients
suffering from moderate to severe hearing
loss, but its use is very limited in the appli-
cable patient population.2 For those patients
diagnosed with profound sensorineural hear-
ing loss, cochlear implant is the sole avail-
able therapeutic option with favorable
prognosis.3 Therefore, the alternative thera-
peutics aiming for hearing rehabilitation is
under intensive development.

Although the modest regenerative capacity
has been observed in rodent vestibular sensory
epithelia,4 no hair cell regeneration occurred in
adult mammalian cochlea at all. The endeavor
to activate the regenerative capacity for medi-
cal purpose has been disappointing so far,
which partially attributes to highly differenti-
ated and specified cells in the delicate architec-
ture of human auditory system.5 Recently, the
cells with high proliferative index and pluripo-
tency has been characterized in mouse vestibu-
lar sensory epithelia.6 Moreover, the progenitor
population of hair cells has been derived from
the cochlea of neonatal rats.7 Despite of the
well-characterized pluripotency and stem cell-
like property of supporting cells, stimulation of
its trans-differentiating potential via medical
approach for the therapeutic purpose is still
challenging. Likewise, the strategy to enhance
the commitment of inner stem cells into hair
cells is in urgent need.

Atoh1 (Atonal BHLH Transcription Factor
1) is the member of the basic helix-loop-helix

(BHLH) transcription factor family. Through
collaboration with TCF3/E47, Atoh1 activates
E box-dependent transcription and plays criti-
cal roles in differentiation of several subsets of
neural cells.8 It was reported that the transcrip-
tion activity of Atoh1 was readily antagonized
by the negative regulator of neurogenesis
HES1.9 Loss-of-function of Atoh1 has been
identified in the Goblet cell carcinoid and infra-
tentorial cancer.10 More importantly, Atoh1 is
the first gene characterized to be involved in
inner ear development, and especially plays a
fundamental role in hair cell differentiation.11

During inner ear formation, the Atoh1-positive
cells are committed to generate sensory hair
cells and indispensable for their development,
survival, differentiation and maturation. The
ectopic introduction of Atoh1 led to formation
of supernumerary cochlear sensory hair cells,12

and aberrant overexpression of Atoh1 stimu-
lated trans-differentiation of supporting cells to
hair cells.13 Although investigations into the
underlying mechanism have identified Pou4f3,
Gfi1 and Myosin 7a as potent downstream
effectors,14 the comprehensive understanding
of Atoh1 in the biology of auditory system is
still to be fulfilled.

Celastrol is a quinone methide triterpene and
the effective composition isolated from Thun-
der God Vine root.15 The traditional Chinese
medicine Thunder God Vine has historically
been used in treatment of inflammatory and
auto-immune diseases such as rheumatoid
arthritis.15 The molecular investigations into
the pharmacological properties of Celastrol
have identified a variety of potential targets,
most of which are attributed to the IKK-NF-kB
signalling pathway. For example, Celastrol has
been shown to directly inhibit the IKKa and b
kinases via targeting the Cys-179 in the activa-
tion loop of IKKb.16 High-throughput screen-
ing for androgen signalling inhibitors has
identified Celastrol in blocking the interactions
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between HSP90 and co-chaperone Cdc37/
p23.17 Yang et al. demonstrated the inhibitory
effect of Celastrol on rabbit 20S proteasomes
and elicited cell apoptosis in prostate cancer
cells.18 In addition, Celastrol treatment trig-
gered heat shock response via inducing HSP70
expression.19 Most importantly, Celastrol has
been demonstrated to inhibit aminoglycoside-
induced ototoxicity via heat shock protein 32
induction,20 which prompted us to further
hypothesize that Celastrol could confer benefi-
cial effect on inner ear stem cells, and have the
potential as adjuvant treatment for stem cell
therapy against hearing loss.

Here we presented evidences that Celastrol
significantly improved inner ear stem cells via-
bility and proliferation. Moreover, Celastrol
stimulated neuronal-like cells differentiation
and excitability, which might be mediated by
up-regulation of the master transcription factor
Atoh1. Our results warranted further investiga-
tions into the potential therapeutic value of
Celastrol in disease model and clinic trial.

MATERIALS AND METHODS

Isolation and culturing of inner ear stem
cells

The BALB/C6 mice, aged 4–7 weeks, were
purchased from the Shanghai Laboratory Ani-
mal Center (SLAC) and maintained in the path-
ogen-free environment. All mice experiments
were conducted in strict accordance with proto-
col approved by the institutional committee of
animal care and use. The sphere-forming and
self-renewing inner ear stem cells were isolated
from the utricular sensory epithelium of adult
BALB/C6 mice following previously estab-
lished method.21 Briefly, Mice were first eutha-
nized by cervical dislocation, and the utricular
maculae were carefully dissected from mice
and rinsed with ice-cold PBS buffer. The sen-
sory sheets were isolated by gentle treatment
with thermolysin in DMEM/high glucose-F12
mixture (1:1) and followed by trypsin digestion
in PBS. The excessive enzymatic activity was
quenched by soybean trypsin inhibitor
(Worthington). The cells were dispersed by

repeated pipetting and resuspended in mixed
culture medium (DMEM/high glucose 1:1 F12
with complete supplementation, Gibco, Grand
Island, NY, USA). The single-cell suspension
was prepared by passing through the 70 mm
cell strainer (BD, Franklin Lakes, NJ, USA)
and subjected to continuous culture in humidi-
fied incubator supplemented with 5% CO2 at
37�C.

MTT assay

Celastrol was first dissolved in DMSO at a
stock concentration of 10 mg/mL, which was
then diluted in medium at assay specific con-
centrations. Cells in log phase were seeded into
96-well plates in triplicate for 24 hours culture
and subjected to Celastrol treatment for 24 h.
MTT (working concentration 0.5 mg/ml) was
added into each well and incubated at 37�C for
4 h in the dark. The medium was carefully aspi-
rated and replaced by DMSO (100 ml per well)
to resolve crystal. Absorbance at 570 nm was
recorded using microplate reader (Molecular
Devices, USA) and relative cell viability was
calculated.

Proliferation assay with
bromodeoxyuridine (BrdU)

The relative proliferative index was evalu-
ated with BrdU incorporation assay using the
commercial available kit (Proliferation Assay
Kit, Millipore, USA) according to the man-
ufacturer’s instructions. Briefly, exponentially
growing cells were cultured in the 96-well
plates at density of 5,000 cells/well for 24
continuous hours and then subjected to Celas-
trol treatment for 48 hours, before BrdU was
applied to each well for incorporation.

Sphere formation assay

The single cells isolated from utricular sen-
sory epithelium were plated in 10-cm Petri dish
at very low density to ensure all the spheres
were originated from single cells. Total number
of primary spheres was counted 7 days post-
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culture and portion was collected and dissoci-
ated with NeuroCult chemical dissociation kit
(StemCell Technologies, Hangzhou, China) for
propagative purpose.

Cell differentiation

For cell differentiation purpose, the
spheres were first treated with 0.05% trypsin
and allowed for adherent growth on poly-L-
ornithine/fibronectin (Sigma, St. Louis, MO,
USA) coated dishes. The third-generation of
utricular maculae-derived sphere cells was
stimulated to differentiate with 50 ng/ml
NT-3 and 100 ng/ml BDNF (R & D Sys-
tems, Minneapolis, MN, USA). The success
for differentiation inducing was validated by
immunocytochemistry after 14 days.

RT-PCR

The total RNA was extracted from expo-
nentially growing cells with Trizol reagent
(Invitrogen, Carlsbad, CA, USA) following
the manufacturer’s instruction. The quality
and quantity was determined by Bioanalyzer
2000 (Agilent, Santa Clara, CA) prior to any
further processing. 1 mg RNA was reversely
transcribed into cDNA using the PrimeScript
First Strand cDNA Synthesis Kit (Clontech).
The RT-PCR was performed with SYBR
Green Master Kit (Promega, Madison, WI,
USA) in accordance with the provider’s rec-
ommendation. The relative expression of tar-
get genes was calculated by 2¡DDCt method
and normalized to b-actin.

The primers used in this study were listed
below:

Atoh1 sense: 50- ACTTGCCTCATCCGAGTC-
AC-30

anti-sense: 5 0- GCAGGAGGAAAACAGCA-
AAA-30;

MAP-2 sense: 50- TTCGTTGTGTCGTGT-
TCTCA -30

anti-sense: 5 0- AACCGAGGAAGCATTGA-
TTG -30;

Myosin VI sense: 50- CCTCCATTTTTGA-
AGGAGGA-30

anti-sense: 5 0- CTTCACCCGTACAGGTAG-
CC-30;

b-actin sense: 50- GTTGTCGACGACGAG-
CG-30

anti-sense: 5 0- GCACAGAGCCTCGCCTT-30;

Western blot

The cell lysates were prepared from indicated
cells in log phase in RIPA lysis buffer. The pro-
tein concentrations were determined with com-
mercial BCA Protein Assay (ThermoFisher,
Waltham, MA, USA). The equal amount of pro-
teins was resolved by SDS-PAGE gel and trans-
ferred to PVDF membrane. After brief blocking
with 5% skim milk in TBST buffer, the mem-
brane was hybridized with indicated primary
antibodies (Atoh1, SAB2100177, Sigma, 1 mg/
ml; MAP-2 ab5392, Abcam, 1:500; Myosin VI,
ab11098, Abcam, 1:500; b-actin, ab8227,
Abcam, 1:1,000) in refrigerator overnight. The
unbound antibodies were completely washed off
with TBST for 30 min at room temperature. The
PVDF membrane was then incubated with
respective secondary antibodies (CST#7075,
Cell Signaling Technology, 1:5,000) for one
hour at room temperature, and followed by the
second round of rigorous wash with TBST. The
blots were visualized by the Enhanced Chemilu-
minescence Kit (Millipore, Billerica, MA, USA)
following the manufacturer’s instruction. The
relative intensity of target bands was determined
by densitometry scanning and normalized to
internal reference protein for loading control.

Immunofluorescence

The exponentially growing cells were cul-
tured onto coverslips for 24 hours prior to
the further processing. The culture medium
was aspirated and cells were fixed in 4%
formaldehyde solution for 15 min at room
temperature. The fixed cells were rinsed
three times in PBS buffer for 5 min each
and blocked with 5% normal serum for
60 min at room temperature. After aspiration
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of blocking buffer, the coverslips were incu-
bated with indicated primary antibody over-
night at 4�C. The cells were rinsed three
times with PBS for 5 min each and incu-
bated with fluorochrome-conjugated second-
ary antibody for one hour at room
temperature in the dark. The unbound anti-
bodies were washed off with PBS. The cov-
erslips were mounted with Prolong Gold
Antifade Reagent with DAPI overnight at
room temperature and sealed with nail polish
for long-term preservation.

Electrophysiology

The inner ear stem cell derived neuronal-
like cells were plated onto coverslips in the
standard artificial perilymph solution (144 mM
NaCl, 0.7 mM NaH2PO4, 5.8 mM KCl,
1.3 mM CaCl2, 0.9 mM MgCl2, 5.6 mM D-
glucose, 10 mM HEPES-NaOH, pH7.4, 320
mmole/kg osmolality). The recording pipettes
were prepared by borosilicate capillary glass
with resistance range between 2»4 MV and
preserved in pipette solution (135 mM KCl,
4 mM K4-EGTA, 0.1 mM CaCl2, 3 mM
Na2ATP, 10 mM HEPES-NaOH, pH7.4). The
inward current was recorded at a holding
potential of -60 mV and amplified with an
Axopatch 700B amplifier (Molecular Devices,
Sunnyvale, CA, USA). Data were collected
and analyzed with included software.

Calcium assays

The indicated cells were first washed twice
with standard solution (150 mM NaCl, 2 mM
CaCl2, 5 mM KCl, 1 MgCl2, 10 mM D-glu-
cose, 10 mM HEPES, pH 7.3, and then incu-
bated with Fluo-4-AM (2.5 mM, Dojindo
Laboratories) and pluronic F-127 (Sigma,
USA) for 45 min at 37�C. The reaction was ter-
minated by replacement with standard solution
and incubated for another 30 min. The fluores-
cence signal was recorded at 510 nm on Carl
Zeiss confocal microscope. The oscillation fre-
quency was recorded as the number of spikes
per minute.

Statistical analysis

The statistical analysis in this study was
performed with SPSS 23.0 software. All data
presented in this study were repeated indepen-
dently at least three times unless otherwise
stated. All the results were expressed as Mean
C standard deviation (SD). The statistical sig-
nificances were analyzed by one-way
ANOVA, and p < 0.05 was considered statis-
tically different. Sample size of animal experi-
ments was determined using statistical power
analysis. Differences between means of each
group were divided by the standard deviation
to determine the standardized effect size (>
2.0). Using 5% as significance level in Student
t-test and 90% power, the minimum required
sample size was calculated to be 6.

RESULTS

Celastrol improves viability
and proliferation of mouse inner ear stem
cells

Celastrol is the effective ingredient from the
traditional Chinese herbal medicine. Previous
study demonstrated that Celastrol ameliorated the
ototoxicity elicited by aminoglycoside, which
prompted us to investigate the potential beneficial
effect of Celastrol on differentiation of inner ear
stem cells and associated molecular mechanism.

In this study, we first isolated the mouse
inner ear stem cells following the well-estab-
lished protocol. The success of in vitro isola-
tion and culturing of the inner stem cells were
evaluated by sphere formation assay. We set
out to determine the impact on inner ear stem
cell growth by Celastrol in vitro. The relative
cell viability and proliferation were measured
by MTT assay and BrdU incorporation assay,
respectively. As shown in Fig. 1A, the cell via-
bility was significantly increased by treatment
with up to 2 mM Celastrol in a dose-dependent
manner. However, high concentration of
Celastrol (10 mM) displayed remarkable sup-
pressive effect on cell growth, which might be
due to ensued cytotoxicity. Consistent with the
influence imposed on cell viability, the
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incorporation of BrdU was dramatically
increased by 2 mM Celastrol treatment, which
indicated the pro-proliferative effect of Celas-
trol (Fig. 1B). Our data clearly demonstrated
the beneficial effect of Celastrol on growth of
inner ear stem cells in vitro. In addition, based
on the above dose-dependent results, 2 mM
Celastrol was determined to be the optimal
concentration, which was therefore chosen as
the working concentration in the rest of our
experiments.

Celastrol improves the capability of sphere
formation

Our above data supported the favourable
role of Celastrol on inner ear stem cell
growth in vitro. Next, we attempted to evalu-
ate the impact of Celastrol on sphere forma-
tion capacity of the inner ear stem cells.

FIGURE 1. Celastrol improves viability and pro-
liferation of mouse inner ear stem cells in a
dose-dependent manner. Cell viability (A) and
proliferation (B) of the mouse inner ear stem
cells were measured by MTT and BrdU incorpo-
ration assay, respectively, after 48 hr treatments
of increasing Celastrol doses (0, 1, 2, 5 and 10
mM). Values were shown as mean C SD. *p <

0.05, **p < 0.01, n not significant, compared to
0 mM Celastrol. FIGURE 2. Celastrol improves the capability of

sphere formation. Isolated inner ear stem cells
were incubated in the presence or absence of
2 mM Celastrol, and sphere diameter (A) and
number of spheres/104 cells (B) were measured
at indicated time points. Values were shown as
mean C SD. *p < 0.05, **p < 0.01, compared to
0 mM Celastrol control.
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Both the number and size of the formed
spheres were recorded during 2 mM Celastrol
treatment, with fresh Celastrol replenished
each day to the cell culture. Our results dem-
onstrated that the spheres in Celastrol-treated
group were significantly bigger than the ones
in control group (Fig. 2A). Similarly, the
total amount of spheres formed was much
higher in Celastrol-treated group (Fig. 2B).
The representative images were shown in
Fig. 2C. Our data suggested that, in addition
to the pro-growth effect, Celastrol treatment
significantly improved the sphere formation
capacity of inner ear stem cells.

Celastrol upregulates Atoh1 expressions
in inner ear stem cells and formed spheres

Atoh1 has been characterized as the master
gene in coordinating the sensory hair cell
development and regeneration in the cochlea.
Therefore, here we sought to investigate further
whether Atoh1 was involved in Celastrol-stim-
ulated cell growth and sphere formation of
inner ear stem cells.

Both the transcript and protein levels of
Atoh1 were determined in primary inner ear
stem cell culture and the subsequently formed
sphere culture. In comparison to control treat-
ment, Celastrol group showed significant up-
regulation of Atoh1 mRNA and even more
remarkable increase in the protein level
(Fig. 3A). Moreover, Celastrol was capable of
inducing Atoh1 expression in the subsequently
formed spheres (Fig. 3B). In agreement with
the notion that Atoh1 played critical role in
biology of the sensory hair cells, our data
showed that Celastrol treatment significantly
induced Atoh1 expression at both transcrip-
tional and translational levels.

Celastrol improves differentiation
of mouse inner ear stem cells to neurons

Our aforementioned results indicated that
Celastrol treatment improved cell growth and
sphere formation of inner ear stem cells. Along
this direction, we next investigated the potential

impact of Celastrol on stem cell differentiation,
using undifferentiated inner ear stem cells as
negative control and hippocampal neurons as
positive control. In response to Celastrol treat-
ment, the density of differentiated neurons was
significantly higher than both undifferentiated
inner ear stem cells and differentiated cells with-
out Celastrol treatment (Fig. 4A). We further
characterized the expression of neuronal marker
MAP-2. As shown in Fig. 4B, our RT-PCR and
immunoblotting results demonstrated that Celas-
trol treatment stimulated expression of MAP-2
at both transcriptional and translational levels.
The induced MAP-2 was further validated by
immunofluorescence assay. As shown in
Fig. 4C, the representative image displayed
more intensive MAP-2 staining signal in

FIGURE 3. Celastrol upregulates Atoh1 expres-
sions in inner ear stem cells and formed
spheres. (A) Atoh1 mRNA and protein expres-
sions in the mouse inner ear stem cells were
measured by RT-PCR and Western blot analy-
ses, respectively, in the presence or absence of
2 mM Celastrol. (B) Atoh1 mRNA and protein
expressions in the spheres, formed by the inner
stem cell culture after 7 days, were measured
by RT-PCR and Western blot analyses, respec-
tively, in the presence or absence of 2 mM
Celastrol. Values were shown as mean C SD.
*p < 0.05, **p < 0.01, compared to 0 mM Celas-
trol control.
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Celastrol treated neuronal culture, similar to hip-
pocampal neuronal culture, and much higher
than either undifferentiated inner ear stem cells
or differentiated cells without Celastrol treat-
ment. Our data suggested that Celastrol
prompted inner ear stem cells to differentiate
into mature neuronal-like cells.

Celastrol enhances calcium fluctuation

The above results showed remarkable pro-
differentiating effects of Celastrol on inner ear
stem cells. Next, we sought to determine its
impact on mature neural excitability, in terms
of calcium fluctuation. The intracellular Ca2C

concentration, percentage of the cells with
Ca2C oscillations and spike frequency were
measured in response to Celastrol treatment.
Celastrol stimulated remarkable fluctuation in
intracellular Ca2C content (Fig. 5A). Moreover,
approximate 26% neurons showed Ca2C

oscillations in Celastrol treatment group in
comparison with 15% in control group
(Fig. 5B). Simultaneously, the spike frequency
was dramatically increased in response to
Celastrol treatment (Fig. 5C). These results
unambiguously demonstrated that Celastrol
treatment enhanced calcium fluctuation in our
in vitro system.

Celastrol enhances neuronal-like cell
identity in the inner ear stem cell derived
neurons, as well as their
electrophysiological function

As mentioned above, Celastrol treatment
induced up-regulation of Atoh1 in inner ear
stem cells, which has been increasingly recog-
nized to play master role in hair cell differentia-
tion. To explore the potential involvement of
Celastrol treatment in induction of neuronal-
like cell differentiation, here we sought to

FIGURE 4. Celastrol improves differentiation of mouse inner ear stem cells to neurons. Inner ear
stem cells were subjected to neuronal differentiation for 2 weeks, in the presence (Celastrol) or
absence (No Celastrol) of 2 mM Celastrol, using undifferentiated inner ear stem cells (SCs) as
negative control, and hippocampal neurons as positive control (HNs). (A) Density of neurons in
culture. (B) MAP-2 mRNA and protein expressions in the culture were measured by RT-PCR and
Western blot analyses, respectively. Values were shown as mean C SD. *p < 0.05, **p < 0.01,
compared to no Celastrol control. # p < 0.05, compared to SCs. (C) Representative fluorescence
images of the differentiated neuronal culture, stained for MAP-2 in green and DAPI in blue. Scale
bar 200 mm.
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interrogate the emergence of neuronal-like cell
identity during Celastrol treatment and charac-
terize its physiological functions.

The relative expression of hair cell marker
gene myosin VI was determined by both
RT-PCR and immunoblotting. As shown in
Fig. 6A, Celastrol significantly stimulated
expression of myosin VI in cultured inner
ear stem cells, which indicated the enhance
neuronal-like cell identity during Celastrol
treatment. In addition, the electrophysiologi-
cal function of derived neuronal-like cells
was determined by in vitro electrophysiologi-
cal measurement, which was much higher in
treatment group in comparison with control
group (Fig. 6B). Our data indicated that
Celastrol stimulated differentiation of inner
ear stem cells into neuronal-like cell and
their functioning.

DISCUSSION

Celastrol is the pharmacological component
extracted from the traditional Chinese medicine
Thunder God Vine, which has been widely used
as active ingredient in medicine formula for
treatment of variety of inflammatory and auto-
immune related human diseases including rheu-
matoid arthritis. Notably, the anti-ototoxicity
property of Celastrol has been revealed recently

FIGURE 5. Celastrol enhances calcium fluctuation. Following 2 weeks of neuronal differentiation of
mouse inner ear stem cells in the presence or absence of 2 mM Celastrol, changes in Ca2C concen-
tration (A), % cells with Ca2C oscillations (B) and spike frequency (C) were measured. Values were
shown as mean C SD. **p < 0.01, compared to 0 mM Celastrol control.

FIGURE 6. Celastrol enhances neuronal-like
cell identity in the inner ear stem cell derived
neurons, as well as their electrophysiological
function. (A) Myosin VI mRNA and protein
expressions in the culture were measured by
RT-PCR and Western blot analyses, respec-
tively. Values were shown as mean C SD. *p <

0.05, **p < 0.01, compared to 0 mM Celastrol
control. (B) Voltage-dependent currents were
recorded from the derived neuronal-like cells
bathed in 1.3 mM Ca2C, in the presence or
absence of 2 mM Celastrol.
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through induction of heat shock protein 32 to sup-
press both aminoglycoside- and cisplatin-induced
hair cell death.20 Moreover, Celastrol administra-
tion significantly rescued the hearing loss in mice
receiving systematic aminoglycoside treatment.
Mechanistically, Celastrol induced HSP32
expression, which in turn inhibited pro-apoptotic
c-Jun N-terminal kinase (JNK) activation and
hair cell death.20 In view of the protective effect
of Celastrol on aminoglycoside antibiotics and
anti-neoplastic agent caused hair cell death,20

here we sought to investigate the potential benefit
of Celastrol on inner ear stem cells, which is
believed to be permanently dormant in adult
mammalian auditory system. In line with the pro-
tective effect against ototoxicity, here we demon-
strated that 2 mM Celastrol treatment remarkably
improved the viability and proliferation of iso-
lated inner ear stem cells in vitro. Other than the
sensory hair cells in the previous report, here we
focused on utricular sensory epithelium derived
stem cells. Our in vitro sphere formation assay
clearly showed that Celastrol significantly
increased both the size and number of the formed
spheres. Until now, the clinical exploitations to
activate the regeneration capacity to replace
impaired hair cell are frustrating, the ability to
preserve and improve the stemness of inner ear
stem cells makes Celastrol the highly potent can-
didate for alternative therapeutics to stimulate
neuronal-like cell regeneration.

The hearing function heavily depends on prop-
erly differentiated hair cells. In this study, we
demonstrated that Celastrol promoted inner ear
stem cell differentiation into physiologically
functional neurons. More importantly, our data
suggested the neuronal-like cell identity, as well
as their electrophysiological functioning, was sig-
nificantly enhanced by Celastrol treatment. In
summary, here we revealed a multifaced protec-
tive effect of Celastrol on inner ear stem cells in
addition to neuronal-like cells, follow-up experi-
ments are needed validate the current findings.

Atoh1 has been identified as the first gene
involved in auditory system development.13

Consistent with its critical role in coordinating
sensory hair cell development and regeneration
in the cochlea,11 here we showed Atoh1 was
significantly up-regulated at both mRNA and
protein levels in response to Celastrol

treatment, which might mechanistically under-
lie the beneficial effect of Celastrol on inner ear
stem cells. Noteworthily, we have not exam-
ined thoroughly on the signaling pathways
related to Atoh1 activation, since intensive
researches have been invested into this subject.
For instance, the Notch signaling has been
reported to produce inhibitory bHLH proteins
(HES1 and HES5) that blocked the effect of
Atoh1 and led to inhibition of the hair cell
fate.9 Upon activation of fibroblast growth fac-
tor (FGF) signaling by FGF2, several neuro-
tropic factors such as NGF, BDNF and NT-3
could significantly increase Atoh1 expression,
which suggested that FGF signaling played a
fundamental role in modulating the specifica-
tion of progenitor cells and their subsequent
differentiation.9 Accumulating evidences sug-
gest that Wnt/b-catenin signaling is indispens-
able for pro-sensory cell proliferation as well
as sensory hair cell differentiation.22 Through
direct interaction with and Atoh1 30 enhancer,
b-catenin stimulated Atoh1 expression in neu-
ral progenitor cells.23

The essential step in cochlea development is
the commitment of pro-sensory cells to hair cell
identity. Assembling evidences support the
hypothesis that Atoh1 is the determinant factor
that drive stem cell differentiation and develop-
ment. All the auditory and vestibular hair cells
were absent in Atoh1 deficient mice,24 and
ectopic re-introduction of wild-type Atoh1
restored the hair cell fate within both the pro-sen-
sory domain and non-sensory regions of the
cochlea.25 In line with these observations, our
data demonstrated that Celastrol enhanced neuro-
nal-like cell identity in the inner ear stem cell
population as well as their electrophysiological
function, which was highly likely to be mediated
by the up-regulation of Atoh1. In addition to pres-
ervation and stimulation of the regeneration
capacity, here we provided evidences that Celas-
trol treatment also enhanced the differentiation of
inner ear stem cells into neuronal-like cells, and
their electrophysiological functioning.

Although we have characterized up-regulation
of Atoh1 in inner ear stem cells in response to
Celastrol treatment, the detailed molecular mech-
anism underlying this modulation is still to be
elucidated. Previous study suggested that Atoh1
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was subjected to ubiquitin-proteasome degrada-
tion via E3 ligase Huwe1 and Casein kinase 1
during normal sensory hair cell development,26

which was protected by Shh signaling in neural
precursors.27 On the other hand, accumulating
evidences indicated that Celastrol possessed
inhibitory effect on proteasomal activity. For
example, Celastrol has been demonstrated to sup-
press androgen-independent prostate cancer pro-
gression by modulating apoptotic proteins and
NF-kB pathway via proteasome inhibition.28

Walcott SE et al. reported that Celastrol could
inhibit proteasome activity and up-regulate the
expression of heat shock protein genes including
Hsp30 and Hsp70 in Xenopus laevis A6 cells.29

Yang et al. suggested that Celastrol suppressed
human prostate cancer growth in nude mice
model via potent proteasome inhibition.18 It is
therefore reasonable to speculate that Celastrol-
induced Atoh1 expression could be mediated by
its potent proteasome inhibitory effect, however,
this hypothesis requires further experimental
verification.

In summary, here we demonstrated that
Celastrol treatment stimulated expression of
the master transcription factor Atoh1 in inner
ear stem cells and subsequently derived
spheres. Moreover, Celastrol facilitated the
commitment of inner ear stem cells to neuro-
nal-like cells, which might hold great therapeu-
tic promise for further exploitations.
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