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ABSTRACT: Balance of osteoclast formation is regulated by the receptor activator of NF-kB ligand and extracellular
negative regulators such as IFN-g and IFN-b. However, very little is known about the intrinsic negative regulatory
factors of osteoclast differentiation. Recently, the paired-box homeodomain transcription factor Pax6 was shown to
negatively regulate receptor activator of NF-kB ligand–mediated osteoclast differentiation. However, the mecha-
nismunderlying this regulation is still unclear. In this study,we show that a p38 inhibitor (VX-745) up-regulates the
expression of Pax6 during osteoclast differentiation. Subsequently, we found that b-catenin could bind to the
proximal region of Pax6 promoter to induce its expression, and this action could be impaired by p38-induced
ubiquitin-mediated degradation of b-catenin. Our results suggest that Pax6 is regulated by a novel p38/b-catenin
pathway. Pax6 can further regulate the nuclear translocation of NF of activated T cells, cytoplasmic 1. Our study
indicates that this novel p38/b-catenin/Pax6 axis contributes to negative regulation of osteoclastogenesis. In addi-
tion, our study proposes a novel approach to treat osteoclast-related diseases through the use of VX-745 com-
plementedwith the b-catenin activator SKL2001.—Jie, Z., Shen, S., Zhao, X., Xu,W., Zhang, X., Huang, B., Tang, P.,
Qin, A., Fan, S., Xie, Z. Activating b-catenin/Pax6 axis negatively regulates osteoclastogenesis by selectively
inhibiting phosphorylation of p38/MAPK. FASEB J. 33, 000–000 (2019). www.fasebj.org
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Bonehomeostasis is controlled by a fine balance between
bone resorption and bone formation (1). Osteoclast (OC)
is regarded as the only type of cell with the ability to
degrade bone through the process of bone resorption (2).
OC precursors (pre-OCs) expressing receptor activator
of NF-kB (RANK) and receptor of M-CSF (c-Fms) can
differentiate into functional multinucleated cells in the

presence of 2 critical factors, receptor activator of NF-
kB ligand (RANKL) and M-CSF (3). In fact, M-CSF
promotes the proliferation and survival of bone
marrow–derived macrophages (BMMs) by binding to
the receptor c-Fms (4). Conversely, RANKL binds to the
receptor of RANK, subsequently triggers the induction
of OC-specific genes, including NF of activated T cells,
cytoplasmic 1 (NFATc1), dendritic cell–specific trans-
membrane protein, cathepsin K (CTSK), and tartrate-
resistant acid phosphatase (TRAP) (5, 6). The expression
of these genes is regulated by transcription factors such
as PU.1, AP-1, and NF-kB, which act as downstream
signaling events to RANKL–RANK signaling (7, 8). The
MAPK cascade is another vital signaling pathway in-
volved in osteoclastogenesis (9). Except for the ERK and
JNK MAPK family, p38 MAPK has long been closely
related to cell differentiation and inflammatory re-
sponses (10). In particular, it has been shown that p38
MAPK regulates OC-specific genes during OC differ-
entiation (11). However, the presence of other mecha-
nisms for p38-mediated regulation of osteoclastogenesis
has not been investigated.
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Paired-box (Pax) homeodomain genes encode numer-
ous transcription factors that are key regulators of growth
inawide rangeof tissuesandorgansacross richandvaried
species (12, 13). Among them, Pax5 reportedly acts as both
a transcriptional activator and a transcriptional repressor
in mice lacking Pax5 with severe osteopenia. However,
Pax5 was not detected in osteoblasts or in OCs (14). In
contrast, Hinoi et al. (15) found that Pax5 promotes
osteoblastogenesis through direct induction of osteorix
and osteocalcin. Thus, conclusions can bemade regarding
the regulation of bone homeostasis by the Pax gene. In-
terestingly, another key gene of the Pax gene family, Pax6,
is reportedly a negative regulator in RANKL-induced
osteoclastogenesis. Pax6 can attenuate primary OC dif-
ferentiation and promoter activity of the NFATc1-
mediated activation of Acp5 gene (16). This regulation of
osteoclastogenesis is similar to RANKL-induced activa-
tion of the IFN-b or IFN-g gene,which constitutes a critical
aspect of the negative feedback regulation of RANKL
signaling for preventing excessive bone resorption (17). It
has been shown that Pax6 can respond to MAPK-
mediated signals in all the tissues where it is expressed
during development (18). Furthermore, Hadjal et al. (19)
reported that p38 regulates Pax6 expression via the p53
cascade in embryonic stem cells. It has therefore been
suggested that Pax6 might be regulated by the MAPK
signaling pathway in several cells.

However, the role of RANKL–RANK signaling in the
induction of Pax6 is not yet understood. The goal of the
present studywas to elucidate possible novelmechanisms
to explain the Pax6-induced negative regulation of osteo-
clastogenesis.Moreover,we explored thenovel possibility
of using a p38 selective inhibitor, VX-745 (20), and a
b-catenin agonist, SKL2001, as treatment for osteolytic
diseases.

MATERIALS AND METHODS

Reagents

VX-745 and SKL2001 were purchased from Selleck (Shanghai,
China),DMSOwaspurchased fromMilliporeSigma (Burlington,
MA, USA), and Cell Counting Kit-8 was obtained fromDojindo
Molecular Technology (Kumamoto, Japan). Recombinant solu-
ble mouseM-CSF andmouse RANKLwere obtained fromR&D
Systems (Minneapolis, MN, USA). VX-745 was dissolved in
DMSO and stored at 220°C. Specific antibodies p38a, p-p38
(Thr180/Tyr182), c-Fos, NFATc1, b-catenin, p-b-catenin (S33),
TRAP, Pax6, and b-actin were obtained fromAbcam (Shanghai,
China). The TRAP staining kit and all other reagents were pur-
chased fromMilliporeSigma, unless otherwise stated.

BMM preparation and OC differentiation

Primary BMMs were isolated from the whole bone marrow of
male 6-wk-old C57BL/6mice as previously described (21). Cells
were isolated from the femoral and tibial bone marrow and
cultured in a-MEM supplemented with 10% FBS, 1% penicillin/
streptomycin, and 25 ng/mlM-CSF in an incubatorwith 5%CO2
at 37°C until they reached 90% confluence. The BMMs were
seeded into 96-well plates at a density of 8 3 103 cells/well, in
triplicate, in the presence of 25 ng/mlM-CSF, 50 ng/mlRANKL,

and different concentrations of VX-745 or SKL2001 or small in-
terfering RNA (siRNA). Untreated cells were included as con-
trols. The culture medium was replaced every 2 d, and OCs
were cultured for 7 d. Afterward, the cells were washed twice
with PBS, fixed in 4% paraformaldehyde for 30 min, and stained
with TRAP. TRAP-positive cells with.5 nuclei were considered
OCs.

Bone resorption assay

BMMs were seeded at a density of 2 3 104 cells/well in the
presence of 25 ng/ml M-CSF and 50 ng/ml RANKL. After 4 d,
the cells were seeded onto bovine bone slices, in triplicate, at
50nMVX-745 concentrations, andmaintained foranadditional 3
d. Untreated cells were used as a control. Resorption pits were
imaged by using a scanning electron microscope (FEI Quanta
250; ThermoFisher Scientific,Waltham,MA,USA), and the bone
resorption area was quantified by using ImageJ software (Na-
tional Institutes of Health, Bethesda, MD, USA).

RNA extraction and quantitative PCR

RNA extraction and quantitative PCR assay were performed
according to a previous study (21). Specificity of amplification
was verified by performing RT-PCR and analyzing the melting
curves. Mouse Gapdh, Ctsk, Trap, c-Fos, Nfatc1, Pax1, Pax2, Pax3,
Pax4, Pax5, Pax6, Pax7, Pax8, and Pax9 primer sequences are
presented in Supplemental Table S1.

Chromatin immunoprecipitation assays

Cell extraction was prepared by using the Chromatin Immuno-
precipitationKit (9002;Cell SignalingTechnology,Danvers,MA,
USA) according to themanufacturer’s protocol. In brief, pre-OCs
were treated with or without SKL2001 in the stimulation with
50 ng/ml RANKL for 24 h; pre-OCs were treated with 1%
formaldehyde for 10 min to crosslink chromatin and protein,
collected, and digested to produce chromatin fragments for
incubation with IgG or specific antibodies for b-catenin, re-
spectively. The immunoprecipitates were then incubated
with protein A/G agarose beads. After several washes, the
protein-DNA complex was reversed. At the end, DNA from
the chromatin immunoprecipitation (ChIP) assays was am-
plified and analyzed by using PCR. Primer sequences are
presented in Supplemental Table S2.

In vitro gene knockdown experiments

BMMswere transfectedwith 10 nM siRNAusing Lipofectamine
3000 (Thermo Fisher Scientific) for 4 h. After the medium was
changed, cells were incubated overnight before RANKL treat-
ment. The sequences of siRNA are shown in Supplemental Table
S3.

Western blot assay

Cells were incubated in RIPA buffer (Cell Signaling Technology)
supplemented with 100 mM PMSF and phosphatase inhibitor
(Cell Signaling Technology) on ice, followed by centrifugation at
12,000 rpm for 15 min to isolate the supernatant. Proteins were
resolved by 10% SDS-PAGE and transferred to PVDF mem-
branes (Bio-Rad, Hercules, CA, USA) by electroblotting. The
membranes were blocked with 5% nonfat dry milk in TBST at
room temperature for 1 h and then incubated with primary
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antibodies overnight at 4°C. Protein bands were developed by
using a horseradish peroxidase–conjugated goat–anti-rabbit or
goat–anti-mouse IgG (Abcam), followed by detection with ECL
reagent (MilliporeSigma). Protein bands were visualized by us-
ing the LAS-4000 Science Imaging System (Fujifilm, Tokyo, Ja-
pan), and the obtained images were analyzed with ImageJ
software.

Coimmunoprecipitation assay

Briefly, cell extracts were first precleared with 25 ml of protein
A/G-agarose (50% v/v). The supernatants were immuno-
precipitated with 2 mg of anti-Pax6 and anti–b-catenin an-
tibodies overnight at 4°C, followed by incubation with
protein A/G-agarose 4 h at 4°C. Protein A/G-agarose-
antigen-antibody complexes were collected by centrifuga-
tion at 12,000 rpm for 60 s at 4°C. The pellets were washed 5
times with 1 ml of IPH buffer (50 mM Tris-HCl, pH 8.0,
150 mM NaCl, 5 mM EDTA, 0.5% Nonidet P-40, and 0.1 mM
PMSF) for 5 min each time at 4°C. Bound proteins were re-
solved by SDS-PAGE, followedbyWestern blottingwith anti-
NFATc1 and anti-ubiquitin antibodies. The experimentswere
replicated $3 times.

Immunofluorescence staining assay

BMMs were seeded at a density of 8 3 103 cells in 96-well
plates. After being stimulated with M-CSF and RANKL for
3 d, the cells were treated with siRNA or SKL2001 for 24 or
48 h. After incubation, cells were washed twice with PBS,
fixed in 4% paraformaldehyde for 30 min, and then washed
with PBS 3 times before permeabilization with 0.1% Triton-
X100 for 30 min at room temperature. After blocking with 1%
BSA-PBS for 1 h at room temperature, cells were incubated
with anti-CTSK antibody and anti–b-catenin antibody di-
luted 1:200 in 1% BSA-PBS at 4°C overnight. Nuclei were
stained with 0.1 mg/ml DAPI (MilliporeSigma) in PBS at
room temperature for 10 min in the dark. After being washed
3 timeswith PBS, the cellswas imaged byusing a fluorescence
microscope (BX51TRF; Olympus, Tokyo, Japan), and the
quantification of the image was analyzed by using ImageJ
software.

In vivo bone loss experiments

Eight-week-old female C57BL/J6 mice were implanted with
collagen sponges soaked with PBS or RANKL (1 mg) in the
middle of the calvaria as previously described (22). The com-
pounds were injected onto the calvaria every day, at indicated
times. After 6 d, the calvaria were subjected to micro–computed
tomography and histologic analyses.

Animal experiments were approved by the Committees on
the Care and Use of Animals in Research at Sir Run Run Shaw
Hospital. All animals were kept in a specific pathogen-free fa-
cility with a 12-h light/dark cycle.

Micro-computed tomography scanning

The fixed calvarial bones were analyzed by using a high-
resolution micro–computed tomography (1072; SkyScan, Aart-
selaar, Belgium) instrument.After reconstruction, a square region
of interest, set at 0.5 mm from the calvarial bone, was selected for
further qualitative and quantitative analyses. Trabecular bone
volume (BV)per total volumewasdetermined for each sample, as
previously reported (23).

Bone histomorphometry

Histomorphometry analysis was performed as previously re-
ported (24). Fixed calvarial bones were decalcified in 10% EDTA
for 2 wk and embedded in paraffin. Histologic sections were
prepared for TRAP and immunofluorescence staining. The ratio
ofOC surface area per bone surface area (OC.S/BS)was assessed
in each sample. The Pax6-positive cell area normalized to the BS
was analyzed in each sample. The quantification of the image
was analyzed by using ImageJ software.

Statistical analysis

Results are expressed as means 6 SD. Statistical analyses were
performed by using Prism 6 (GraphPad Software, La Jolla, CA,
USA). Statistical differences were assessed by using a Student’s
t test or 1-way ANOVA followed by Tukey’s post hoc analysis
where appropriate. Values of P , 0.05 were considered statisti-
cally significant.

RESULTS

Pax6 expression is up-regulated by p38
inhibitor VX-745 during osteoclastogenesis

Cell viability assaywasperformed to analyze the potential
cytotoxicity of VX-745, a p38 inhibitor, against BMMs
(Supplemental Fig. S1A). A concentration of 20 nM of VX-
745 did not affect the cell viability of BMMs. Furthermore,
we found that VX-745 exhibited a better inhibitory effect
on OC formation and bone resorption at a lower concen-
tration compared with the classic p38 inhibitor SB20385
(50 nM) (Fig. 1A, B). Interestingly, we also found that the
expression of Pax6 mRNA was up-regulated during OC
differentiation (Fig. 1C). Furthermore, BMMs treatedwith
VX-745 (50 nM) in the presence ofM-CSF andRANKL for
5 d unexpectedly showed that the mRNA and protein
levels of Pax6 were increased even under these condi-
tions (Fig. 1D–F). In addition, quantitative PCR analysis
revealed that treatment with VX-745 could accelerate the
expression of Pax6 during different periods of osteoclas-
togenesis in BMMs (Fig. 1E). Together, these results in-
dicate that treatment with the p38 inhibitor VX-745
induces theexpressionofPax6andnegatively regulatesOC
differentiation.

Silencing of Pax6 reversed the suppression of
osteoclastogenesis by promoting the nuclear
translocation of NFATc1 at a late stage of
OC formation

To investigate the role of Pax6 in OC differentiation, we
knocked down the expression of Pax6 at a late stage (on
d 4) during OC differentiation. Silencing of Pax6 reversed
the suppressionofOC formationandbone resorption (Fig.
2A, B). This finding suggests that Pax6 negatively regu-
lated theOC formation largely during the late stage of OC
differentiation. To further confirm this theory, Western
blot assay was performed, and we found that the expres-
sion of NFATc1 was not altered upon silencing of Pax6.
However, the mRNA and protein expression levels of
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Figure 1. Up-regulated expression of Pax6 after treatment with VX-745. A) TRAP staining of BMMs cultured with M-CSF and
RANKL for 7 d in the presence of SB203580 (50 nM) or VX-745 (50 nM). B) Bone slice assay indicated the effects of compounds
on bone resorption. C) Real-time PCR analysis of expression of Pax family genes during OC differentiation. D) Heatmap of gene
expression of Pax families posttreatment with VX-745 for 5 d. E, F) Quantitative real-time PCR and Western blot analysis of Pax6
and OC-related gene expression during OC differentiation in the absence or presence of VX-745. All experiments were
performed $3 times; data are presented as means 6 SD. Scale bar, 100 mm. Student’s t test analysis was performed. *P , 0.05,
**P , 0.01, ***P , 0.005, compared with the control group.
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Figure 2. Pax6 regulates osteoclastogenesis by suppressing the expression of TRAP through its interaction with NFATc1. A) TRAP staining
assay on pre-OCs transfected with negative control (NC) siRNA or Pax6-targeted siRNA on d 4 during OC differentiation (M-CSF 25 ng/ml,
RANKL 12.5 ng/ml). B) Transfected pre-OCs cultured withM-CSF and RANKL on bone slice. Bone resorption areas were analyzed by using
ImageJ software. C, D) Pre-OCs transfected with siRNA on d 4 during OC differentiation, real-time PCR (C), and Western blot (D),
performed to analyze expression of Pax6, Nfatc1, and Trap. E) Immunofluorescence assay showing the expression of CTSK. F)
Immunoprecipitation with Pax6 antibody in transfected pre-OCs (incubated with VX-745 or treated with Pax6 siRNA). The obtained
immunoprecipitates were analyzed by using the indicated antibodies. G) The expression of different proteins isolated from the cytosol and
nuclei samples obtained from pre-OCs analyzed by Western blot. H) Immunofluorescence assay showing the nuclear translocation of
NFATc1 after treatment with Pax6 siRNA. All experiments were performed$3 times; data are presented as means6 SD. Scale bars, 100mm.
Student’s t test analysis was performed. *P , 0.05, **P , 0.01, ***P , 0.005, compared with the control group.
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TRAP and CTSK were increased after silencing of Pax6
(Fig. 2C, D). In addition, immunofluorescence assay
revealed that the area of CTSK-positive cells in the Pax6-
siRNA group was more than in the negative control
siRNAgroup (Fig. 2E).Given thatNFATc1expressionwas
not altered but protein levels of TRAP and CTSK in-
creased, we next evaluated whether silencing of Pax6 af-
fected the nuclear translocation of NFATc1 to alter the
transcription of Trap and Ctsk. Co-immunoprecipitation
assay showed that silencing of Pax6 reduced the in-
teraction between Pax6 andNFATc1, which promotes the
nuclear translocation of NFATc1 to induce the expres-
sion of OC-related genes such as Trap and Ctsk (Fig. 2C,
F–H). In addition, treatment with VX-745 partially
inhibited the nuclear translocation of NFATc1 by enhanc-
ing the interaction between Pax6 and NFATc1 (Fig. 2F).
Collectively, these results indicate that Pax6 suppresses
OC formation by reducing the nuclear translocation of
NFATc1.

Late stage of OC formation is inhibited by
b-catenin–induced expression of Pax6

Previous studies have shown that b-catenin induction is
required for M-CSF–mediated precursor proliferation,
and its degradation is required for RANKL-mediated
OC differentiation (25). Moreover, b-catenin could reg-
ulate Pax6 in stem cells (26). Therefore, we next in-
vestigated whether this balance between induction and
degradation of b-catenin at a late stage of OC formation
could affect Pax6 during OC differentiation. First, we
knocked down the expression of b-catenin using siRNA
at a late stage (treated on d 4) during OC differentiation.
Silencing of b-catenin at the late stage promoted OC
formation and bone resorption (Fig. 3A, B). Consistent
with the results of the TRAP staining assay, silencing of
b-catenin at a late stage during OC formation could re-
duce the expression of Pax6 but induce the expression of
TRAP without affecting NFATc1 levels (Fig. 3C). Sub-
sequently,we treated BMMswith SKL2001 (cell viability
assay shown in Supplemental Fig. S1B), a b-catenin ac-
tivator, at the early (on d 2) or late stage time points
during OC differentiation. Interestingly, we found that
the proliferation of BMMs was promoted and the num-
ber of OCs was increased with a smaller size by treat-
ment with Wnt3a or SKL2001 (20 mM) at an early stage,
although the area occupied by OCs was not altered (Fig.
3D). However, both the number and the area of OCs
were inhibited by treatment with Wnt3a or SKL2001 at
the late stage (Fig. 3E). Moreover, Western blot and im-
munofluorescence assays verified that SKL2001 pro-
moted the nuclear translocation of b-catenin in pre-OCs
in the presence of M-CSF and RANKL (Fig. 3F, G). In
agreement with this, SKL2001 induced the expression of
Pax6 to decrease the expression of TRAP (Fig. 3H). More
importantly, ChIP assay confirmed that b-catenin can
bind to the promoter region of Pax6 in pre-OCs, and
SKL2001 promoted this binding (Fig. 3I). Thus,b-catenin
can induce Pax6 expression to inhibit OC formation
during the late stages of osteoclastogenesis.

Pax6 may negatively regulate
osteoclastogenesis via reduced p38-induced
ubiquitin-mediated degradation of b-catenin
at a late stage of OC formation

Wenext investigatedpossiblemechanismsunderlying the
RANKL–RANK signaling– induced Pax6 at a late stage of
osteoclastogenesis. Intriguingly, Western blot analysis
showed that RANKL enhanced the phosphorylation of
b-catenin at S33, whereas treatment with VX-745 reduced
the phosphorylation of p38 aswell as ofb-catenin at S33 at
a late stage (d 4) of OC formation (Fig. 4A). Furthermore,
treatment of BMMswith the proteasome inhibitorMG132
indicated that VX-745 inhibited the ubiquitination of
b-catenin (Fig. 4B). In addition, the degradation of b-
catenin was blocked when treated with VX-745 in the
presence of cycloheximide (Fig. 4C). Thus, phosphoryla-
tion of b-catenin may mark it for ubiquitin-mediated
degradation, and this process seems to be inhibited by
treatment with VX-745. In addition, the pre-OCs were
treatedwithnegative control siRNAorb-catenin siRNAin
the presence or absence of VX-745 at the late stage of OC
differentiation. TRAP staining assay revealed that silenc-
ing of b-catenin showed increased TRAP expression and
OC differentiation, and this action was partially reversed
upon VX-745 application (Fig. 4D). Moreover, the protein
levels showed that the expression of Pax6 treated by si-
lencing of b-catenin was reversed by VX-745 application
(Fig. 4E). However, when we treated pre-OCs with both
SKL2001 and VX-745 at a late stage of OC differentiation,
the inhibitory effect on osteoclastogenesis was more ef-
fective than that of SKL2001 alone or VX-745 alone
(Fig. 4F). However, Western blotting assay showed that
the expression of Pax6 was dramatically up-regulated
by treatment with SKL2001 and VX-745, compared
with treatment with SKL2001 alone or VX-745 alone
(Fig. 4G). Taken together, the results suggest that one
possible mechanism for the negative regulation of Pax6
on osteoclastogenesis may be through the inhibition
of p38-induced ubiquitin-mediated degradation of
b-catenin.

VX-745 synergized with SKL2001 to increase
the expression of Pax6 for preventing bone
loss in vivo

To validate whether VX-745 could act synergistically with
SKL2001 to promote the expression of Pax6 for inhibiting
osteoclastogenesis in vivo, a mouse calvarial bone loss
model was used. We first implanted a collagen sponge
soaked with RANKL or PBS onto the calvaria where the
drug was injected. As expected, there was a significant
decrease in BV by RANKL treatment (Fig. 5A, D). Treat-
ment with VX-745 alone slightly increased the BV in the
RANKL-implanted group (RANKL/vehicle, 6.22 mm3;
RANKL/VX-745, 9.66mm3). Interestingly, treatmentwith
both VX-745 and SKL2001 in the early stage (injection
on d 1 after treatment with RANKL) decreased BV com-
pared with VX-745 treatment alone. However, in the late
stage (injection on d 4 after treatment with RANKL),
treatmentwithVX-745andSKL2001dramatically increased
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Figure 3. b-catenin mediates the transcription of Pax6 during osteoclastogenesis. A) TRAP staining assay on pre-OCs transfected
with negative control (NC) or b-catenin–targeted siRNA on d 4 during OC differentiation (M-CSF 25 ng/ml, RANKL 12.5 ng/ml).
B) Transfected pre-OCs cultured with M-CSF and RANKL on bone slice. Bone resorption areas were analyzed by using ImageJ
software. C) Western blot performed on pre-OCs transfected with siRNA on d 4 during OC differentiation to analyze expression of
b-catenin, Pax6, NFATc1, and TRAP. D, E) Pre-OCs were treated with Wnt3a or SKL2001 (20 mM) at an early stage (on d 2) (D) or a
late stage (on d 4) (E) during osteoclastogenesis. F) Western blot assay performed to analyze the effect of SKL2001 on nuclear
translocation of b-catenin. G) Immunofluorescence assay conducted to analyze the effect of SKL2001 on nuclear translocation of

(continued on next page)
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BV.Thus, treatmentwithSKL2001ata late stagehadabetter
efficiency in preventing bone loss in vivo.When the calvarial
tissue sections were stained with TRAP, the percentage of
OC.S/BS was higher in the RANKL-treated group than in
thePBS-treatedgroup (Fig. 5B). In linewith the results of the
micro-computed tomography analysis, a significant de-
crease in OC.S/BS was observed in the VX-745/SKL2001–
treated(latestage)groupcomparedwiththeRANKL-treated
group (Fig. 5B, E). Furthermore, the immunofluorescence
assay showed that the expression of Pax6 was increased
upon treatment with both VX-745 and SKL2001 (late stage)
(Fig. 5C, F). This finding partially indicates that Pax6 is in-
volved in the VX-745–mediated and SKL2001-mediated in-
hibition of osteoclastogenesis in vivo.

DISCUSSION

MultinucleatedOCs, formedby the fusionof cells from the
monocyte andmacrophage family, are regardedasunique
cells capable of bone resorption (27). It is well known that
excessive OC activity results in bone-related diseases (28).
Although several treatments targeting OC exist, more ef-
ficient alternatives to the currently available drugs are
being investigated (21, 29, 30). Here, we have shown that
VX-745, a selective p38 MAPK inhibitor, can inhibit the
formation and function ofOCs throughmechanisms other
than the well-known classic pathway. We also showed
that VX-745 in combination with SKL2001 (a b-catenin
activator) can act as a novel strategy to efficiently prevent
bone loss.

Osteoclastogenesis is classically known to be trig-
geredbyRANKL–RANKsignaling,whichactivatesMAPK
and NF-kB–mediated nuclear translocation of c-Fos and
NFATc1. It is demonstrated that the p38 MAPK has 4 iso-
forms: p38a, p38b, p38g, and p38d (5, 31, 32). Indeed, a
previous study showed that both p38a andp38b knock-out
mice exhibited lower bone mass compared with wild-type
mice, although this phenotype was mainly affected by os-
teoblast activity (33). Intriguingly, p38a conditional knock-
out mice in OCs exhibited distinct alterations in bone
resorption at 2.5 and6moof age, andp38a canpositively or
negatively regulate osteoclastogenesis in different cul-
tural conditions in vitro (34). In reality, there are limited
studies showing the role of p38 in the selective inhibition
on osteoclastogenesis (35, 36). Given these distinct results in
OC differentiation, we investigated the additional possi-
ble mechanisms involving p38 MAPK signaling during
osteoclastogenesis and the effect of p38 inhibition on
osteoclastogenesis.

Previous studies have shown that Pax6, a paired-box
gene, acts as a transcriptional activator essential for retinal
and pancreatic endocrine cell development and the CNS
(37). In addition to these roles, we found that Pax6 is in-
ducedduringosteoclastogenesis and that silencingofPax6

promoted OC differentiation by enhancing the nuclear
translocation of NFATc1. These results are partially con-
sistent with the previous study (16). Unexpectedly, our
data showed that Pax6 was up-regulated after treatment
with VX-745 (p38 inhibitor), along with decreased ex-
pression of c-Fos and NFATc1. Although many studies
report that p38/c-Fos/NFATc1 is the classic pathway
promoting OC differentiation (38, 39), we propose that
inhibition of p38/Pax6 may act as a negative regulatory
pathway for osteoclastogenesis.

To determine the underlying mechanism during
osteoclastogenesis regulated by p38/Pax6 pathway, we
have predicted the possible transcription factors binding
to the promoter of Pax6. To further confirm the prediction,
our ChIP assay showed that b-catenin regulated tran-
scription of Pax6 in the BMMs during the late stage of
osteoclastogenesis. Interestingly, silencing of b-catenin by
siRNA promoted OC differentiation at a late stage of
OC formation, along with decreased expression of
Pax6. b-catenin is generally regarded as an essential
component transducing canonical Wnt signaling dur-
ing osteoblast differentiation (40). However, Wei et al.
(25) found that b-catenin could also regulate osteo-
clastogenesis in a biphasic and dosage-dependent
manner. b-catenin induction is required for M-CSF–
mediated precursor proliferation, yet its degradation
is required for RANKL-mediated OC differentiation.
The mechanism underlying this regulation is still un-
clear. Unexpectedly, in the current study, we found
that treatment of BMMs with SKL2001 (a b-catenin
activator) in the presence of RANKL promoted osteo-
clastogenesis at early stages but inhibited osteoclas-
togenesis during late stages of differentiation. In
addition, treatment with SKL2001 at a late stage of OC
formation enhanced the expression of Pax6 but reduced
the expression of TRAP. These results indicate that Pax6,
induced by b-catenin, is involved in OC differentiation.

The p38 MAPKs have been shown to play a role in
canonicalWnt/b-catenin signaling,which is important for
mineralization and development of osteoprogenitors (33,
41–43). However, the role of p38/b-catenin signaling in
osteoclastogenesis is poorly understood. Given that Pax6
was up-regulated by treatment with VX-745, as well as
mediated by b-catenin, we investigated the role of p38
signaling in regulating b-catenin during osteoclasto-
genesis. The results showed that phosphorylation of p38
may promote the phosphorylation of b-catenin at the S33
site, which marks the b-catenin for degradation through
ubiquitin-mediatedmechanisms (44, 45). In general, in the
condition of osteoclastogenesis, degradation of b-catenin
may lead to the decreased expression of Pax6. However,
we found that Pax6 was up-regulated during osteoclas-
togenesis, whichmight be a self-protectivemechanism for
preventingexcessiveosteoclastogenesis.Althoughreduction
of b-catenin seems to decrease the expression of Pax6, there

b-catenin. H) Western blot assay of pre-OCs, treated or untreated with SKL2001, performed to assess expression of Pax6,
NFATc1, and TRAP. I) ChIP assay performed on pre-OCs, treated or untreated with SKL2001, in the presence of RANKL. All
experiments were performed at $3 times; data are presented as means 6 SD. Scale bars, 100 mm. Student’s t test analysis was
performed. *P , 0.05, **P , 0.01, compared with the control group. Ns, not significant.

8 Vol. 33 March 2019 JIE ET AL.The FASEB Journal x www.fasebj.org

Downloaded from www.fasebj.org by Imperial College London (155.198.30.43) on December 08, 2018. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, primary_article.

http://www.fasebj.org


Figure 4. Phosphorylation of p38 mediates the ubiquitination of b-catenin and is involved in the inhibition of osteoclastogenesis
by Pax6. A) BMMs were treated with VX-745 or RANKL in the presence of M-CSF for 4 d, then for serum starvation, and
stimulated with RANKL for 30 min. Indicated proteins were analyzed by using Western blot. B) BMMs were treated with VX-745
or RANKL in the presence of M-CSF for 4 d, then stimulated with MG132 (1 mM) for 48 h. Indicated proteins were analyzed by
using Western blot. C) BMMs, treated or untreated with VX-745, in the presence of RANKL (12.5 ng/ml) and cycloheximide
(CHX) (10 mM) for indicated times were analyzed by using Western blot for the expression of b-catenin. D, E) BMMs were

(continued on next page)
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might be other regulatory pathways involved in the early
stageofOCformation.Tofurther investigate the roleofp38/
b-catenin signaling at a late stage of OC formation, we
found that inhibition of p38 reduced the ubiquitin-
mediated degradation of b-catenin and that the expres-
sion of b-catenin in pre-OCs treated with VX-745 was
higher than in the control group. In addition, VX-745 in
combination with SKL2001 showed higher efficiency in
inhibition of osteoclastogenesis. In line with the in vitro

assays, RANKL-induced calvarial bone loss was dramati-
cally attenuated by application of VX-745 combined with
SKL2001. Thus, in addition to the classic p38/c-Fos/
NFATc1axis,weproposeamodel forp38-mediatednegative
regulation of osteoclastogenesis through decreased degra-
dation of b-catenin and up-regulation of Pax6 (Fig. 6).

In summary, our study describes a novel regulatory
pathway constituting a p38/b-catenin/Pax6 axis at a late
stageof osteoclastogenesis.Wealsoproposeanovelpotential

Figure 5. RANKL-induced calvarial bone loss was reversed by VX-745 and SKL2001. A) Micro-computed tomography analyses
were performed with calvaria from mice that received PBS or RANKL-soaked collagen implants and injection of VX-745 and
SKL2001. Representative 3-dimensional reconstructed images. B) TRAP staining of calvarial tissue sections. C) Calvarial tissue
sections stained for Pax6 by immunofluorescence assay. D) BV analysis. E) Ratio of OC.S/BS (%). F) Ratio of Pax6-positive cell
area to the total bone surface area. All experiments were performed at $3 times; data are presented as means 6 SD. Scale bars,
100 mm. One-way ANOVA followed by Tukey’s post hoc analysis was performed. *P, 0.05, **P , 0.01, ***P , 0.005. B, bone; BM,
bone marrow.

treated with VX-745 on d 2 during osteoclastogenesis, and the pre-OCs were then transfected with negative control (NC) siRNA
or b-catenin siRNA on d 4. TRAP staining assay was performed to calculate the number of OCs (D), and Western blot (E) was
used to analyze the expression of indicated proteins. F, G) BMMs were treated with VX-745 on d 2 during osteoclastogenesis, and
the BMMs were then treated with SKL2001 on d 4 during osteoclastogenesis. TRAP staining assay was performed to calculate the
number of OCs (F), and Western blotting assay (G) was used to analyze the expression of indicated proteins. All experiments
were performed $3 times; data are presented as means 6 SD. Scale bar, 100 mm. One-way ANOVA followed by Tukey’s post hoc
analysis was performed. *P , 0.05, **P , 0.01, ***P , 0.005.

10 Vol. 33 March 2019 JIE ET AL.The FASEB Journal x www.fasebj.org

Downloaded from www.fasebj.org by Imperial College London (155.198.30.43) on December 08, 2018. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, primary_article.

http://www.fasebj.org


therapeutic strategy against OC-related diseases through
the use of small molecular inhibitors such as VX-745 and
SKL2001.
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