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Abstract

Objectives: Storkhead box 1 (STOX1) belongs to
the forkhead family of transcription factors, and is
reported to be involved in apoptosis of Caenor-
habditis elegans. However, up to now the precise
role of STOX1 in mammalian epithelial develop-
ment has not been established. Here, we report that
it plays an important role in regulation of prolifera-
tion of inner ear epithelial cells.

Materials and methods: Immunohistochemistry and
reverse transcription-PCR assays were used to
determine expression pattern of STOXI1 in the
mouse inner ear. Furthermore, its overexpression
and knockdown effects on mouse inner ear epithe-
lial cells were studied using RT-PCR, immunofluo-
rescence, MTT assay, BrdU labelling and western
blotting.

Results: Storkhead box 1 was selectively expressed
in epithelial cells, but not in stromal cells of the
inner ear. Its over-expression enhanced cell prolifer-
ation and sphere formation, however, STOXI1
knockdown inhibited cell proliferation and sphere
formation in purified utricular epithelial cells in
culture. Consistently, several cell cycle regulatory
genes such as for PCNA, cyclin A and cyclin E,
were up-regulated by STOX1 over-expression. Fur-
thermore, biochemical analyses indicated that pro-
liferation-promoting effects induced by STOX1
were mediated via phosphorylation of AKT in
these cells.
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Conclusions: Taken together, we demonstrate that
STOX1 is a novel stimulatory factor for inner ear
epithelial cell proliferation and might be an impor-
tant target to be considered in regeneration or
repair of inner ear epithelium.

Introduction

Prevalence of loss of hearing after damage, in mammals,
has been thought to be due to lack of spontaneous
regeneration of mechanosensory receptor hair cells (1,2).
Normally, stimuli of sound and movements of the head,
are transduced by hair cells into electrical signals, in the
inner ear. These are further relayed to the brain by spiral
ganglion neurons or vestibular ganglion neurons, respec-
tively. Hair cells can be damaged by disease, ototoxic
drugs and processes associated with ageing. It has been
suggested that mature mammals may also have a limited
capacity for hair cell regeneration of the vestibular sen-
sory epithelium (3—7). Several lines of evidence indicate
that supporting cells of the sensory epithelium can act
as precursors of regenerating hair cells. In the chicken
or some lower vertebrates, following hair cell loss, adja-
cent supporting cells proliferate prior to generation of
new hair cells (1,4,8,9). Thus, proliferation of supporting
cells seems to be a first major step during the hair cell
regeneration process (10—13). Identification of factors
that regulate proliferation of inner ear hair cell precur-
sors will be helpful for stimulating hair cell regeneration
and may provide novel targets for clinical treatment of
hearing and balance impairment.

Storkhead box 1 (STOXI1), a transcription factor
structurally and functionally related to the forkhead
family of transcription factors, has been shown to be
expressed abundantly in the Caenorhabditis elegans
central nervous system (14,15). In general, they play
a fundamental role during cell proliferation and differ-
entiation (16). HAM-1, homologous to STOXI1 in
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non-mammals, has been reported to prevent neurons
undergoing apoptosis and to regulate survival and fate
of neural precursors (15). However, functions of
STOX1 have not been determined in mammalian epi-
thelial cells.

To examine this role of STOX1, we used the mouse
utricular epithelium as a working system, in this study.
First we determined expression pattern of STOX1 during
inner ear epithelial development. Then we studied its
functions in inner ear epithelial cells by over-expression
and gene silencing approaches. In addition, we per-
formed CCK-8 and western blot analyses to discover
signalling pathways that mediate effects of STOX1. Col-
lectively, our study shows that STOXI1 is selectively
expressed in epithelial cells, but not in stromal cells of
the inner ear, and that it regulates proliferation of inner
ear epithelial cells via the AKT signalling pathway.

Materials and methods

Materials

Antibodies to STOX1, ZO-1, vimentin, GFAP and NF
were purchased from Abcam Co. (St. Louis, MO, USA)
and antibodies to PCNA, cyclin E, cyclin A, AKT,
p-AKT, p-38, p-p38, ERK and p-ERK,B-actin were
obtained from Santa Cruz Biotechnology, Inc (Califor-
nia, USA). Thermolysin and DNase were purchased
from Sigma (St. Louis, MO, USA). Enhanced chemilu-
minesence (ECL) reagents and BrdU cell proliferation
kit were bought from Amersham International (Amer-
sham, UK) and Cell Counting Kit-8 from Dojindo Labo-
ratories (Tokyo, Japan). MK-2206 was purchased from
Selleck Chemicals (Houston, USA). All reagents for cell
culture were obtained from Invitrogen Life Technolo-
gies, Inc. (Burlington, Canada).

Animals

Newborn ICR mice were from the Slack Laboratory
Animal Center in Shanghai, fully accredited by the Insti-
tutional Animal Care and Use Committee (IACUC). Our
experimental work was in full compliance with the
Guide for Care and Use of Laboratory Animals, pub-
lished by US National Institutes of Health (NIH Publica-
tion No. 85-23, revised 1996) and approved by the
Animal Ethics Committee of Shanghai Jiaotong Univer-
sity.

Epithelial cell cultures

Preparation of adult mouse utricle cultures has
been described previously (13,17-19). Utricles were
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dissected under sterile conditions and epithelial sheets
were separated from sacrificed post-natal day 0 (PO)
ICR mice with 0.5 mg/ml thermolysin. A 30-gauge
needle was used to gently separate sensory epithelium
from basement membranes and associated connective
tissue. Utricular epithelial sheets were then transferred
to calcium- and magnesium-free HBSS, for 30 min at
37 °C. Epithelial sheets were incubated in a mixture
of 0.125% trypsin and 0.125% collagenase with
0.005% soybean trypsin inhibitor and 0.005% DNase
for 5 min at 37 °C, before using a 1 ml pipette tip
10 times to shake and depress the tissue pieces. In
this way, the epithelial sheets were partially dissoci-
ated into small pieces containing ~10-80 cells; 5%
foetal bovine serum-supplemented medium was used.
Finally, the cell suspension was plated in poly-p-lysine
(500 mg/ml) coated 96-well plates (for CCK-8 assay)
or 24-well Lab-Tek slides (for BrdU labelling and
other immunocytochemistry), in 200 pl serum contain-
ing medium (DMEM plus 5% foetal bovine serum,
4.5 mg/ml glucose, 2 mM glutamine, 25 ng/ml fungi-
zone and 10 U/ml penicillin) at ~70 cells/mm?. Cells
were then incubated at 37 °C in 5% CO, and 95%
air.

Plasmids, transfection and lentivirus production

Storkhead box 1 shRNA was cloned into lentiviral vec-
tor pUCKP. STOX1 c¢cDNA was cloned into lentiviral
expression vector pLV.Des2d.P/puro. Sequence of
STOX1 shRNA was 3'-CTAGGCTCCCACTTGATA-
TAT-5'. Lentiviruses were produced by co-transfection
of 293T cells with lentiviral vector and packaging vec-
tors pCMV-DR8 and pMD?2.2 using the calcium phos-
phate transfection method. After 48 h transfection,
lentiviral supernatant was collected, filtered and mixed
with polybrene (8 g/ml), then added directly to target
cell lines for infection. Starting 48 h post-infection,
infected cells were then selected with 5 g/ml puromy-
cin, for around 14 days, to generate stable transfec-
tants.

Cell proliferation assays in vitro

In each well of a 96-well culture plate, 1 x 10* un-
transfected, lentivirus-targeting shSTOX1 or over-
expressing STOX1, and paired vector controls stably
transfected utricular sensory epithelial cells, were
seeded. Cell numbers from three wells were counted
every 48 h; viable ones on a Cell Counting Kit-8 (Doj-
indo) according to the manufacturer’s instructions. Three
independent experiments were performed, and means
were used to depict the growth curve.
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RT-PCR

Tissues or cells were subjected to RT-PCR to deter-
mine STOX1 mRNA expression. Total RNA was
extracted using an RNA isolation kit (Watson, Shang-
hai, China) according to the manufacturer’s instruc-
tions, and DNase I was used to remove potential
genomic DNA contamination. RNA was reverse tran-
scribed into cDNA using a reverse transcription Kkit
(Takara, Dalian, China). Resultant cDNA was ampli-
fied using a specific primer pair for mouse STOXI:
forward, 3’-TTACCCAGGTATTGCTGTTCCC-5'; and
reverse:  3-TGAGCACCCTTCGTTTGACA-5'. Beta-
actin was used as internal standard, and its mRNA
was amplified with the following primers: forward,
5'-ACTATCGGCAATGAGCG-3’; and reverse, 5'-
GAGCCAGGGCAGTAATCT-3'. The cycling program
was performed as follows: denaturing 94 °C for
2 min, 30 cycles at 94 °C for 40 s, 52 °C for 30 s,
72 °C for 1 min and final extension at 72 °C for
S min. RT-PCR amplicons were electrophoresed
through a 2% agarose gel containing GelRed (20).

BrdU labelling

BrdU labelling was performed according to a previously
reported method (18). Briefly, 30 pg/ml BrdU was added
to cells in culture medium and incubated for 24 h. Cells
were fixed in 4% paraformaldehyde for 15 min, treated
with 2 N HCI for 1 h, then incubated with anti-BrdU
monoclonal antibody (1:100 in PBS containing 0.2%
Triton X-100 in 5% normal donkey serum) overnight at
4 °C. After diaminobenzidine-peroxidase reaction, cells
were washed in PBS and mounted with mounting solu-
tion containing DAPI, for DNA counterstaining (13).

Western blotting

Protein lysates from transfected cells were obtained
by directly scraping cells into loading buffer including
B-mercaptoethanol. Lysates were separated by SDS-
polyacrylamide gel electrophoresis and electroblotted
on to a PVDF-membrane. Antibodies to AKT, p-AKT,
p-38, p-p38, ERK, p-ERK, B-actin, PCNA, cyclin A or
cyclin E were used. Protein bands were detected by
enhanced-chemiluminescence assay, using LAS3000
technology.

Immunofluorescence

For immunofluorescence, stably transfected sensory epi-
thelial cells were grown on glass coverslips. Samples
were fixed in 4% paraformaldehyde for 15 min at room
temperature. After fixation, they were rinsed in PBS,
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0.2% Triton X-100 and incubated with 1% Triton X-100
in PBS for 15 min at room temperature for permeabili-
zation. Coverslips were washed in washing buffer (don-
key serum albumin) blocked for 1 h and incubated with
antibodies against STOX1, SOX-2 and myosinVIla at
4 °C overnight. After washing, cells were incubated for
1 h with anti-rabbit or anti-mouse secondary antibodies
conjugated with Alexa Fluor 594 and 488 (Invitrogen),
washed in washing buffer and mounted with mounting
solution containing DAPI (13).

Cell counting and quantification

After 120 h in culture, spheres were counted from entire
areas of 10 or more culture wells, for each of the experi-
mental groups. Data were expressed as means + SEM.
Two-tailed, unpaired t-testing was used for statistical
analysis.

Data analysis

Composite data are expressed as means = SEM. Statis-
tical analysis was performed with one-way ANOVA fol-
lowed by Dunnett’s test. Differences were considered to
be significant at P < 0.05. Analysis of obtained data
was carried out using GraphPad Prism program (San
Diego, California, USA).

Results

Expression of STOXI was selectively high in sensory
epithelial cells, but low in stromal cells

To determine the role of STOX1 in development of sen-
sory epithelium in the inner ear, we first studied locali-
zation of STOX1 within the otic vesicle or developing
ear, at different stages, when mechanosensory hair cells
are gradually generated. Immunofluorescence results
showed that STOX1 was specifically expressed in the
otic vesicle at E14, and was subsequently selectively
expressed in sensory epithelium at E18 and P3 (Fig. la),
but not in adjacent surrounding tissue. In addition,
expression of STOX1 was highest at E14, then reduced
gradually (Fig. 1b,d). These findings suggest that
STOXI1 was involved in regulation of inner ear sensory
epithelial development.

To provide clear evidence for selective expression
patterns of STOXI in inner ear epithelium, but not in
the stroma, we adopted mouse utricular epithelial cell
cultures that had previously been established in our
laboratory (18). Characterization of these indicated
that, as expected, these cells expressed epithelial pro-
genitor marker Sox2 and hair cell maker myosin VII
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a, but not stromal cell marker vimentin, glial cell
marker GFAP or neuronal cell marker neurofilaments
(see Fig. S1 and Table S1). RT-PCR results further
confirmed that STOX1 was expressed mainly in sen-
sory epithelial cells, but not in stromal cells when
purified utricular epithelial cells versus the lower stro-
mal cells were examined (Fig. 1c,e). Of the utricular
epithelial cells, some STOXI-positive ones had over-
lapping patterns with myosinVIla (marker for hair
cells) and SOX2 (early marker for sensory epithelial
progenitors in the inner ear) (21) (Fig. 2a). In con-
trast, cultured stromal cells expressed vimentin (fibro-
blast antigen) and very weak STOXI1 signal, but
virtually no SOX-2 and myosinVIla (Fig. 2b). Label-
ling for STOX 1 in inner ear sections was observed
in epithelial cell nuclei as shown in Fig. la, but dif-
fuse labelling was also found in the cytoplasm, partic-
ularly in peri-membrane cortical regions of the
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Merged with DAPI

Figure 1. Storkhead box 1 (STOX1)
expression patterns in the developing inner
ear. (a) STOX1 was localized to specialized
cells surrounding the utricle and macula utri-
culi in 12 um adjacent sections of inner ear
tissues, at stages embryonic day 14 (El14),
E18 and postnatal day 3 (P3); antibody
against mouse IgG was served as negative
control for primary antibody. (b, d) RT-TCR
assays for mRNA expression of STOXI in
developing inner ears. Note that expression of
STOX1 was significantly higher at E14, but
gradually decreased as time proceeded. (c, e)
STOX1 was expressed highly in epithelial
cells, but was low in stromal cells; detected
by RT-PCR. Scale bar = 50 pm.

cultured epithelial cells (Fig. 2a). Such cytoplasmic
expression including cortical distribution of HAMI
(homolog of STOX1), in C. elegans cells has previ-
ously been reported (22).

STOXI1 stimulated proliferation of cultured utricular
epithelial cells

To examine whether STOX1 influenced proliferation of
the utricular epithelial cells, we performed BrdU label-
ling immunocytochemistry. As shown in Fig. 3, under
control culture conditions, moderate numbers of BrdU-
positive cells were detected (Fig. 3a,b), while much
lower numbers of BrdU-positive cells were seen after
STOX1 shRNA lentivirus knockdown. In contrast,
much higher numbers of BrdU-positive cells were
detected, by over-expression of STOX1 (Fig. 3a). Both
NC and vector-control of over-expressed STOXI1 did

Cell Proliferation, 48, 209-220
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Figure 2. Gene expression patterns of storkhead box 1 (STOX1), myosinVIIa and SOX2 proteins? in cultured mouse utricular sensory epi-
thelial cells by immunocytochemistry. (a) Fluorescence images of 2d epithelial cell cultures with antibodies against STOX1, myosinVIla and
SOX2. STOX1 and myosinVIla were co-expressed in hair cells. SOX2 gene protein expression overlapped with that of STOX1 in the epithelial
cells. Note that although STOX1 is a transcription factor, diffuse labelling was present in cultured epithelial cell cytoplasm, particularly in the corti-
cal region of the cells. (b) Immunostaining of stromal cells with antibodies as (a). Stromal cells expressed vimentin (fibroblast antigen) and only
few expressed STOX1, but virtually did not express SOX-2 and myosinVIla. Normal mouse IgG and rabbit IgG served as negative controls for pri-

mary antibodies. Scale bar = 50 pm.

not show any significant effect (Fig. 3a). Efficiency of
STOX1 over-expression and knockdown was confirmed
by western blotting (Fig S2). Cell counts performed on
cultures infected with STOX1 over-expression lentivirus
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confirmed that STOXI1 significantly  enhanced
proliferation of the utricular epithelial cells (Fig. 3c).
Furthermore, CCK-8 assays indicated that treatment of
STOX1 knockdown lentivirus reduced total number of

Cell Proliferation, 48, 209-220
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Figure 3. BrdU immunocytochemistry of utricular epithelial cell cultures. (a) Control cultures and cultures infected with lentivirus (20 multi-
plicity of infection) targeting NC, shSTOX1, vector-control, STOX1 over-expression lentivirus, respectively. BrdU was added to cultures at 24 h,
and cultures were fixed at 48 h for immunocytochemistry. Antibody against mouse IgG served as negative control for primary antibody. (b, ¢) Bar
graphs indicating proportion of BrdU-positive cells relative to total cells. Note that numbers of BrdU-positive cells were greatly reduced by shS-
TOX1 and significantly increased by over-expression of STOX1. Data shown as means & SD (n = 3, **P < 0.01 versus pairing negative control,

*¥*P < (.01 versus pairing vector-control). Scale bar = 100 um.

cells (Fig. 4a). On the contrary, addition of STOXI
over-expression lentivirus increased total number of
cells in the cultures (Fig. 4b). These data clearly indi-
cate that STOX1 regulated utricular epithelial cell pro-
liferation.

ShSTOXI inhibited sphere-forming capability of sensory
epithelial cells

The auditory sensory epithelium has recently been
shown to harbour cells with stem cell features. Such
cells have proliferative capacity and the ability to form
floating colonies, so-called spheres (23,24). Inner ear
development is accompanied by enormous increase in
numbers of sensory epithelial cells. ShSTOX1 signifi-
cantly reduced the number of propagated spheres from
P3 onward, and also reduced overall size of each sphere
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(Fig. 5a,b), suggesting that STOX1 plays an important
role in proliferation of inner ear sensory epithelium stem
cells.

STOX-1 significantly up-regulated cell cycle regulatory
genes in utricular sensory epithelial cells

To investigate the molecular basis for this function of
STOX1 in utricular sensory epithelial cells, we mea-
sured levels of several cell cycle-related proteins
including PCNA (25), cyclin A (26) and cyclin E
(27). PCNA performs critical functions during DNA
replication in cell proliferation. Cyclin A preferentially
stimulates microtubule-nucleating activity of centro-
somes, and cyclin E is a key regulator of G1-S transi-
tion. They are thus cell proliferation-related proteins,
coded for by their specific genes. As shown in

Cell Proliferation, 48, 209-220
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Figure 4. Lentivirus-delivered storkhead box 1 (STOX1)-shRNA induced epithelial cell growth arrest, while over-expression of STOX1
stimulated epithelial cell proliferation. (a) Total of 1 x 10* epithelial cells per well were plated in 96-well plates for 24 h and then were trans-
fected with lentivirus (20 multiplicity of infection) targeting STOX1-shRNA along with paired negative control. (b) 1 x 10 epithelial cells per well
were plated in 96-well plates for 24 h as (a), then were transfected with (20 multiplicity of infection) STOX1 over-expression lentivirus along with
the paired vector-control. Cells were incubated at 37 °C for 48 h and then cell proliferation was assessed using Cell Counting Kit 8. Data shown as
means £ SD (n = 3, **P < 0.01 versus pairing negative control, *P < 0.05 versus pairing vector-control).

(a) Control

shSTOX-1

120 h

Figure 5. Numbers of spheres formed by
epithelial cells were significantly reduced by
shRNA-mediated gene silencing of stork-
head box 1 (STOXI1). Utricular epithelial
cells were transfected with lentivirus (20 mul-
tiplicity of infection) targeting STOX1-shRNA
and paired negative control. After 120 h,
spheres were harvested and analyzed. Sphere
counts were performed as described in the
Materials and methods section. To compare
numbers of spheres in control and STOXI1
shRNA-treated epithelial cells, the same num-
bers of cells per culture stage were used for
accurate quantification (n = 3, *P < 0.05 ver-
sus pairing negative control).

Number of spheres

Fig. 6a,c, PCNA, cyclin A and cyclin E expression
levels were markedly reduced by shSTOXI1 but signif-
icantly increased by STOX1 over-expression in utricu-
lar sensory epithelial cells compared to vehicle-treated
samples (Fig. 6b,d).
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STOX1 regulated expression of phospho-AKT, but not
expression of phospho- p38 and phospho-ERK

To determine potential involvement of protein kinase
pathways in STOXIl-induced sensory epithelial cell

Cell Proliferation, 48, 209-220
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proliferation, we examined phosphorylation status (indic- to the cultures (Fig. 8). CCK-8 assays showed that
ative of activation states) of the three major protein kin- MK-2206 treatment completely abolished the stimula-
ases after cells were exposed to STOX1 shRNA or  tory effect of STOX-1 on total numbers of epithelial
STOX1 over-expression lentivirus, for 48 h. Exposure cells. Total cell numbers were significantly lower in
to STOX1 shRNA lentivirus led to reduction in levels cultures co-treated with MK-2206 and STOX-1
of phospho-AKT (Fig. 7a,c), whereas over-expression of  expressing lentivirus, compared to cultures stimulated
STOX1 reversed inactivation of AKT caused by shS- with STOX-1 expressing lentivirus alone (Fig. 8a).
TOX1 (Fig. 7b,d). In contrast, STOX1 over-expression Furthermore, expression of PCNA, cyclin A and cy-
or knockdown did not affect phospho-ERK1/2, p38 clin E was also significantly reduced in cultures
MAPK phosphorylation status. Observed alterations in co-treated with MK-2206 and STOX-1 expressing
phosphorylation status in response to shSTOX1 or over- lentivirus, than those treated only with STOXI1 over-
expression of STOXI1, were not caused by changes in expression lentivirus (Fig. 8b).

total protein content of the respective protein kinases, as
total AKT, ERK1/2 and p38 levels remained the same
(Fig. 7a,b). These data suggest that STOX1 induced pro-
liferation of the utricular epithelial cells via the AKT In this study, we have reported a novel function for
pathway. STOX1 in the mammalian inner ear epithelium. We
observed that STOX1 was highly expressed in sensory
epithelial cells, but not in neighbouring stromal cells.
We have demonstrated that STOXI, as a transcriptional
activator, regulated sensory epithelial cell proliferation
To provide more evidence that the AKT pathway and enhanced their numbers. Since STOXI is a regula-

Discussion

Inhibition of AKT suppressed effects of STOX-1 on
epithelial cell proliferation

mediated proliferation-promoting effects by STOXI, tory factor for cell proliferation in the mammals, similar
we added 10 umol/l MK-2206 (an AKT inhibitor) = mechanisms might also occur in inner ears of non-mam-
prior to addition of STOX1 over-expression lentivirus, malian vertebrates, in which supporting cells retain the
«
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Figure 6. Expression of PCNA, cyclin E and cyclin A under normal culture conditions and after transfection with shSTOX1 or STOX1
over-expression lentivirus. Protein levels of PCNA, cyclin E, cyclin A and B-actin were analyzed by western-blotting. (a, ¢) Densitometric quanti-
fication of protein bands showed significant reduction in PCNA, cyclin E, cyclin A after 48 h transfection with STOX1 shRNA lentivirus, whereas
mismatch shRNA with only one nucleotide exchange (NC) showed no significant effect. (b, d) Densitometric quantification of protein bands showed
significant increase in PCNA, cyclin E, cyclin A expression after 48 h transfection with STOX1 over-expression lentivirus, whereas paired vector
control showed no significant effect. Densitometric quantification was performed with at least three western-blots from three different experiments.
Epithelial cells transducted by over-expression lentivirus, exhibited over 60% higher level of PCNA, cyclin E and cyclin A than the normal group,
while in RNAI transfected cells, expression of PCNA, cyclin E and cyclin A was reduced by around 50%. Data are shown as means + SD (n = 3,
***P < 0.001).
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Figure 7. Expression of p-AKT, p-ERK, p-p38 after transfection with STOX1 knockdown and over-expression lentivirus. Protein levels of
p-AKT, p-ERK, p-P38 and total AKT, ERK and P38 were determined by western blotting. Western blotting analysis was performed with cell ly-
sates from utricular epithelial cells after transfection with shSTOX1 or STOXI1 over-expression lentivirus and paired controls respectively. Knock-
down of STOXI reduced phosphorylation of AKT expression, while STOX1 over-expression induced phospho-AKT activation relative to total
AKT expression. In contrast, STOX1 had no significant effect on p-ERK and p-p38 expression. Three independent experiments were performed in
triplicate for each sample. Data are shown as means £ SD. Asterisk indicates significant difference as determined by one-way ANOVA (n = 3,

#EP < 0.001).

capacity to proliferate, differentiate and replace hair cells
after damage. Consistent with this notion, a further
recent study has also shown that STOX! was a gene up-
regulated during avian inner ear regeneration (28).

This epithelium is uniquely vulnerable to permanent
auditory and vestibular deficits in mature mammals, as
cell proliferation that produces regenerated hair cells in
other vertebrates, is limited in mammals (6,29). The sup-
porting cells of the inner ear epithelium are most likely
to be the progenitors of hair cells, and thus, supporting
cell proliferation is critical for replacement of lost hair
cells, and supporting cells that convert into new hair
cells (19,30-34). In birds, after damage to the sensory
epithelium, supporting cells dedifferentiate, re-enter the
cell cycle, and produce regenerated hair cells that restore
the functions of hearing and balance (2). After damage
to mature mammalian vestibular epithelium, some sup-
porting cells proliferate (7,35). Although non-sensory
epithelial cells may use a different mechanism for their
proliferation, they are able to spread into lesions, to
become supporting cells (32). These non-sensory epithe-
lial cells have also a capability to convert directly
into hair cells when they are forced to express Mathl
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(36-38). Stimulating proliferation of supporting cells
and non-sensory epithelial cells appears to enhance the
possibility of mammalian inner ear epithelial repair; thus
targeting up-regulation of STOX1 may be a viable strat-
egy, in combination with others, for stimulating cell
replacement in the mammalian inner ear sensory epithe-
lium.

The mechanism by which STOX1 promotes prolifer-
ation of hair cell precursors could be similar to Foxll
(39-41). We found that after STOX1 knockdown in cul-
tured epithelial cells, expression of markers for prolifera-
tion (PCNA and cyclin A, cyclin E) (26,42) was
significantly reduced, but up-regulated following STOX1
over-expression. During mammalian organogenesis, the
AKT pathway regulates both cell proliferation and pro-
grammed cell death (11,43). Our results further show
that shSTOX1 inhibited phosphorylation of AKT in the
inner ear utricular epithelial cells, while over-expression
of STOXI1 activated phosphorylation of AKT. On the
other hand, either STOX1 knockdown or over-expres-
sion affected phosphorylation of p-38 and p-ERK. More-
over, proliferation-enhancing effects by STOX1 could be
blocked by AKT inhibitor MK-2206. Together, these
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Figure 8. Effects of STOX-1 on cell numbers and PCNA, cyclin E, cyclin A expression are dependent upon the AKT pathway. (a) Total cell
numbers were determined by CCK-8 assay after utricular epithelial cells were transfected with STOX1 over-expression lentivirus or paired vector
control, and exposed to STOX1 over-expression lentivirus, in the presence of AKT inhibitor MK2206 (10 pm). (b) Protein levels of PCNA, cyclin
E, cyclin A, p-AKT and f-actin were determined by western blotting. Western blotting analysis was performed with cell lysates from utricular
epithelial cells after transfection with STOX1 over-expression lentivirus or paired vector control, and exposed to STOXI1 over-expression lentivirus
in the presence or absence of AKT inhibitor MK2206 (10 pwm), respectively. Note that STOX1 over-expression induced PCNA, cyclin E, cyclin A,
p-AKT expression relative to B-actin. In contrast, STOX1 had no significant effect on PCNA, cyclin E, cyclin A, p-AKT expression in the presence
of MK2206. Three independent experiments were performed in triplicate for each sample. Results are expressed as means = SD (n = 3). Asterisk

indicates significant difference as determined by one-way ANOVA (*P < 0.05, ***P < 0.001).

data indicate that AKT, rather than p-p38 and p-ERK, is
likely to be a possible mechanism through which
STOX1 regulates cell-cycle progression.

Storkhead box 1 localizes in cell nuclei and immu-
nochemical localization of STOX1 in inner ear cryostat
sections confirmed this, as shown in Fig. 1. However,
diffuse labelling of STOX1 seemed to also appear in the
cytoplasm, in particular, cortex of cultured inner ear epi-
thelial cells, which is consistent with a previous study
indicating that HAMI1, a STOX1 homolog, has been
observed in the cortex of most nematode cells (22).

Our results demonstrate that in the mouse, STOX1
is involved in controlling cell proliferation of utricular
sensory epithelial cells during inner ear development;
however, it is unknown whether STOX1 interacts with
other genetic pathways implicated in this process. For
example, Mathl has been shown to be sufficient for
generation of ectopic hair cells in cochlear sensory epi-
thelium (44,45). There might be possible interactions
between Mathl and STOXI during hair cell differentia-
tion. It is possible that STOX1 interacts with Mathl in
the pro-sensory region, and in the absence of STOXI,
increase in binding of Mathl to its target genes/proteins
might promote cells to choose the hair cell fate. In

© 2015 John Wiley & Sons Ltd

addition, findings that expression patterns of STOXI1
and SOX2 overlap in the inner ear epithelium and
STOX1 over-expression promotes numbers and size of
otospheres, implies that STOX1 may function in specifi-
cation and maintenance of this stem cell type, in the
mammalian inner ear. Future studies remain to be per-
formed to address these possibilities.

Taken together, our study demonstrates that STOX1
transcriptional regulatory pathway functions in prolifera-
tion of inner ear epithelial cells. Additional studies on
how STOXI controls cell proliferation and differentiation,
and interacts with other genes in the inner ear will further
advance our understanding of inner ear development and
hair cell differentiation, and will be helpful for identify-
ing new strategies for stimulating hair cell regeneration.
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