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I-BET151 inhibits osteoclastogenesis via the RANKL
signaling pathway in RAW264.7 macrophages
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Abstract. Excessive bone resorption mediated by osteoclasts
may lead to the risk of various lytic bone diseases. In the present
study, the effects of I-BET151, a bromodomain and extra
terminal domain protein inhibitor, on osteoclastogenesis in
RAW?264.7 cells and the underlying mechanism of this process
was investigated. Cells were divided into 6 groups, including
the control group, receptor activator of nuclear factor-kB ligand
(RANKL) group and 4 other groups containing RANKL and
I-BET151 at different concentrations. Tartrate-resistant acid
phosphatase (TRACP) staining was used to observe the effect
of I-BET151 on osteoclastogenesis and the number of TRACP
positive multinucleated cells was calculated. Western blotting
was used to evaluate the expression of tumor necrosis factor
receptor associated factor (TRAF6), nuclear factor of activated
T-cells cytoplasmic 1 (NFATCcl), transcription factor p65 (p65),
nuclear factor of « light polypeptide gene enhancer in B-cells
inhibitor-a (IkB-a), extracellular signal-regulated kinase, Jun
N-terminal kinase (JNK) and p38. mRNA expression levels
of osteoclast specific genes TRACP, matrix metallopro-
teinase-9 (MMPY), cathepsin K (CtsK) and proto-oncogene
tyrosine-protein kinase Src (c-Src) were measured using the
reverse transcription-quantitative polymerase chain reac-
tion (RT-qPCR). TRACP staining results demonstrated that
[-BET151 inhibited osteoclastogenesis induced by RANKL
and the inhibition was dose dependent. TRACP multinucleated
positive cells were significantly decreased when treated with
[-BET151 compared with the RANKL group. The inhibitory
effect on TRAF6 was significant when concentrations of 100
and 200 nM I-BET151 were used, and NFATcl was significantly
inhibited when a concentration of 200 nM was used compared
with the RANKL group, in a dose-dependent manner. Nuclear
translocation of p65 was significantly inhibited by I-BET151 atall
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concentrations. The degradation of IkB-a, and phosphorylation
of JNK and p38 were also significantly inhibited by I-BET151,
with the exception of the expression of IkB-a following treat-
ment with 50 nM I-BET151. The RT-qPCR results revealed that
osteoclast-specific genes TRACP, MMP9, CtsK and c-Src were
all dose-dependently inhibited by I-BET151, except for CtsK.
In conclusion, I-BET151 may significantly suppress the osteo-
clastogenesis of RAW264.7 cells via the RANKL signaling
pathway.

Introduction

Bone formation and resorption are mediated by osteoblasts
and osteoclasts, respectively, and regulate the balance of
normal bone metabolism. Interruption of this balance may
result in increased resorption compared with formation
and lead to excess bone loss, causing a variety of diseases,
including myeloma bone disease, osteoporosis and rheumatoid
arthritis (1,2). As isolating and culturing bone cells is diffi-
cult, research and molecular analysis of osteoclastogenesis
has stagnated for a long period. However, developments
in techniques over the past decade have allowed for further
investigation (3,4). There are multiple biomolecules involved
in the signaling pathways of osteoclastogenesis. Among these,
the most important factors are receptor activator for nuclear
factor-kB ligand (RANKL) and macrophage colony-stimu-
lating factor (M-CSF).

Research has demonstrated that RANKL and its receptor,
RANK, are necessary for osteoclastogenesis (5). These
proteins activate the reconstitution of dynamic differentiation
processes, including cell fusion (5,6). In addition, the proteins
are considered to be a possible factor involved in controlling
the differentiation process. RANKL may also activate the
expression of transcriptional factors such as c-Fos, microph-
thalmia-associated transcription factor and nuclear factor of
activated T-cells cytoplasmic 1 (NFATcl), which are impor-
tant for osteoclastogenesis (7). Therefore, the RANKL-RANK
signaling pathway is a key signaling component involved in
osteoclastogenesis.

RANK mediates signaling by recruiting adaptor mole-
cules, including proteins of the tumor necrosis factor (TNF)
receptor-associated factor (TRAF) family (8,9). Studies
have revealed that TRAF1 binds to RANK (10,11). TRAF6
also binds to RANK, which further induces trimerization of
TRAF6 and subsequently activates nuclear factor (NF)-«B and
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mitogen-activated kinases (MAPKSs) (12,13). NF-«B is associ-
ated with the biomolecular progress of osteoclastogenesis
induced by RANK and is a basic component of osteoclasto-
genesis activated by TRAF6 (14).

M-CSF is another essential cytokine involved in osteoclas-
togenesis besides RANKL (15,16). Research has demonstrated
that M-CSF serves an important role in the proliferation and
survival of osteoclast precursor cells (17), upregulates the
expression levels of RANK, and may participate in the progres-
sion of differentiation by activating c-Fos, protein kinase B
and extracellular signal-regulated kinase (ERK) pathways,
which may interact with RANKL signals (18,19).

Studies have demonstrated that bromodomain and extra
terminal domain proteins (BET) serve an important role in
different types of cancer, including cancer of the bones (20,21).
[-BET151 is a quinoline class of BET protein inhibitors, which
has been demonstrated to exhibit activity against several types
of cancer (22). Studies revealed that I-BET151 induced B-cell
lymphoma like 11-dependent apoptosis and cell cycle arrest
of human melanoma cells (23), and suppressed expression
of inflammatory genes and matrix degrading enzymes in
rheumatoid arthritis synovial fibroblasts (24). Research has
also demonstrated that I-BET151 suppresses pathologic bone
loss in TNF-induced inflammatory osteolysis (21). Despite
numerous reports of I-BET151, few have focused on the role
of I-BET151 in osteoclastogenesis. In the present study, the
effects of I-BET151 on osteoclastogenesis and the underlying
molecular signaling pathways involved were investigated.

Materials and methods

Cell culture. A mouse macrophage cell line, RAW264.7
(TIB-71™), was purchased from American Type Culture
Collection (Manassas, VA, USA). RAW264.7 cells were
cultured in Dulbecco's modified Eagle's medium (Thermo
Fisher Scientific, Inc., Waltham, MA, USA) supplemented
with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific,
Inc.) and 100 pg/ml penicillin-streptomycin (Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany). RANKL (PeproTech,
Inc., Rocky Hill, NJ, USA) was diluted to 100 ng/ml in
aquae sterilisata. I-BET151 (MedChemExpress, Monmouth
Junction, NJ, USA) was dissolved in dimethyl sulfoxide at
a concentration of <0.1% (Sigma-Aldrich; Merck KGaA).
RAW?264.7 cells were seeded in 6-well plates (2x107 cells/well)
in a humidified incubator at 5% CO, and 37°C, supplemented
with 100 ng/ml RANKL, and treated with different concen-
trations of I-BET151 (25). Cells were cultured for 7 days to
induce osteoclast differentiation. The study was divided into
6 groups: Control; RANKL (100 ng/ml); RANKL (100 ng/ml)
and I-BET151 (50 nM); RANKL (100 ng/ml) and I-BET151
(100 nM); RANKL (100 ng/ml) and I-BET151 (200 nM); and
RANKL (100 ng/ml) and I-BET151 (400 nM).

TRACP staining. TRACP staining was used to determine the
effect of I-BET151 on osteoclastogenesis and the percentage
of TRACP positive multinucleated cells was calculated.
Cells were fixed using freshly made, refrigerated, 3% para-
formaldehyde (PFA; Sigma-Aldrich; Merck KGaA) and 2%
sucrose in phosphate-buffered saline (PBS; Sigma-Aldrich,
Merck KGaA) for 10 min and stained for TRACP using a

8407

tartrate-resistant acid phosphatase stain kit according to
manufacturer's protocol (Nanjing Jiangcheng Bioengineering
Institute, Nanjing, China), after 7 days culture in the presence
of RANKL and different concentrations of I-BET151. TRACP
positive multinucleated cells (>3 nuclei) were counted under
8 fields of view for each sample and regarded as osteoclasts (26).
Cells were observed using a Zeiss Axio Observer DI micro-
scope with x100 magnification and images were captured and
analyzed with Zeiss ZEN software version 2012 (Zeiss GmbH,
Jena, Germany).

Reverse transcription-quantitative polymerase chain reac-
tion (RT-gPCR). RAW264.7 cells (2x10%) were incubated with
RANKL (100 ng/ml) and different concentrations of I-BET151
for 4 days. RT-qPCR was employed to determine the expression
levels of osteoclastic-specific marker genes and GAPDH was
used as a control. RNA extraction and reverse-transcription
were performed as described previously (27). Total RNA was
extracted using TRIzol reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol.
A High Capacity cDNA Reverse Transcription kit (Applied
Biosystems; Thermo Fisher Scientific, Inc.) was used to convert
RNA into cDNA. gPCR was conducted using a ABI 7500
real-time PCR instrument (Applied Biosystems; Thermo
Fisher Scientific, Inc.) with SYBR Premix Ex Taq (Takara
Biotechnology Co., Ltd., Dalian, China). Primers used in PCR
were as follows: Primers for TRACP were: Forward, 5'-ACA
CAGTGATGCTGTGTGGCAACTC-3' and reverse, 5'-CCA
GAGGCTTCCACATATATGATGG-3"; Primers for MMP9
were: Forward, 5-AGTTTGGTGTCGCGGAGCAC-3' and
reverse, 5S"TACATGAGCGCTTCCGGCAC-3"; Primers for
CtsK were: Forward, 5'-GGCCAACTCAAGAAGAAAAC-3
and reverse, 5-GTGCTTGCTTCCCTTCTGG-3; Primers for
c-Src were: Forward, 5'-CCAGGCTGAGGAGTGGTACT-3'
and reverse, 5'-CAGCTTGCGGATCTTGTAGT-3"; Primers
for GAPDH were: Forward, 5-AACTTTGGCATTGTGGAA
GG-3' and reverse, 5'-ACACATTGGGGGTAGGAACA-3".
DNA was denatured at 94°C for 10 min, followed by initial
denaturation with 30 cycles at 94°C for 1 min, 60°C for 1 min
and 72°C for 2 min, and finally ended up with an extension step
at 72°C for 5 min. Relative quantification of RT-qPCR product
was performed using the comparative 2224 method (28).

Western blotting. Western blotting was used to determine the
expression levels of TRAF6, NFATc 1, and the influence of
I-BET151 on the NF-«B signaling pathway (p65 and IxB-a)
and MAPK signaling pathway [ERK, Jun N-terminal kinase
(JNK) and p38]. A Nuclear Extraction kit was purchased from
Cayman Chemical Company (Ann Arbor, MI, USA) to use for
measurement of p65. B-actin was used as a loading control.
Samples extracted from the cells as previously described (29)
were loaded on 10% SDS-PAGE, prior to transfer onto poly-
vinylidene difluoride membranes. Membranes were blocked
with 5% non-fat milk in TBS containing 0.1% Tween-20
for 2 h at room temperature. Subsequently, membranes
were probed with primary antibodies at 4°C overnight and
a horseradish peroxidase (HRP) conjugated secondary
antibody for 2 h at room temperature (Cell Signaling
Technology, Inc., Danvers, MA, USA). The membranes were
incubated with an Enhanced Chemiluminescence detection
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Figure 1. (A) TRACP staining of RAW264.7 cells. (B) Quantification of multinucleated TRACP positive cells. Representative images from each group are
demonstrated. Arrows indicate TRACP positive multinucleated cells. “7P<0.001 vs. control group; ““P<0.001 vs. RANKL group. TRACP, tartrate-resistant

acid phosphatase; RANKL, receptor activator of nuclear factor-«B ligand.

kit (Amersham Pharmacia Biotech AB, Uppsala, Sweden)
and were exposed to X-ray film. The films were scanned
and proteins were quantified using Quantity One software
version 4.2.1 (Bio-Rad Laboratories, Inc., Hercules, CA,
USA). Antibodies used in western blotting were as follows:
Anti-TRAF6 (ab33915; 1:1,000; Abcam, Cambridge, UK);
NFATCI1 antibody (MA3-024; 1:2,000; Thermo Fisher
Scientific, Inc.); anti-NF-kB p65 (ab16502; 1:1,000); anti-IxB-a
(E130; ab32518; 1:1,000); anti-ERKI1+ERK2 (ab17942;
1:1,000); anti-ERK 1/2 (phospho-Thr202/Tyr204; ab214362;
1:1,000); anti-JNKI1+INK2+JNK3 (ab179461; 1:1,000);
anti-JNK1+JNK2+JNK3 (phospho T183+T183+T221;
ab124956; 1:1,000); anti-p38 (ab31828; 1:1,000); anti-p38
(phospho Y182; ab47363; 1:1,000); anti-B-actin (ab8226;
1:1,000); and anti-mouse IgG VeriBlot for IP secondary
(HRP-conjugated; ab131368; 1:2,000) (all from Abcam).

Statistical analysis. Data are expressed as the mean + standard
deviation. Independent continuous variables were compared
using a Student's t-test for comparison of two groups or a
one-way analysis of variance followed by Tukey post hoc test
for multiple comparison. P<0.05 was considered to indicate
a statistically significant difference. All calculations were
made using SPSS software version 18.0 (SPSS, Inc., Chicago,
IL, USA).

Results

TRACP staining. TRACP staining was used to determine
the effect of I-BET151 on osteoclastogenesis and the
percentage of TRACP multinucleated positive cells was
calculated. Results revealed that in the RANKL group,
multiple cell fusion increased the cell volumes and cell
synapse, and resulted in multinucleated cells, which was
inhibited by I-BET151 (Fig. 1). In the control group, osteoclas-
togenesis proceeded normally; however, this was enhanced
in the RANKL group. When treated with I-BET151, it was
apparent that osteoclastogenesis induced by RANKL was
dose-dependently inhibited (Fig. 1). Fig. 1B demonstrates
the percentage TRACP positive cells. Compared with the
control group, the percentage of TRACP positive cells in
groups 2-5 was increased (Fig. 1). However, the percentage

of TRACP positive cells was almost completely abolished
following treatment with 400 nM [-BET151. The percentage
of TRACP positive cells in all groups treated with I-BET151
was significantly decreased compared with the RANKL
group (P<0.001; Fig. 1) and the inhibitory effect was dose
dependent.

Effect of I-BETI51 on the RANKL signaling pathway. The
expression levels of TRAF6 and NFATc 1, which are upstream
and downstream effectors of the RANKL signaling pathway,
respectively, were measured by western blotting (Fig. 2).
TRAF6 and NFATc 1 were dose-dependently inhibited by
I-BET151. Densitometric analysis of the TRAF6/p-actin ratio
in the I-BET151 100 and 200 nM groups were significantly
decreased compared with the RANKL group, whereas the
NFATc 1/p-actin ratio was only significantly decreased
compared with the RANKL group following treatment with
200 nM I-BET151. TRAF6/B-actin and NFATc 1/p-actin in
the 50 nM I-BET151 group demonstrated no significant differ-
ence compared with the RANKL group. The NFATc 1/B-actin
ratio and TRAF6/B-actin ratio in the RANKL group was
significant increased compared with the control group. The
inhibition effect of both TRAF6/pB-actin and NFATc 1/3-actin
by I-BET151 were dose-dependent.

Effect of I-BETI151 on the NF-kB and MAPK signaling path-
ways. The expression levels of p65 and IkB-a (involved in the
NF-«B signaling pathway) and ERK, JNK and p38 (involved
in the MAPK signaling pathway) were evaluated by western
blotting. Results revealed that nuclear expression of p65 was
significantly inhibited by I-BET151 (Fig. 3A and B) at concen-
trations of 50, 100 and 200 nM compared with the RANKL
group, and the effect increased as the dose increased. In
addition, under concentrations of 100 and 200 nM I-BET151,
IxB-a was significantly inhibited compared with cells treated
with RANKL alone (Fig. 3A and C). However, expression of
IkB-a after treatment with 50 nM I-BET151 did not demon-
strate a significant difference compared with the RANKL
group (Fig. 3C). Phosphorylation of INK and p38 was signifi-
cantly inhibited by 50, 100 and 200 nM I-BET151 compared
with the RANKL group (Fig. 3D, E and F). By contrast, only
50 nM I-BET151 markedly inhibited the expression levels
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Figure 2. (A) Western blotting of TRAF6 and NFATcl. (B) Quantified expression levels of TRAF6 and NFATcl protein in RAW264.7 cells treated with or
without RANKL, and with or without I-BET151 at 200, 100 or 50 nM. “P<0.05 vs. control group; ‘P<0.05, “P<0.01 vs. RANKL group. TRAF6, tumor necrosis
factor receptor-associated factor 6; RANKL, receptor activator of nuclear factor-kB ligand; NFATcl, nuclear factor of activated T-cells cytoplasmic 1.
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Figure 3. (A) Western blotting of p65 and IkB-oa. RAW264.7 cells treated with or without RANKL. and with or without I-BET151 at 200, 100 or 50 nM.
Densitometric analysis of (B) nuclear/cytoplasmic p65 and (C) IkB-a. (D) Western blotting of total or phosphorylated ERK, JNK and p38. Densitometric
analysis of (E) p-JNK/JNK, (F) p-p38/p38 and (G) p-ERK/ERK. "P<0.05, P<0.01, "#P<0.001 vs. control group; "P<0.05, “P<0.01, ““P<0.01 vs. RANKL
group. RANKL, receptor activator of nuclear factor-xB ligand; IxB-a, nuclear factor of k light polypeptide gene enhancer in B-cells inhibitor-a; ERK,
extracellular signal-regulated kinase; JNK, Jun N-terminal kinase; p-JNK, phosphorylated Jun N-terminal kinase; p-p38, phosphorylated p38; p-ERK, phos-
phorylated extracellular signal-regulated kinase.



8410

A
T
3
<
=
'
E
o
Q
>
=
o
2
8
[
x
c
©
3
:
14
£
2
7]
&)
2
m
@
o
RANKL - + + + +
I-BET151 (nM) - - 200 100 50

MOLECULAR MEDICINE REPORTS 16: 8406-8412, 2017

40 - K

30+

Relative MMP-9 mRNA level

10+

L

Relative C-Src mRNA level

- + + + +

- - 200 100 50

Figure 4. mRNA expression levels of the osteoclast-specific genes (A) TRACP, (B) MMP9, (C) CtsK and (D) c-Src using the reverse transcription-quantitative
polymerase chain reaction. RAW264.7 cells treated with or without RANKL and with or without I-BET151 at 200, 100 or 50 nM.*#P<0.001 vs. control group;
“P<0.01, ""P<0.001 vs. RANKL group. TRACP, tartrate-resistant acid phosphatase; RANKL, receptor activator of nuclear factor-xB ligand; MMP9, matrix
metallopeptidase 9; CtsK, cathepsin K; c-Src, proto-oncogene tyrosine-protein kinase Src.

of p-ERK compared with the RANKL group; however, no
significant difference was observed following treatment with
I-BET151 (Fig. 3D and G).

Effect of I-BET151 on the expression of osteoclast-specific
genes. The mRNA expression levels of the genes encoding
osteoclast-specific proteins TRACP, matrix metallopro-
teinase-9 (MMP9), cathepsin K (CtsK) and c-Src were
measured using RT-qPCR. The results revealed that all genes
were dose-dependently inhibited by I-BET151 compared with
the RANKL group. With the exception of CtsK, the inhibitory
effects on TRACP, MMP9, and c-Src at all concentrations
of I-BET151 were statistically significant compared with the
RANKL group (Fig. 4). For Ctsk, only 200 nM I-BET151
led to significant inhibition in expression compared with the
RANKL group.

Discussion

A delicate balance exists in the process of bone remodeling
between bone formation and resorption (30). Excessive bone
resorption may lead to over activation of osteoclasts and be
a risk of various lytic bone diseases, including rheumatoid
arthritis, psoriatic arthritis and osteoporosis (31). RANKL
serves a role in the process of osteoclastogenesis. In the
RANKL signaling pathway, a number of biomolecules are
involved and have their own role, including TRAF6, NF-xB

and MAPKSs. NF-«B is essential for the initial induction or
autoamplification of NFATcl, which may activate other
osteoclast-specific genes including TRACP, CtsK, calcitonin
receptor and MMPO. Although there are various studies
focusing on I-BET151, few report the effects of BET on the
inhibition of osteoclastogenesis. Park-Min et al (21) reported
that I-BET151 suppresses pathologic bone loss in TNF-induced
inflammatory osteolysis and suppresses osteoclastogenesis;
however, the detailed effects of -BET151 on the RANKL
signaling pathway, and its associated proteins and genes
involved in this process, remain to be identified. In the present
study, the effects of I-BET151 on osteoclastogenesis were
investigated by determining the expression levels of TRAF6
and NFATcl that are involved in RANKL pathway, and the
effects of [-BET151 on osteoclast-specific gene expression.
According to the TRACP staining results, I-BET151
inhibited RANKL-induced osteoclastogenesis and the
inhibition was demonstrated to be dose dependent. Also,
the percentage of TRACP multinucleated-positive cells was
reduced when treated with I-BET151, and the effect was
significant compared with the RANKL group. Expression
of TRAF6 and NFATc, which are upstream and downstream
effectors of the RANKL pathway were dose-dependently
inhibited by I-BET151, which was consistent with the research
by Park-Min ef al (21). In the present study, at concentrations
of 100 and 200 nM I-BET151, the inhibitory effect of TRAF6
was significant, as was the inhibitory effect for NFATcl at
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200 nM I-BET151. Studies have demonstrated that there
are several inhibitors of the RANKL signaling pathway.
Meng et al (25) reported that another BET inhibitor, JQ1, may
significantly suppress RANKL-induced osteoclast markers,
such as c-Fos, NFATcl, TRAP and CtsK, as well as toll-like
receptor (TLR)2/4, NF-kB phosphorylation and nuclear
translocation. Li er al (29) studied the effect of sinomenine
on TLR4/TRAF6 expression, and the results revealed that
sinomenine reduces the expression levels of RANK adaptor
molecule TRAF6 and downregulates RANKL-induced
NF-«B activation.

Further effects of I-BET151 on expression of p65 and
IkB-a (involved in NF-xB pathway) and ERK, JNK and
p38 (involved in MAPK pathway) were also evaluated in the
present study. Results revealed that nuclear expression of p65
was significantly inhibited by I-BET151 at all concentra-
tions. Degradation of IxB-a and phosphorylation of INK and
p38 was also significantly inhibited by I-BET151, with the
exception of IkB-a expression after treatment with I-BET151
at 50 nM, which did not exhibit a significant difference
compared with the RANKL group. These results were also
consistent with the effects of JQ1 (25) and sinomenine (27,29).
However, I-BET151 did not exhibit a significant inhibitory
effect on ERK, and this result was consistent with the effect
of sinomenine (29).

Klein et al (24) reported that I-BET151 may suppress cyto-
kine and TLR ligand-induced secretion of MMP1, MMP3,
interleukin (IL)-6 and IL-8, and mRNA expression of =70%
of the genes induced by TNF-a and IL-1{. In the present
study, the mRNA expression levels of the genes encoding
osteoclast-specific proteins TRACP, MMP9, CtsK and c-Src
were measured. The results demonstrated that all genes were
dose-dependently inhibited by I-BET151. With the exception
of CtsK, the inhibitory effects of TRACP, MMP9 and c-Src
were significant compared with the RANKL group.

In conclusion, the influence of I-BET151 on osteoclasto-
genesis in RAW?264.7 cells was investigated in the present
study. The results revealed that the BET inhibitor, I-BET151,
significantly suppressed osteoclastogenesis of RAW264.7
cells, possibly via the RANKL signaling pathway. Based on
the present literature, to the best of the authors' knowledge,
there is no previous study focusing on the effect of I-BET151
on the osteoclastogenesis of RAW264.7 cells and the possible
associated pathways, including RANKL, NF-«kB and MAPK.
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