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Osteoporosis is a common aging-related metabolic disease that mainly occurs in older adults
and postmenopausal women. Despite advances in anti-osteoporosis treatment, outcomes
remain unsatisfactory due to detrimental side effects. BCI hydrochloride (BCI), a selective dual-
specificity phosphatase 6 (DUSP6) inhibitor, is associated with multiple cellular functions,
including inhibiting tumor growth andmacrophage inflammation; however, its role in regulating
osteoclast differentiation remains unknown. Here, we revealed that treatment with BCI
attenuated RANKL-mediated osteoclast differentiation in vitro and alleviated ovariectomy-
induced osteoporosis without obvious toxicity. Specifically, BCI disrupted F-actin ring
formation and bone-resorption activity and decreased osteoclast-specific gene and protein
levels in a dose-dependent manner. KEGG pathway analysis, GSEA based on transcriptome
sequencing, and western blot results suggested that BCI inhibited RANKL-induced
osteoclastogenesis by restraining STAT3 and NF-κB signaling and attenuating NF-κB/p65
interactionwithNFATc1. These results revealed that BCI treatment preventedpostmenopausal
osteoporosis and might represent an effective approach for treating osteoporosis.
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INTRODUCTION

Osteoporosis is a common and frequent skeletal disorder due to an imbalance in bone remodeling
associated with excessive osteoclast activity and inadequate osteoblast generation (Henriksen et al.,
2011; Rachner et al., 2011). Osteoclast precursors are originated from the monocyte/macrophage
lineage of hematopoietic stem cells and gradually differentiate into mature osteoclast in the presence
of macrophage colony-stimulating factor (M-CSF) and receptor activator of nuclear factor-kappaB
(NF-κB) ligand (RANKL) (Kearns et al., 2008). During osteoclastogenesis, M-CSF binding to CSF-1
receptor is responsible for ensuring cell proliferation, whereas RANKL interaction with its receptor
RANK promotes osteoclast maturation and resorption (Sobacchi et al., 2013). RANKL–RANK
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interaction on the surface of preosteoclasts leads to activation of a
range of downstream signals, including those related to NF-κB,
mitogen-activated protein kinase (MAPK), and signal transducer
and activator of transcription 3 (STAT3), that initiate osteoclast
activation, differentiation, and function (Kim et al., 2017).
Similarly, STAT3 acts a significant role during
osteoclastogenesis by regulating the NF-κB pathway (Shankar
et al., 2012). These pathways eventually work together to
activate critical transcription factors in osteoclastogenesis, such
as c-Fos and NFATc1 (Nakashima et al., 2012). Therefore,
inhibition of these pathways might contribute to osteoporosis
treatment. Recently, new agents targeting osteoclast bone-
resorption activity or osteoblastic bone formation, including
bisphosphonates, calcitonin, denosumab, selective estrogen
receptor modulators, and teriparatide, have been widely
developed, explored, and utilized to prevent and treat
osteoporosis (Khalili et al., 2012; Leder et al., 2015). However,
most of these therapeutic approaches lead to serious side effects,
which discourage their long-term use and patient compliance (Li
et al., 2019). Thus, there is an urgent need to develop alternative
approaches to treating osteoporosis with improved effectiveness
and lower toxicity.

Dual-specificity phosphatases (DUSPs) are protein phosphatases
responsible for dephosphorylating molecules at tyrosine and serine/
threonine residues in a single substrate (Ahmad et al., 2018). There
are >20 known DUSPs in mammals, of which DUSP6 functions as
either an oncogene or tumor-suppressor according to different
tumor types. Additionally, DUSP6 is closely associated with
critical biological processes, such as cardiac development, knot
proctitis, and embryonic development (Li et al., 2007; Maillet
et al., 2008; Bertin et al., 2015). Several studies report that
DUSP6 also acts as a mediator of inflammation-associated T cell
activation and differentiation (Li et al., 2015; Hsu WC. et al., 2018).
BCI hydrochloride (BCI) is a small-molecule inhibitor that
reportedly attenuates DUSP6 levels and promotes the expression
of fibroblast growth factor (FGF) in zebrafish embryos (Molina et al.,
2009). Additionally, an in vitro study found that BCI attenuates
lipopolysaccharide (LPS)-induced proinflammatory responses in
macrophages by activating Nrf2 (Zhang et al., 2019). Due to its
close association with inflammatory signals, we hypothesized that
BCI might affect osteoclast differentiation.

Our research for the first time investigated the ability of BCI to
restrain RANKL-induced osteoclastogenesis, as well as the
associated regulatory mechanisms. We demonstrated that BCI
suppressed the formation, fusion, and bone-resorbing activity of
osteoclasts in a concentration-dependent way. Furthermore, we
found that BCI-mediated DUSP6 inhibition attenuated bone loss
in an ovariectomy (OVX)-induced osteoporosis mouse model.
These findings suggest that BCI treatment might represent a new
approach for treating osteoporosis.

MATERIALS AND METHODS

Drugs and Reagents
BCI hydrochloride (also called BCI or (E)-BCI)) was obtained
from MCE (Shanghai, China) and dissolved in DMSO. DMEM,

α-MEM, and FBS were purchased from Hyclone (UT,
United States). Recombinant murine RANKL and M-CSF were
purchased from R&D (MN, United States). Primary antibodies
specific for β-tubulin, glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), phospho-NF-kB/p65, NF-kB/p65,
p-IkBα, IkBα, p38, p-ERK, ERK, CTSK, MMP9, and c-Fos
were obtained from Proteintech (Wuhan, China). Primary
antibodies specific for p-JNK, JNK, and p-p38 were obtained
from Affinity Biosciences (Zhenjiang, China). Primary antibodies
specific for p-STAT3, and STAT3 were from Bioworld (Nanjing,
China). Antibodies against NFATc1 were obtained from Santa
Cruz (TX, United States). Anti-rabbit and anti-mouse HRP-
labeled secondary antibodies were obtained from Beyotime
(Shanghai, China).

Cell Culture and Osteoclast Differentiation
The murine macrophage cell line RAW264.7 was derived from
ATCC Cell Bank (Shanghai, Chinese) and grown in DMEM (10%
FBS and 1% P/S). Bone marrow monocytes/macrophages (BMMs)
were isolated from the femurs or tibias of mice aged 4–6 weeks and
maintained in α-MEM (10% FBS, 1% P/S, and 50 ng/ml M-CSF)
for 48 h. All cells were grown at 37°C under 5%CO2. Both cell types
were maintained in M-CSF (50 ng/ml) and RANKL (100 ng/ml)
for osteoclast differentiation. Osteoclastogenesis of RAW264.7 cells
was measured at 3 days and that of BMMs at 5 days. MC3T3-E1
cells (a preosteoblast cell line) were maintained in α-MEM (10%
FBS and 1% P/S) and cultured in osteogenesis-inducing fluid,
which included ascorbic acid (60 μg/ml) and β-glycerophosphate
(6 mM) for osteoblastogenesis.

Cytotoxicity Assays
Cell Counting Kit-8 (CCK-8) test was carried out to determine
the appropriate concentrations of BCI for evaluating cell toxicity.
RAW264.7 cells and BMMs were grown in 96-well plates, and
BCI toxicity was assessed using doses ranging from 0 to 8 μM for
1 or 3 days. The cells were then washed in PBS and cultured in
CCK-8 solution for 1.5–2 h. Absorbance was read at 450 nm
using a spectrophotometer (Bio-Tek, VT, USA).

Flow cytometry was carried out to evaluate the apoptosis and
cell cycle progression of 1.5 × 106 BMMs grown in differentiation
medium with or without BCI (2–4 μM) for 3 days. Cells were
washed with PBS and fixed in 70% ethanol, followed by
propidium iodide (PI) staining as a standard procedure and
detection using the FACStar flow cytometer (Becton
Dickinson, NJ, USA). For apoptosis rate evaluation, cells were
stained with Annexin V/PI and Annexin V/fluorescein
isothiocyanate, followed by detection using the FACStar flow
cytometer (Becton Dickenson).

TRAP Staining
RAW264.7 cells and BMMs were grown in 96-wells plates and
induced to osteoclasts, as previously described. Upon observation
of multi-nucleated osteoclasts, TRAP staining was performed
according to manufacturer protocol (TRAP staining kit (Sigma,
MO, USA). Cells were counted using an optical microscope (Leica
Microsystems, Wetzlar, Germany), and TRAP + cells including
three or more nuclei were considered mature osteoclasts.
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Focal Adhesion Kinase Staining Assay
Cells in 96-well plates were rinsed with PBS and fixed for 30 min
using 4% PFA at 37°C, followed by washing twice with wash
buffer and permeabilization with Triton X-100. Cells were then
washed again and blocked with 2% BSA for 20 min. After being
stained with tetramethylrhodamine-conjugated phalloidin for
1.5 h, the cells were washed twice with wash buffer. Nuclear
counterstaining was performed with DAPI. The fluorescence
images were visualized by fluorescence microscopy (Nikon,
Tokyo, Japan).

Pit Formation Assay
BMMs were generated on bovine cortical bone slices and induced
according to experimental requirements. After rinsing with
sodium hypochlorite, the bone slices were incubated in
toluidine blue for 5 min. Images were collected using an
inverted microscope (Leica Microsystems), and the relative
resorption area was determined by ImageJ.

Alkaline Phosphatase and Alizarin Red S
Staining
MC3T3-E1 cells were cultured on 24-well plates and maintained
in an osteogenic medium. Cells were fixed for 30 min in 70%
ethanol and rinsed twice with deionized water. ALP activity was
assessed using the NBT/BCIP substrate system (Sigma-Aldrich).
For alizarin red S staining, cells were prepared, as previously
described, and then stained in alizarin red stain solution. Images
were acquired using an inverted microscope.

RNA Extraction and qRT-PCR
RNA was obtained using TRIzol buffer, and concentrations were
determined using a NanoDrop ND-1000 microplate reader
(Thermo, Loughborough, UK). A260/A280 measurements
were used to assess RNA purity, and cDNA was synthesized
using PrimeScriptTM Reverse Transcriptase (Takara, Japan). For
qRT-PCR, 2 µl of cDNA was mixed with SYBR Green super mix
and a primer pair (Sangon Biotech). The expression of DUSP6,
CTSK, c-Fos, MMP9, NFATc1, CD9, OSCAR, PU.1, ATP6V0d2,
RUNX2, COL1α1, and ALPL was assessed, with GAPDH used as
a reference. All primer sequences are listed in Supplementary
Table S1.

RNA Sequencing Transcriptomics and
Bioinformatics Analyses
Gene expression in RAW264.7 cells induced in differentiation
medium with or without BCI (2 μM) for 3 days was determined
by RNA-seq analysis. Assays were performed in triplicate, and
sequencing was performed by Sangon Biotech using a HiseqTM
2500 system (Illumina). Data analyses were carried out using the
DEGseq R package (Wang et al., 2010), and differentially
expressed genes (DEGs) were identified with thresholds of |
logFC| >1 and an adjusted p < 0.05. Gene Ontology (GO)
annotations and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis of the DEGs were carried out using the
clusterProfiler R package (Yu et al., 2012). Gene Set Enrichment

Analysis (GSEA) (Powers et al., 2018) was performed using the h.
all.v7.2. symbols.gmt reference gene set, with p < 0.05 and false
discovery rate (FDR) < 0.25 considered statistically significant.

Western Blot
Cells were washed in pre-cooled PBS and lysed on ice with RIPA
buffer plus the protease inhibitor and phosphatase inhibitors for
30 min. At least 40 µg of proteins were electrophoresed by SDS-
PAGE gels and then transferred to PVDF membrane. Blocking
was performed with 4% BSA in TBST for 2 h, followed by probing
of the membranes with specific primary antibodies (1:1,000)
overnight and washing with TBST four times. After incubation
with HRP-linked secondary antibodies for 1.5 h and washing with
TBST four times, images were obtained using a Bio-Rad imaging
system (CA, United States) and ECL luminous fluid.

Nuclear Translocation of p65 and NFATc1
To observe the impact of BCI on the nuclear translocation of
NFATc1 and NF-kB/p65 during RANKL-induced
osteoclastogenesis, RAW264.7 cells pretreated with or without
2 μM BCI for 2 h were induced with 100 ng/ml RANKL for
20 min, followed by fixation in 4% PFA, permeabilization with
Triton X-100, and blocked with 4% BSA for 1.5 h. The cells were
then probed in specific primary antibodies overnight at 4°C,
followed by incubation with Alexa Fluor 647-labeled
secondary antibodies (Proteintech). Nuclei counterstaining was
carried out with DAPI. Fluorescence images were visualized by
confocal microscopy (Leica Microsystems), and fluorescence
intensities were analyzed with ImageJ.

Co-IP Assays
RAW264.7 was induced in a differentiation medium with or
without BCI (1–2 μM) for 3 days, followed by incubation with
lysis buffer on ice for 1 h and centrifugation at 12,000g. Immune
complexes were formed by adding anti-NF-kB/p65 (1:150) to the
cell lysate and incubating overnight at 4°C. IP of NF-kB/p65 was
carried out using protein A and G magnetic beads (Thermo, MA,
USA) per manufacturer instructions. IP complexes were obtained
by incubating with the magnetic beads for 60 min under room
temperature. Then magnetic beads were then collected on a
magnetic stand, washed three times in IP buffer, and the
immunocomplexes were washed with elution buffer and
detected using western blot.

Establishment of the OVX Mouse Model of
Osteoporosis
Female C57BL/6 mice (8-weeks old) were acquired from the
Animal Center of the Army Medical University (Chongqing,
China) and randomized into groups: Sham, OVX, OVX + low-
dose (15 mg/kg) BCI, and OVX + high-dose (30 mg/kg) BCI
groups. After anesthetization by intraperitoneal injection of 5%
chloral hydrate, the mice were bilaterally ovariectomized to
establish the osteoporosis model. Mice in the Sham group
underwent a sham operation. After recovering, mice from
different groups were administered BCI (15 or 30 mg/kg) or
saline by intraperitoneal injection for 7 weeks. The mice were
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housed in an SPF environment in the Animal Center of the Army
Medical University. Experiments were approved by the Ethics
Committee of the ArmyMedical University and carried out based
on its guidelines.

Micro-Computed Tomography and
Histologic Assessment
After euthanasia, femurs of mice were fixed with 4% PFA for
micro-CT scanning (Bruker, Kontich, Belgium), after which all of
the samples were decalcified using a 10% EDTA solution for

10 days. H&E, Masson, and TRAP staining were then carried out
as previously described. Sections were observed using an inverted
microscope (Leica Microsystems), and morphological evaluation
of liver and kidney tissues was performed via H&E staining.

Statistical Analysis
Data are presented as the mean ± standard deviation, and
statistical analysis was carried out using GraphPad Prism.
Student’s t-tests were used to comparison of two groups, and
one-way ANOVA was used to comparison of three or more
groups. A p < 0.05 was considered significant.

FIGURE 1 | The effects of BCI treatment on cell cycle, viability, and apoptosis. (A)Chemical structure of BCI. (B,C) RAW264.7 cells and BMMs induced by RANKL
andM-CSFwere treated with various concentrations of BCI for 1 and 3 days, followed by CCK-8 assays to assess cell viability. (D,E) Flow cytometric analysis to evaluate
apoptosis and cell cycle progression of BMMs treated with or without BCI. (F) Confirmation of BCI-mediated suppression of DUSP6 expression in RAW264.7 cells and
BMMs during RANKL-mediated osteoclast differentiation. *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 2 | BCI suppresses RANKL-induced osteoclast differentiation. (A) TRAP staining results showing the effects of different doses of BCI on osteoclast
differentiation. (B) Immunofluorescence staining of NFATc1 nuclear translocation according to BCI treatment. qRT-PCR analysis of the expression of osteoclast-specific
genes (CTSK, MMP9, NFATc1, and c-Fos) during osteoclastogenesis in BCI-treated (C–F) RAW264.7 cells and (G–J) BMMs. (K) Western blot analysis of osteoclast
marker levels during RANKL-induced osteoclastogenesis and at different BCI dosages. (L) Western blot analysis of osteoclast marker levels during RANKL-
induced osteoclastogenesis following BCI treatment for the indicated times. *p < 0.05, **p < 0.01, ***p < 0.001.
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RESULTS

The Effects of BCI Treatment on Cell Cycle,
Viability, and Apoptosis
The chemical structure of BCI is displayed in Figure 1A. First, we
assessed BCI toxicity to RAW264.7 cells and BMMs during
treatment for 1 and 3 days, with the results revealing that low-
dose BCI (≤2 μM and ≤4 μM) showed no cytotoxic effects on
RAW264.7 cells and BMMs, respectively (Figures 1B,C). To
further evaluate the effect of BCI on apoptosis and cell cycle
progression, we carried out flow cytometric. The results indicated
that BCI (≤4 μM) had no obvious effect on cell cycle progression
(Figure 1D) or apoptosis (Figure 1E) in BMMs.We subsequently
confirmed that BCI suppressed DUSP6 protein expression in
RAW264.7 cells and BMMs during RANKL-mediated osteoclast
differentiation (Figure 1F). These results indicated that BCI
inhibited DUSP6 expression but does not affect cell viability,
cell cycle progression, or apoptosis at certain concentrations.

BCI Suppresses RANKL-Mediated
Osteoclast Formation
To determine whether BCI-mediated DUSP6 inhibition
suppresses RANKL-mediated osteoclast differentiation, we
performed TRAP staining of RAW264.7 cells and BMMs.
Figure 2A shows that BCI treatment attenuated osteoclast
formation in a concentration-dependent way. Previous studies
report that during osteoclast activation, NFATc1 translocates
from cytoplasm to nucleus and transcribes downstream
osteoclast-specific genes (Henriksen et al., 2011). To evaluate
the effect of DUSP6 inhibition on NFATc1 nuclear translocation,
RAW264.7 cells pretreated with or without 2 μMBCI for 2 h were
induced with 100 ng/ml RANKL for 20 min. Our results indicated
that RANKL-mediated NFATc1 nuclear translocation was
repressed by BCI treatment (Figure 2B). Moreover, qRT-PCR
evaluation of BCI-specific effects on osteoclast-specific genes
expression (CTSK, MMP9, NFATc1, and c-Fos) revealed
significant downregulation of their mRNA levels following BCI
treatment of RAW264.7 cells (Figures 2C–F) and BMMs
(Figures 2G–J) in a concentration-dependent manner.
Western blot subsequently confirmed a similar dose-dependent
downregulation of osteoclastic maker proteins following BCI
exposure (Figures 2K,L).

BCI Attenuates RANKL-Mediated
Osteoclast Fusion and Resorption
To further evaluate the impact of DUSP6 inhibition on
osteoclastic fusion, we carried out FAK staining of induced
RAW264.7 treated with various doses of BCI. FAK staining
indicated obvious reductions in the number of F-actin rings
following BCI treatment (Figure 3A). Additionally, qRT-PCR
results demonstrated that mRNA levels of osteoclast-fusion genes
(ATP6v0d2, PU.1, OSCAR, and CD9) were reduced by BCI
treatment (Figures 3B–E), which agreed with FAK-staining
results. For the pit-formation assay, BMMs were induced in

differentiation medium with or without BCI for 7 days, with
quantitative results revealing marked reductions in the number of
resorption pits under BCI treatment (Figure 3F).

Transcriptome Analysis Following BCI
Treatment
To elucidate the mechanism associated with BCI-mediated
inhibition of osteoclastogenesis, the transcriptome of RANKL-
induced RAW264.7 cells treated with or not with BCI was
determined by RNA-seq analysis. The results identified 177
downregulated genes and 45 upregulated genes following BCI
treatment. Figure 4A shows a volcano plot illustrating the
distribution of DEGs. Moreover, RNA-seq analysis indicated
that the expression of osteoclast-specific genes was
significantly diminished following BCI treatment (Figure 4B),
which was consistent with the qRT-PCR results.

We then performed GO and KEGG enrichment analysis to
predict the functions and pathways associated with the 50 most
significant DEGs under BCI treatment. The biological processes
for these genes were predominantly enriched in receptor-ligand
activity, chemokine activity, and regulation of osteoclast
differentiation. The molecular functions for these genes mainly
involved responses to LPS, neutrophil migration, and neutrophil
chemotaxis (Figure 4C). The results of KEGG enrichment
revealed the involvement of several major pathways, including
those related to cytokine–cytokine receptor interaction, osteoclast
differentiation, rheumatoid arthritis, and NF-κB and TNF
signaling pathways (Figure 4D). These findings confirmed that
BCI inhibited osteoclast differentiation and implicated several
downstream signaling pathways.

BCI Represses RANKL-Induced STAT3 and
NF-ĸB–NFATc1 Signaling
Based on the results of KEGG pathway analysis (Figure 4D), we
performed GSEA, with the results revealing significant
enrichment of the TNF-α signaling via NF-κB in RANKL-
induced cells but relatively little enrichment in cells cultured
with BCI (Figure 5A). Additionally, immunofluorescence
staining of NF-κB/p65 showed that nuclear translocation of
NFκB/p65 was significantly upregulated following RANKL
induction, whereas the presence of BCI suppressed this
process (Figure 5B).

STAT3 can induce NF-κB activity and subsequently activate
transcriptional regulation of downstream osteoclast-related
genes, including CTSK and TRAP (Fan et al., 2013; Hu et al.,
2020). Therefore, we detected STAT3 and NF-ĸB activities by
western blot using induced RAW264.7 cells treated with or not
with BCI (2 μM) for various times periods (5, 15, 30, and 60 min).
Figure 5C shows that BCI significantly attenuated Ser727 and
Tyr705 phosphorylation of STAT3 at 5, 15, and 30 min relative to
that observed in the absence of BCI treatment. Additionally,
phosphorylation of the p65 subunit and IκBα was suppressed by
BCI at 15 and 30 min relative to that observed in the absence of
BCI treatment (Figures 5C,D).
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NFATc1 is a significant modulator of genes related to
osteoclast differentiation (Liu et al., 2019). Our previous
results in Figure 4 revealed that NFATc1 expression was
downregulated following BCI treatment in a concentration-
and time-dependent manner. Moreover, Co-IP to investigate
interactions between NF-ĸB/p65 and NFATc1 indicated that

this interaction was repressed under BCI treatment
(Figure 5E). We then investigated whether inhibiting DUSP6
restrains MAPK signaling by measuring levels of phosphorylated
p38, JNK, and ERK, with the results showing no changes in p-p38,
p-JNK, and p-ERK levels under BCI treatment (Figures 6A,B).
These results revealed that BCI inhibited RANKL-mediated

FIGURE 3 | BCI inhibits RANKL-mediated osteoclast fusion and resorption. (A) Images of FAK staining of RANKL-induced RAW264.7 cells and treated with or
without different dosages of BCI. Scale bars, 100 µm. (B–E) qRT-PCR analysis of the expression of osteoclast-fusion genes (ATP6v0d2, PU.1, OSCAR, and CD9) during
RANKL-induced osteoclastogenesis in the presence of BCI. (F) Pit-formation assay assessing the effect of BCI on RANKL-induced osteoclast bone-resorption activity.
Scale bars, 100 µm. The significant difference between the RANKL group and BCI-treated groups was expressed as*p < 0.05, **p < 0.01, ***p < 0.001.
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osteoclast differentiation possibly by altering STAT3 and NF-
ĸB–NFATc1 signaling.

BCI Does Not Affect Osteoblast
Differentiation or Mineralization
In addition to osteoclasts, bone-forming osteoblasts are critical
regulators of bone homeostasis (Choi et al., 2013). First, we
verified that BCI was not cytotoxic to the MC3T3-E1 cell line
by CCK-8 assay, with the data indicating no significant changes in
cell viability after 48 and 96 h of treatment with BCI (<4 µM)
(Figure 7A). We then evaluated the effect of BCI on mRNA levels
of key osteogenic differentiation genes (RUNX2, COL1α1, and
ALPL). qRT-PCR results showed that BCI (<4 µM) treatment did
not significantly alter the expression of these osteoblast-specific
genes (Figure 7B). Moreover, we evaluated osteogenesis and
mineralization of MC3T3-E1 cells under BCI treatment
through ALP and alizarin red S staining. As expected, the
results revealed no significant change between the control and

BCI groups (Figures 7C,D). The above results demonstrated that
BCI effectively inhibited osteoclast differentiation without
affecting osteogenic differentiation.

BCI Ameliorates OVX-Induced Bone Loss
We subsequently evaluated the effect of BCI in vivo following
establishment of an OVX-induced osteoporotic mouse model.
Low- or high-concentration (15 mg/kg or 30 mg/kg) BCI was
injected intraperitoneally for 8 weeks, and bone loss was
evaluated by micro-CT. We observed that bone loss was
prevented in both the low- and high-concentration BCI
groups (Figure 8A). Moreover, quantitative results indicated
obvious increases in bone volume/total tissue volume (BV/
TV), trabecular number (Tb.N), bone mineral density (BMD),
and bone surface density (BS/TV) in both BCI-treated groups
relative to the OVX group (Figure 8B). Consistent with the
micro-CT results, H&E and Masson staining revealed obvious
bone destruction in samples from the OVX group, whereas this
was rarely observed in samples from the BCI-treated groups

FIGURE 4 | Transcriptome analysis of BCI-treated osteoclast differentiation. (A) The distribution of DEGs is presented as a volcano plot. (B) Heatmap illustrating
differences in the expression of osteoclast-specific genes between RANKL-induced BCI-treated and -untreated groups via transcriptome analysis. (C,D)GO and KEGG
enrichment results for the top 50 DEGs between RANKL-induced BCI-treated and -untreated groups. *p < 0.05, **p < 0.01, ***p < 0.001.
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(Figure 8C). Furthermore, TRAP staining detected significant
amounts of TRAP + cells in samples from the OVX group relative
to Sham samples, and BCI treatment at both concentrations
reduced the number of TRAP + osteoclasts per bone surface
relative to the OVX group (Figure 8C). To assess hepatorenal
toxicity under BCI treatment, we performed histologic analysis of
the liver and kidney. The liver of mice from the sham and OVX
group showed a normal structure, portal triad structure, and a
central vein, whereas no apparent pathological changes were

observed in the liver structures of BCI-treated mice
(Figure 8D). Similarly, we observed no obvious pathological
changes in kidney structures in BCI-treated animals
(Figure 8D). These results suggested that BCI exhibited
protective effects against OVX-induced osteoporosis by
inhibiting osteoclast activation without significant hepatorenal
toxicity. Schematic showing BCI-mediated regulation of RANKL-
induced osteoclast differentiation and amelioration of OVX-
induced osteoporosis was shown in Figure 9.

FIGURE 5 | BCI suppresses RANKL-induced osteoclastogenesis via inhibiting NF-κB–NFATc1 interaction. (A) GSEA results showing altered TNF-α signaling via
NF-κB expression and activation (adjusted p � 0.019; FDR q-value � 0.015). (B) Immunofluorescence staining of p65 during RANKL-induced osteoclastogenesis and
with or without BCI treatment. (C,D)Western blot and corresponding quantification results showing levels of IκBα, p-IκBα, p65, p-p65, STAT3, and p-STAT3 at various
time points (0, 5, 15, 30, and 60 min) in the control and BCI-treated groups. (E) Co-IP to assess NF-κB/p65 interaction with NFATc1. GAPDH was selected as the
internal reference. *p < 0.05, **p < 0.01, ***p < 0.001.
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DISCUSSION

Osteoporosis is a common and frequent skeletal disorder in the
elderly and mainly characterized by increased bone resorption,
destruction of bone microstructure, and higher fracture risk
(Sobacchi et al., 2013). Increases in age correlate with increases

in the rate of osteoporosis, which seriously harms patient health
(Nakashima et al., 2012). Bone remodeling and reconstruction are
mainly achieved through osteoclast-regulated resorption and
osteoblast-mediated bone formation (Henriksen et al., 2011).
Maintaining a dynamic balance of bone-remodeling processes is
essential for bone homeostasis. Osteoporosis occurs when bone

FIGURE 6 | BCI suppresses RANKL-induced osteoclastogenesis independent of MAPK signaling. (A,B) Western blot and corresponding quantification results
showing levels of JNK, p-JNK, ERK, p-ERK, p38, and p-p38 at various time points (0, 5, 15, 30, and 60 min) in the control and BCI-treated groups. GAPDHwas selected
as the internal reference. *p < 0.05, **p < 0.01, ***p < 0.001.

FIGURE 7 | BCI does not affect osteogenic differentiation or mineralization. (A) CCK-8 evaluation of MC3T3-E1 cell viability following treatment with or without
various doses of BCI for 48 and 96 h (B) qRT-PCR analysis of mRNA levels of key osteogenic differentiation genes (RUNX2, COL1α1, and ALPL) following BCI treatment.
(C,D) Representative images of ALP and mineralization activity and corresponding quantification results in MC3T3-E1 cells induced by osteogenesis-inducing fluid and
treated with or without different doses of BCI.
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resorption is greater than bone formation (Choi et al., 2013).
Current first-line drugs for osteoporosis, such as
bisphosphonates, mainly target osteoporosis caused by increased

bone resorption (Leder et al., 2015); however, numerous studies
report serious complications. For example, long-term use of
chloromethyl bisphosphonate can lead to kidney damage, jaw

FIGURE 8 | BCI protects against OVX-induced osteoporosis in mice. (A)Micro-CT images and 3D reconstruction of femurs from mice in the Sham, OVX, OVX +
low-dose BCI, and OVX + high-dose BCI groups. (B) Statistical analysis of the bone parameters BV/TV, Tb.N, BMD, and BS/TV. (C) Representative images of
histomorphologic analysis, including H&E, Masson, and TRAP staining. (D) H&E staining showing pathological changes in the liver and kidney of mice from each group.
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lesions, esophageal cancer, and other serious consequences (Yuan
et al., 2019). Thus, it is important to develop safe and effective anti-
bone-resorption drugs to treat osteoporosis.

In the present research, we deeply explore the effect of BCI on
osteoclastogenesis, revealing that BCI significantly inhibited
osteoclast formation. Additionally, BCI inhibited osteoclast
differentiation in a time and concentration-dependent manner.
Bioinformatics analysis and experimental verification suggested
that BCI inhibited osteoclastogenesis by altering STAT3 and NF-
kB–NFATc1 signaling. Moreover, in vivo results showed that BCI
treatment mitigated bone loss in OVX mouse model.

DUSP6 is a member of the MAPK phosphatase family and is
responsible for dephosphorylating molecules at specific amino acid
residues (Arkell et al., 2008). Recent research on mouse embryonic
development showed that DUSP6 is a negative-feedbackmodulator of
FGF receptor (FGFR)-mediated signaling, and thatDUSP6mutations
are causal candidates for unexplained cases of FGFR-like syndromes.
Regarding inflammation, DUSP6 reportedly promotes the inducible
expression of intercellular adhesion molecule-1 via NF-κB activity in
primary human endothelial cells, thereby promoting endothelial
inflammation (Hsu SF. et al., 2018). Regulation of DUSP6 activity
may be an effective clinical treatment modality.

BCI is a small-molecule inhibitor that reportedly attenuates
DUSP6 levels and has been reported to have many biological
functions such as tumor suppression and anti-inflammatory (Li
et al., 2007; Hsu WC. et al., 2018; Wu et al., 2018). An in vivo
study first reported the effects of BCI on zebrafish and revealed
that BCI promotes the expression of fibroblast growth factor
(FGF) in zebrafish embryos (Molina et al., 2009). Wu et al. (2018)
reported that elevated DUSP6 expression is related to unfavorable
prognosis in gastric tumors and that inhibiting DUSP6 using BCI
markedly induced gastric cancer cell apoptosis and suppressed its
proliferation. Additionally, an in vitro study found that BCI
attenuates lipopolysaccharide (LPS)-induced proinflammatory

responses in macrophages by activating Nrf2 (Zhang et al.,
2019). Due to its close association with inflammatory signals,
we hypothesized that BCI might affect osteoclast differentiation.

Our research demonstrated that BCI significantly inhibited
osteoclast formation, fusion, and bone resorption according to
TRAP staining, FAK staining, and pit-formation assays in BMMs
and RAW 264.7 cells.

When RANKL binds to RANK located in preosteoclasts,
osteoclastic differentiation is triggered by activation of
downstream signals, including those involving c-Fos and NFATc1
(Luo et al., 2016). NFATc1 is a significant modulator of osteoclast-
specific gene transcription, including TRAP, CTSK, and MMP9.

In our research, we found that BCI repressed c-Fos and
NFATc1 expression in a concentration- and time-dependent
way, as well as significantly downregulated the expression of
the osteoclast marker genes such as CTSK and MMP9.

During osteoclastogenesis, RANKL–RANK interaction recruits
TRAF6 (Walsh and Choi, 2014), followed by formation of the
RANKL–RANK–TRAF6 complex, which activates TAK1 and
initiates downstream MAPK and NF-κB signaling (Strickson et al.,
2017). To explore the downstreammolecular events of BCI-mediated
inhibition of osteoclast differentiation, we used BCI to intervene in
RANKL-induced osteoclastogenesis and performed transcriptome
analysis. KEGG analysis of the identified DEGs indicated marked
enrichment in pathways related to osteoclast differentiation and NF-
κB activity, with GSEA also indicating significant downregulation of
TNF-α signaling via NF-κB activation following BCI treatment.

NF-κB activation requires IκBα phosphorylation by IκB
kinase, which promotes NF-κB/p65 translocation to the
nucleus to promote transcriptional activity by factors, such as
NFATc1 targeting osteoclast-specific genes (de la Rica et al.,
2015). In the present research, we revealed that BCI treatment
reversed RANKL-induced nuclear translocation of NF-κB/p65
via suppressed phosphorylation of IκBα. Moreover, co-IP assays

FIGURE 9 | Schematic showing BCI-mediated regulation of RANKL-induced osteoclast differentiation and amelioration of OVX-induced osteoporosis.
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demonstrated that BCI attenuated the interaction between NF-
κB/p65 and NFATc1. In summary, we speculated that BCI
inhibits NFATc1 expression by suppressing the activation and
nuclear translocation of NF-κB/p65, thereby inhibiting
osteoclastogenesis. Furthermore, MAPK signaling is critical for
osteoclastogenesis (Suda et al., 1999); however, in our research,
western blot results showed that BCI treatment inhibited
osteoclast differentiation independent of MAPK signaling.
Additionally, STAT3 participates in osteoclast formation and
bone homeostasis by modulating chronic inflammation
(Walton et al., 2002). A recent study reported that STAT3
binds the promoter region of NFATc1 to activate its
transcription, and that deletion of STAT3 inhibited osteoclast
maturation (Yang et al., 2019). In the present study, we revealed
that BCI treatment reduced STAT3 activity in RANKL-mediated
osteoclastogenesis, suggesting that BCI inhibited c-Fos and
NFATc1 expression during osteoclastogenesis by restraining
NF-kB and STAT3 activities.

We next assessed the in vivo effects of BCI on osteoporosis in a
mouse model. Micro-CT data revealed that BCI treatment protected
bone mass according to increases in BS/TV, BV/TV, Tb.N, and
BMD in the trabecular bone area of OVXmice. Additionally, TRAP
staining showed marked reductions in the number of TRAP +
mature osteoclasts in trabeculated tissue of the distal femur following
BCI treatment. Moreover, no obvious hepatotoxicity or
nephrotoxicity was noted in BCI-treated mice. Furthermore,
given that osteoblasts are critical regulators of bone homeostasis
(Hu and Olsen, 2016), we evaluated their response to BCI treatment.
ALP staining, alizarin red S staining, and qRT-PCR results
demonstrated that BCI did not affect osteoblast differentiation.

Although we revealed the potential significance and possible
mechanism of BCI in osteoclast formation and differentiation,
there are still few questions that need to be explored and answered.
First, a recent study found that DUSP6 expression is down-regulated
in spinal osteoporotic tissues and (E/Z)-BCI promotes osteoclast
formation via the ERK pathway (Zhang et al., 2021). Interestingly,
however, in another study on macrophage inflammation, Zhang et al.
found that DUSP6 was expression upregulated in LPS-activated
RAW264.7 cells and (E/Z)-BCI inhibits LPS-induced macrophage
inflammation in monocyte macrophages by inhibiting the NF-KB
pathway (Zhang et al., 2019). Consistent with the results of Zhang
et al., our results indicated that BCI hydrochloride significantly
inhibited RANKL-induced osteoclasts differentiation via STAT3-
NF-κB signaling. The reasons for this difference are not fully
established. One likely explanation is that BCI is divided into
different configurations (E configuration in our study). Drugs with
different configurations may have different biological effects. Besides
(E-Z)-BCI and BCI hydrochloride, although both DUSP6 inhibitors,
may also inhibit other DUSP family members and may influence
osteoclast formation. The effect of BCI on other DUSP family
members will need to be investigated in subsequent studies.

This article also has the following limitations. Although we
employed the BCI to evaluate its functions in osteoclastogenesis
and the underlying mechanisms, the specific target and deeper
mechanism of BCI inhibiting osteoclast differentiation remain to
be further studied. Bone homeostasis is an active process
involving bone resorption and formation; therefore, the precise

effect of BCI in vivo osteogenic differentiation requires further
investigation. Besides, due to technical difficulties and limited
funding, our animal experiments only focused on the changes of
the femur and ignored the influence of BCI on the vertebra. In
terms of pharmaceutical evaluation, we lack the use of positive
controls agents such as bisphosphonates to better evaluate the
value of BCI in inhibiting osteoclast differentiation, which needs
to be improved in the future; although we focused on the role of
BCI in osteoclast differentiation and the corresponding potential
molecular mechanism, we did not perform independent
pharmacokinetic studies, which is also one of our limitations.

In summary, we revealed that BCI inhibited RANKL-mediated
osteoclastogenesis by restraining STAT3 activity and NF-
κB–NFATc1 signaling in vitro and ameliorating OVX-induced
osteoporosis in vivo. These results indicated that targeting BCI
treatment might represent a novel treatment strategy for
osteoporosis.

DATA AVAILABILITY STATEMENT

The data presented in the study are deposited in the NCBI SRA
repository, accession number PRJNA769982.

AUTHOR CONTRIBUTIONS

CC developed the idea and designed the research. WH, SY, HQ,
RW, MM, and YQ analyzed the data. CC wrote the draft of the
manuscript. WH, YZ, XH, and TC obtained copies of the studies
and revised the writing. TC supervised the project. All authors
read and approved the submitted version.

FUNDING

This research was funded by the General project of Chongqing
Natural Science Foundation of China (No. cstc2020jcyj-
msxmX0688), National Key Research and Development Plan
Project (2016YFC1101504), and the Clinical Research Project
of the Second Affiliated Hospital of the Army Military Medical
University (2018XLC2016).

ACKNOWLEDGMENTS

Sincere thanks to Dr. Jiezhong Deng for his excellent assistance
with the molecular experiments. Special thanks to the Department
of Orthopaedics of Army Military Medical University Southwest
Hospital for their assistance in micro-CT scanning.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.772540/
full#supplementary-material

Frontiers in Pharmacology | www.frontiersin.org November 2021 | Volume 12 | Article 77254013

Cai et al. BCI Suppresses Osteoclastogenesis

https://www.frontiersin.org/articles/10.3389/fphar.2021.772540/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.772540/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


REFERENCES

Ahmad, M. K., Abdollah, N. A., Shafie, N. H., Yusof, N. M., and Razak, S. R. A.
(2018). Dual-specificity Phosphatase 6 (DUSP6): a Review of its Molecular
Characteristics and Clinical Relevance in Cancer. Cancer Biol. Med. 15 (1),
14–28. doi:10.20892/j.issn.2095-3941.2017.0107

Arkell, R. S., Dickinson, R. J., Squires, M., Hayat, S., Keyse, S. M., and Cook, S. J.
(2008). DUSP6/MKP-3 Inactivates ERK1/2 but Fails to Bind and Inactivate
ERK5. Cell Signal 20 (5), 836–843. doi:10.1016/j.cellsig.2007.12.014

Bertin, S., Lozano-Ruiz, B., Bachiller, V., García-Martínez, I., Herdman, S., Zapater,
P., et al. (2015). Dual-specificity Phosphatase 6 Regulates CD4+ T-Cell
Functions and Restrains Spontaneous Colitis in IL-10-deficient Mice.
Mucosal Immunol. 8 (3), 505–515. doi:10.1038/mi.2014.84

Choi, H. K., Kang, H. R., Jung, E., Kim, T. E., Lin, J. J., and Lee, S. Y. (2013).
Early Estrogen-Induced Gene 1, a Novel RANK Signaling Component, Is
Essential for Osteoclastogenesis. Cell Res 23 (4), 524–536. doi:10.1038/
cr.2013.33

de la Rica, L., García-Gómez, A., Comet, N. R., Rodríguez-Ubreva, J., Ciudad,
L., Vento-Tormo, R., et al. (2015). NF-κB-direct Activation of microRNAs
with Repressive Effects on Monocyte-specific Genes Is Critical for
Osteoclast Differentiation. Genome Biol. 16 (1), 2. doi:10.1186/s13059-
014-0561-5

Fan, Y., Mao, R., and Yang, J. (2013). NF-κB and STAT3 Signaling Pathways
Collaboratively Link Inflammation to Cancer. Protein Cell 4 (3), 176–185.
doi:10.1007/s13238-013-2084-3

Henriksen, K., Bollerslev, J., Everts, V., and Karsdal, M. A. (2011). Osteoclast
Activity and Subtypes as a Function of Physiology and Pathology-Iimplications
for Future Treatments of Osteoporosis. Endocr. Rev. 32 (1), 31–63. doi:10.1210/
er.2010-0006

Hsu, S. F., Lee, Y. B., Lee, Y. C., Chung, A. L., Apaya, M. K., Shyur, L. F., et al.
(2018a). Dual Specificity Phosphatase DUSP6 Promotes Endothelial
Inflammation through Inducible Expression of ICAM-1. Febs j 285 (9),
1593–1610. doi:10.1111/febs.14425

Hsu, W. C., Chen, M. Y., Hsu, S. C., Huang, L. R., Kao, C. Y., Cheng, W. H., et al.
(2018b). DUSP6 Mediates T Cell Receptor-Engaged Glycolysis and Restrains
TFH Cell Differentiation. Proc. Natl. Acad. Sci. U S A. 115 (34), E8027–e8036.
doi:10.1073/pnas.1800076115

Hu, J., Li, X., Chen, Y., Han, X., Li, L., Yang, Z., et al. (2020). The Protective Effect of
WKYMVm Peptide on Inflammatory Osteolysis through Regulating NF-Κb
and CD9/gp130/STAT3 Signalling Pathway. J. Cel Mol Med 24 (2), 1893–1905.
doi:10.1111/jcmm.14885

Hu, K., and Olsen, B. R. (2016). Osteoblast-derived VEGF Regulates Osteoblast
Differentiation and Bone Formation during Bone Repair. J. Clin. Invest. 126 (2),
509–526. doi:10.1172/jci82585

Kearns, A. E., Khosla, S., and Kostenuik, P. J. (2008). Receptor Activator of
Nuclear Factor kappaB Ligand and Osteoprotegerin Regulation of Bone
Remodeling in Health and Disease. Endocr. Rev. 29 (2), 155–192.
doi:10.1210/er.2007-0014

Khalili, H., Huang, E. S., Ogino, S., Fuchs, C. S., and Chan, A. T. (2012). A
Prospective Study of Bisphosphonate Use and Risk of Colorectal Cancer. J. Clin.
Oncol. 30 (26), 3229–3233. doi:10.1200/jco.2011.39.2670

Kim, H. S., Nam, S. T., Mun, S. H., Lee, S. K., Kim, H. W., Park, Y. H., et al.
(2017). DJ-1 Controls Bone Homeostasis through the Regulation of
Osteoclast Differentiation. Nat. Commun. 8 (1), 1519. doi:10.1038/s41467-
017-01527-y

Leder, B. Z., Tsai, J. N., Uihlein, A. V., Wallace, P. M., Lee, H., Neer, R. M., et al.
(2015). Denosumab and Teriparatide Transitions in Postmenopausal
Osteoporosis (The DATA-Switch Study): Extension of a Randomised
Controlled Trial. Lancet 386 (9999), 1147–1155. doi:10.1016/s0140-6736(15)
61120-5

Li, C., Scott, D. A., Hatch, E., Tian, X., and Mansour, S. L. (2007). Dusp6 (Mkp3) Is
a Negative Feedback Regulator of FGF-Stimulated ERK Signaling duringMouse
Development. Development 134 (1), 167–176. doi:10.1242/dev.02701

Li, G. Y., Zhou, Y., Ying, R. S., Shi, L., Cheng, Y. Q., Ren, J. P., et al. (2015). Hepatitis
C Virus-Induced Reduction in miR-181a Impairs CD4(+) T-Cell Responses
through Overexpression of DUSP6.Hepatology 61 (4), 1163–1173. doi:10.1002/
hep.27634

Li, X., Liu, R., Su, X., Pan, Y., Han, X., Shao, C., et al. (2019). Harnessing Tumor-
Associated Macrophages as Aids for Cancer Immunotherapy. Mol. Cancer 18
(1), 177. doi:10.1186/s12943-019-1102-3

Liu, Y., Wang, C., Wang, G., Sun, Y., Deng, Z., Chen, L., et al. (2019). Loureirin B
Suppresses RANKL-Induced Osteoclastogenesis and Ovariectomized
Osteoporosis via Attenuating NFATc1 and ROS Activities. Theranostics 9
(16), 4648–4662. doi:10.7150/thno.35414

Luo, J., Yang, Z., Ma, Y., Yue, Z., Lin, H., Qu, G., et al. (2016). LGR4 Is a Receptor
for RANKL and Negatively Regulates Osteoclast Differentiation and Bone
Resorption. Nat. Med. 22 (5), 539–546. doi:10.1038/nm.4076

Maillet, M., Purcell, N. H., Sargent, M. A., York, A. J., Bueno, O. F., and Molkentin,
J. D. (2008). DUSP6 (MKP3) Null Mice Show Enhanced ERK1/2
Phosphorylation at Baseline and Increased Myocyte Proliferation in the
Heart Affecting Disease Susceptibility. J. Biol. Chem. 283 (45), 31246–31255.
doi:10.1074/jbc.M806085200

Molina, G., Vogt, A., Bakan, A., Dai, W., Queiroz de Oliveira, P., Znosko, W., et al.
(2009). Zebrafish Chemical Screening Reveals an Inhibitor of Dusp6 that
Expands Cardiac Cell Lineages. Nat. Chem. Biol. 5 (9), 680–687.
doi:10.1038/nchembio.190

Nakashima, T., Hayashi, M., and Takayanagi, H. (2012). New Insights into
Osteoclastogenic Signaling Mechanisms. Trends Endocrinol. Metab. 23 (11),
582–590. doi:10.1016/j.tem.2012.05.005

Powers, R. K., Goodspeed, A., Pielke-Lombardo, H., Tan, A. C., and Costello, J. C.
(2018). GSEA-InContext: Identifying Novel and Common Patterns in
Expression Experiments. Bioinformatics 34 (13), i555–i564. doi:10.1093/
bioinformatics/bty271

Rachner, T. D., Khosla, S., and Hofbauer, L. C. (2011). Osteoporosis: Now and
the Future. Lancet 377 (9773), 1276–1287. doi:10.1016/s0140-6736(10)
62349-5

Shankar, E., Vykhovanets, E. V., Vykhovanets, O. V., Maclennan, G. T., Singh, R.,
Bhaskaran, N., et al. (2012). High-fat Diet Activates Pro-inflammatory
Response in the Prostate through Association of Stat-3 and NF-Κb. Prostate
72 (3), 233–243. doi:10.1002/pros.21425

Sobacchi, C., Schulz, A., Coxon, F. P., Villa, A., and Helfrich, M. H. (2013).
Osteopetrosis: Genetics, Treatment and New Insights into Osteoclast Function.
Nat. Rev. Endocrinol. 9 (9), 522–536. doi:10.1038/nrendo.2013.137

Strickson, S., Emmerich, C. H., Goh, E. T. H., Zhang, J., Kelsall, I. R., Macartney, T.,
et al. (2017). Roles of the TRAF6 and Pellino E3 Ligases in MyD88 and RANKL
Signaling. Proc. Natl. Acad. Sci. U S A. 114 (17), E3481–e3489. doi:10.1073/
pnas.1702367114

Suda, T., Takahashi, N., Udagawa, N., Jimi, E., Gillespie, M. T., and Martin, T. J.
(1999). Modulation of Osteoclast Differentiation and Function by the New
Members of the Tumor Necrosis Factor Receptor and Ligand Families. Endocr.
Rev. 20 (3), 345–357. doi:10.1210/edrv.20.3.0367

Walsh, M. C., and Choi, Y. (2014). Biology of the RANKL-RANK-OPG System in
Immunity, Bone, and beyond. Front. Immunol. 5, 511. doi:10.3389/
fimmu.2014.00511

Walton, K. J., Duncan, J. M., Deschamps, P., and Shaughnessy, S. G. (2002).
Heparin Acts Synergistically with Interleukin-11 to Induce STAT3 Activation
and In Vitro Osteoclast Formation. Blood 100 (7), 2530–2536. doi:10.1182/
blood.V100.7.2530

Wang, L., Feng, Z., Wang, X., Wang, X., and Zhang, X. (2010). DEGseq: an R
Package for Identifying Differentially Expressed Genes from RNA-Seq Data.
Bioinformatics 26 (1), 136–138. doi:10.1093/bioinformatics/btp612

Wu, Q. N., Liao, Y. F., Lu, Y. X., Wang, Y., Lu, J. H., Zeng, Z. L., et al. (2018).
Pharmacological Inhibition of DUSP6 Suppresses Gastric Cancer Growth and
Metastasis and Overcomes Cisplatin Resistance. Cancer Lett. 412, 243–255.
doi:10.1016/j.canlet.2017.10.007

Yang, Y., Chung, M. R., Zhou, S., Gong, X., Xu, H., Hong, Y., et al. (2019). STAT3
Controls Osteoclast Differentiation and Bone Homeostasis by Regulating
NFATc1 Transcription. J. Biol. Chem. 294 (42), 15395–15407. doi:10.1074/
jbc.RA119.010139

Yu, G., Wang, L. G., Han, Y., and He, Q. Y. (2012). clusterProfiler: an R Package for
Comparing Biological Themes Among Gene Clusters. Omics 16 (5), 284–287.
doi:10.1089/omi.2011.0118

Yuan, F., Peng, W., Yang, C., and Zheng, J. (2019). Teriparatide versus
Bisphosphonates for Treatment of Postmenopausal Osteoporosis: A Meta-
Analysis. Int. J. Surg. 66, 1–11. doi:10.1016/j.ijsu.2019.03.004

Frontiers in Pharmacology | www.frontiersin.org November 2021 | Volume 12 | Article 77254014

Cai et al. BCI Suppresses Osteoclastogenesis

https://doi.org/10.20892/j.issn.2095-3941.2017.0107
https://doi.org/10.1016/j.cellsig.2007.12.014
https://doi.org/10.1038/mi.2014.84
https://doi.org/10.1038/cr.2013.33
https://doi.org/10.1038/cr.2013.33
https://doi.org/10.1186/s13059-014-0561-5
https://doi.org/10.1186/s13059-014-0561-5
https://doi.org/10.1007/s13238-013-2084-3
https://doi.org/10.1210/er.2010-0006
https://doi.org/10.1210/er.2010-0006
https://doi.org/10.1111/febs.14425
https://doi.org/10.1073/pnas.1800076115
https://doi.org/10.1111/jcmm.14885
https://doi.org/10.1172/jci82585
https://doi.org/10.1210/er.2007-0014
https://doi.org/10.1200/jco.2011.39.2670
https://doi.org/10.1038/s41467-017-01527-y
https://doi.org/10.1038/s41467-017-01527-y
https://doi.org/10.1016/s0140-6736(15)61120-5
https://doi.org/10.1016/s0140-6736(15)61120-5
https://doi.org/10.1242/dev.02701
https://doi.org/10.1002/hep.27634
https://doi.org/10.1002/hep.27634
https://doi.org/10.1186/s12943-019-1102-3
https://doi.org/10.7150/thno.35414
https://doi.org/10.1038/nm.4076
https://doi.org/10.1074/jbc.M806085200
https://doi.org/10.1038/nchembio.190
https://doi.org/10.1016/j.tem.2012.05.005
https://doi.org/10.1093/bioinformatics/bty271
https://doi.org/10.1093/bioinformatics/bty271
https://doi.org/10.1016/s0140-6736(10)62349-5
https://doi.org/10.1016/s0140-6736(10)62349-5
https://doi.org/10.1002/pros.21425
https://doi.org/10.1038/nrendo.2013.137
https://doi.org/10.1073/pnas.1702367114
https://doi.org/10.1073/pnas.1702367114
https://doi.org/10.1210/edrv.20.3.0367
https://doi.org/10.3389/fimmu.2014.00511
https://doi.org/10.3389/fimmu.2014.00511
https://doi.org/10.1182/blood.V100.7.2530
https://doi.org/10.1182/blood.V100.7.2530
https://doi.org/10.1093/bioinformatics/btp612
https://doi.org/10.1016/j.canlet.2017.10.007
https://doi.org/10.1074/jbc.RA119.010139
https://doi.org/10.1074/jbc.RA119.010139
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1016/j.ijsu.2019.03.004
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Zhang, B., Yuan, P., Xu, G., Chen, Z., Li, Z., Ye, H., et al. (2021). DUSP6 Expression
Is Associated with Osteoporosis through the Regulation of Osteoclast
Differentiation via ERK2/Smad2 Signaling. Cell Death Dis 12 (9), 825.
doi:10.1038/s41419-021-04110-y

Zhang, F., Tang, B., Zhang, Z., Xu, D., and Ma, G. (2019). DUSP6 Inhibitor (E/Z)-
BCI Hydrochloride Attenuates Lipopolysaccharide-Induced Inflammatory
Responses in Murine Macrophage Cells via Activating the Nrf2 Signaling
Axis and Inhibiting the NF-Κb Pathway. Inflammation 42 (2), 672–681.
doi:10.1007/s10753-018-0924-2

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Cai, Hu, Zhang, Hu, Yang, Qiu, Wang, Ma, Qiu and Chu. This is
an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org November 2021 | Volume 12 | Article 77254015

Cai et al. BCI Suppresses Osteoclastogenesis

https://doi.org/10.1038/s41419-021-04110-y
https://doi.org/10.1007/s10753-018-0924-2
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	BCI Suppresses RANKL-Mediated Osteoclastogenesis and Alleviates Ovariectomy-Induced Bone Loss
	Introduction
	Materials and Methods
	Drugs and Reagents
	Cell Culture and Osteoclast Differentiation
	Cytotoxicity Assays
	TRAP Staining
	Focal Adhesion Kinase Staining Assay
	Pit Formation Assay
	Alkaline Phosphatase and Alizarin Red S Staining
	RNA Extraction and qRT-PCR
	RNA Sequencing Transcriptomics and Bioinformatics Analyses
	Western Blot
	Nuclear Translocation of p65 and NFATc1
	Co-IP Assays
	Establishment of the OVX Mouse Model of Osteoporosis
	Micro-Computed Tomography and Histologic Assessment
	Statistical Analysis

	Results
	The Effects of BCI Treatment on Cell Cycle, Viability, and Apoptosis
	BCI Suppresses RANKL-Mediated Osteoclast Formation
	BCI Attenuates RANKL-Mediated Osteoclast Fusion and Resorption
	Transcriptome Analysis Following BCI Treatment
	BCI Represses RANKL-Induced STAT3 and NF-ĸB–NFATc1 Signaling
	BCI Does Not Affect Osteoblast Differentiation or Mineralization
	BCI Ameliorates OVX-Induced Bone Loss

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


