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A2B Adenosine Receptor Stimulation Down-regulates
M-CSF-mediated Osteoclast Proliferation
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Department of Medical Science, College of Medical Sciences, Soonchunhyang University,
Asan-Si, Chungnam 31538, Korea

Bone-resorbing osteoclasts play a major role in maintaining bone homeostasis with bone-forming osteoblasts.
Although it has been reported that A2B adenosine receptor (A2BAR) regulates osteoclast differentiation, its effects on

apoptosis or proliferation of osteoclasts have been less-defined. Here, we demonstrate that A2BAR stimulation regulates

macrophage-colony stimulating factor (M-CSF)-mediated osteoclast proliferation. Stimulation with a specific agonist of
A2BAR, BAY 60-6583, significantly reduced M-CSF-mediated osteoclast proliferation in a time- and dose-dependent
manner. In addition, A2BAR stimulation induced both apoptosis of the cells and cell arrest in the G1 phase with a decrease
of cell number in the G2/M phase. Stimulation with BAY 60-6583 inhibited the activation of Akt by M-CSF, whereas
M-CSF-induced ERK /2 activation was not affected. These results suggest that the inhibition of M-CSF-mediated Akt
activation by A2BAR stimulation increases apoptotic response of osteoclasts and induces cell cycle arrest in the G1

phase, thus contributing to the down-regulation of osteoclast proliferation.
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INTRODUCTION

Bone is a dynamic tissue that undergoes constant remo-
deling by bone-forming osteoblasts and bone-resorbing
osteoclasts. The functional balance between these two cell
types is critical for bone homeostasis (Harada and Rodan,
2003; Teitelbaum, 2000). Osteoclasts are multinucleated cells
derived from hematopoietic progenitors of the bone marrow-
derived monocyte/macrophage (BMM) lineage. Osteoclast
differentiation and function are regulated by two major cyto-
kines, macrophage-colony stimulating factor (M-CSF) and
receptor activator of NF-kB ligand (RANKL) (Teitelbaum,

*Received: September 2, 2017 / Accepted: September 18, 2017

2000; Teitelbaum and Ross, 2003; Ross, 2006).

In animal models, op/op mice that fail to express functional
M-CSF and mice lacking the gene (CsfIr) encoding M-CSF
receptor exhibit severe osteopetrosis due to a decrease in
tissue macrophages and a lack of osteoclasts (Kodama et
al., 1991; Wiktor-Jedrzejczak et al., 1990; Dai et al., 2002),
and these observations point to the important role of M-CSF
in osteoclast biology. Binding of M-CSF to c-Fms, an M-
CSF receptor, autophosphorylates seven tyrosine residues in
the cytoplasmic domain of the receptor (Ross, 2006; Faccio
et al., 2007; Pixley et al., 2004); this stimulates a signaling
cascades that lead to the proliferation, survival and differen-
tiation of osteoclasts (Pixley et al., 2004; Bradley et al., 2008).
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The activation of ERK1/2 MAP kinase and phosphatidyl-
inositol (PT)3/Akt by M-CSF leads to osteoclast proliferation
and survival (Ross, 2006; Pixley et al., 2004; Bradley et al.,
2008). Especially, Akt pathway transduces anti-apoptotic
signals by preventing the activation of the apoptotic signaling
pathways and facilitates cell cycle progression (Xing and
Boyce, 2005; Tanaka et al., 2006; Gingery et al., 2003).

When bones are damaged, increased extracellular ATP
produces adenosine, a purine nucleoside produced in re-
sponse to low-oxygen and inflammatory stimuli (Mediero
and Cronstein, 2013; Bowler et al., 2001; Orriss et al., 2010).
Adenosine binds to four adenosine receptors (A1R, A2AR,
A2BAR and A3R) that are members of the G protein-
coupled receptor family for the specific actions (Mediero
and Cronstein, 2013; Bowler et al., 2001; Orriss et al., 2010).
Although all four adenosine receptors are expressed in
osteoclasts, they have different effects. Stimulation of A2AR,
A2BAR and A3R inhibits osteoclast differentiation and
function, whereas A1R stimulates it (Mediero and Cronstein,
2013; Orriss et al., 2010; Ham and Evans, 2012; Kara et al.,
2010). A2BAR stimulation by its specific agonist BAY
60-6583 promotes osteoblast differentiation through modu-
lation of Runx2 and Osterix levels and decreases osteoclast
differentiation (Corciulo et al., 2016; Carroll et al., 2012;
Trincavelli et al., 2014). Moreover, it has been reported that
A2BAR represents a p53-induced cell death priming receptor
that stimulates apoptosis by sensing the accumulation of
extracellular adenosine (Long et al., 2013). However, the
effects of A2BAR on apoptosis or proliferation of osteo-
clasts have been little studied.

Here, we show for the first time that A2BAR stimulation
inhibits M-CSF-mediated osteoclast proliferation by inducing
apoptosis and arresting cells in G1 phase by blocking Akt
signaling. These findings could help elucidate the patho-
physiology of bone-related diseases and lead to the develop-

ment of new treatment strategies.

MATERIALS AND METHODS
Cell culture and Isolation of osteoclast precursors

RAW264.7 preosteoclasts (Korean Cell Line Bank) were
maintained in DMEM (Hyclone) containing 10% FBS with

antibiotics. Isolation of bone marrow precursors was per-
formed as described previously (Oh et al., 2015). Briefly,
bone marrow cells were flushed out from the femurs of
4-6-week-old C57BL/6 mice with a sterile 21-gauge needle
and incubated in alpha-MEM media containing 10% FBS
and 10 ng/mL M-CSF (R&D Systems). After 24 hours, non-
adherent cells were harvested and cultured in the presence
of M-CSF (20 ng/mL) for 3 days. After washing out the
non-adherent cells, adherent cells were used as osteoclast

precursors.
BrdU incorporation assay

The cell proliferation assay was performed as described
previously (Lee and Lee, 2014) using a BrdU Cell Prolif-
eration Assay Kit (Cell Signaling Technology). Briefly, after
24 hours of seeding 96-well plates with 2><10* cells/well,
the cells were treated with or without BAY 60-6583 (Tocris
Biosience). BrdU was added 12 hours before culture termin-
ation. At the end of the culture period, the cells were fixed
with fixing solution for 30 minutes at room temperature,
rinsed twice with phosphate-buffered saline, incubated with
monoclonal anti-BrdU antibody for 1 hour followed by anti-
mouse secondary antibody for 30 minutes. After the final
wash, substrate was added to the wells followed by stop
solution. The proportion of total cells incorporating BrdU
into the nucleus was determined by reading the absorbance
on a microplate reader (Bio-Rad) at a wavelength of 450 nm

according to the manufacturer's instructions.
Real-time PCR

Total RNA was isolated from the cells treated with M-CSF
(20 ng/mL) and/or BAY 60-6583 (5 uM) and reverse tran-
scribed using SuperScript” III reverse transcriptase (RT)
(Invitrogen) according to the manufacturer's protocol. Real-
time PCR was performed with the Brilliant UltraFast SYBR®™
Green QPCR Master Mix (Agilent Technologies) in tripli-
cate using an Mx3000P instrument (Agilent Technologies).
Specific primers for the indicated genes and /prt (for endo-
genous control) were purchased from QIAGEN. The thermal
cycling conditions were as follows: 3 min at 95 C, then 40
cycles of 95C for 10 seconds and 60°C for 20 seconds,
followed by 1 cycle of 95C for 1 minute, 55°C for 30
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seconds, and 95C for 30 seconds. All quantitation was
normalized to Aprt (Oh et al., 2015).

Western blot analysis

Osteoclast precursors were stimulated with M-CSF (20
ng/mL) and/or BAY 60-6583 (5 uM) for the indicated times
then lysed in lysis buffer (20 mM Tris-HCI, pH 7.5, 150 mM
NaCl, 1 mM Na,EDTA, 1 mM EGTA, 1% Triton, 2.5 mM
sodium pyrophosphate, 1 mM beta-glycerophosphate, 1 mM
Naz;VOy,, 1 pg/mL leupeptin, and 1 mM phenylmethylsul-
fonylfluoride), and whole cell extracts were prepared by
centrifugation. The supernatants were electrophoresed on a
10% SDS-polyacrylamide gel and blotted onto a polyvi-
nylidene difluoride membrane. Immunoblot detection was
performed with polyclonal antibodies specific to phospho-
ERK1/2, ERK1/2, phospho-Akt, Akt (Cell Signaling Tech-
nology, Beverly, MA), and B-actin (as a loading control,
Santa Cruz Biotechnology Inc), followed by HRP-conjugated
secondary antibodies and enhanced using an ECL detection
kit (Amersham Biosciences) (Oh et al., 2015).

Apoptosis assay

Apoptosis was measured using the Annexin V Apoptosis
Detection Kit (Millipore) according to the manufacturer's
instruction. Twelve-well plates were seeded with 510’
osteoclast precursor cells/well then treated with BAY 60-
6583 as indicated in the presence of M-CSF (20 ng/mL) for
48 hours. The cells were then washed with cold phosphate-
buffered saline, resuspended in 1< Annexin V binding
buffer, and labeled with 100 pL Annexin V-APC for 20
minutes in the dark. After the 1>< binding buffer was added,
the analysis was performed using a Muse”® Cell Analyzer
(Millipore).

Cell cycle assay

After 24 hours of seeding 12-well plates with 5<10° cells
/well, the cells were treated with BAY 60-6583 as indicated
in the presence of M-CSF (20 ng/mL) for 48 hours. The
cells were then fixed with 70% EtOH at -20C for 4 hours.
After removing the EtOH, the cells were reacted with the
Muse® Cell Cycle Assay Kit (Millipore) according to the

manufacturer's instructions and then analyzed with a Muse®

Cell Analyzer (Millipore).
Statistical analysis

Results are presented as means * standard deviations
(SD) from at least 3 independent experiments and statistical
analyses were determined using Student's ¢ test, if not, in-

dicated. P<0.05 was considered to be statistically significant.

RESULTS

A2BAR stimulation decreased M-CSF-mediated osteo-

clast proliferation

To determine whether A2BAR stimulation regulates
osteoclast proliferation, BAY 60-6583, a specific agonist of
A2BAR, was added to RAW264.7 cells or primary osteo-
clast precursors isolated from the bone marrow of mice
femurs. The BrdU incorporation assay showed that BAY
60-6583 significantly reduced proliferation of both cell types
in a dose-dependent manner. The most obvious effect was
observed 48 hours after treatment with 5 UM BAY 60-6583
in both cell types, which decreased the proliferation of
RAW264.7 cells and osteoclast precursor cells by more than
25% and 15%, respectively (Fig. 1A and 1B). In particular,
stimulation with BAY 60-6583 inhibited M-CSF-induced
proliferation of primary osteoclast precursors in a time-
dependent manner (Fig. 1C). These results indicate that

A2BAR stimulation down-regulates osteoclast proliferation.

A2BAR stimulation induced apoptosis and caused an

arrest of cells at the G1 phase

To determine whether the decrease in osteoclast prolif-
eration was due in part to an increase in apoptosis and/or a
change of cell cycle, we first investigated the effect of
A2BAR stimulation on the apoptosis of osteoclasts. Stimu-
lation with BAY 60-6583 in the presence of M-CSF in-
creased the apoptosis of osteoclast precursors in a dose-
dependent manner (Fig. 2). The following experiment was
conducted to determine whether A2BAR stimulation regu-
lates the cell cycle of osteoclast precursors. BAY 60-6583-
treated cells increased the accumulation of cells at the G1
phase with a decrease in G2/M phase (Fig. 3). Taken together,

these results suggest that the increase of apoptosis and the
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Fig. 1. Effect of A2BAR stimulation on cell proliferation. (A-C) RAW264.7 cells (A) or primary osteoclast precursors (B) were treated
with the indicated concentrations of BAY 60-6583 for 48 h or primary osteoclast precursors were treated with 5 pM BAY 60-6583 in the
presence of M-CSF (20 ng/mL) for the indicated times (C). Cell proliferation was measured using the BrdU Cell Proliferation Assay Kit.
*P < 0.05 vs. non-treated cells (A-C). #P < 0.05 vs. M-CSF-treated cells (C).
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S treated with the indicated concentrations of BAY
< 60-6583 (BAY) for 48 h in the presence of M-
CSF (20 ng/mL). Apoptosis was measured using
an Annexin V apoptosis kit and the Muse™ Cell
Analyzer as described in Materials and Methods.
Results are representative of at least three in-
0 dependent experiments. *P < 0.05 and **P <
BAY 0 1 S (uM) 0.005 vs. non-treated cells.

arrest of cells at the G1 phase may be responsible for the for M-CSF-mediated osteoclast survival and proliferation
decrease in osteoclast proliferation by A2BAR stimulation. (Kodama et al., 1991), we examined whether A2BAR stimu-

lation modulated the activation of ERK1/2 and Akt by
M-CSF. The activation of ERK1/2 and Akt peaked after 5
minutes of M-CSF treatment followed by a progressive
Since the activation of ERK1/2 and Akt is important decline in the activity of these kinases to basal levels. The

A2BAR stimulation inhibited the activation of Akt by
M-CSF
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Fig. 3. Cell cycle regulation by BAY 60-6583 treatment. Osteoclast precursors were treated with the indicated concentrations of BAY
60-6583 (BAY) for 48 h in the presence of M-CSF (20 ng/mL). The cell cycle was analyzed using the Muse® Cell Cycle Kit and Muse®

Cell Analyzer as described in Materials and Methods. Results are representative of at least three independent experiments. *P < 0.05 vs.
non-treated cells.
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addition of BAY 60-6583 specifically inhibited the activation
of Akt by M-CSF, whereas M-CSF-induced ERK1/2 activa-
tion was not affected by BAY 60-6583 treatment (Fig. 4).
These results imply that the inhibition of M-CSF-mediated
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Fig. 4. A2BAR stimulation inhibits the activation of Akt by M-CSF. BMMs were treated with DMSO or BAY 60-6583 (5 uM) in the
presence of M-CSF (20 ng/mL) for the indicated times. Total proteins were isolated and subjected to Western blot analyses using MAP
kinases-specific antibodies. B-actin is shown as a loading control (left). Protein bands were quantified by densitometry, and the level of
phosphorylated Akt was normalized to that of Akt (right). *P < 0.05 and **P < 0.005 vs. non-treated cells. #P < 0.05 vs. M-CSF-treated cells.

Akt activation by A2BAR stimulation results in the decrease
of osteoclast proliferation.



DISCUSSION

Bone remodeling requires a constant supply of energy;
adenosine, the metabolite generated by the breakdown of
extracellular nucleotide molecules such as ATP, accumulates
under conditions of cellular stress or altered metabolism such
as bone fracture and bone repair (Mediero and Cronstein,
2013; Bowler et al., 2001; Orriss et al., 2010; Ham and
Evans, 2012). In a previous study, we investigated the dif-
ferential expression of genes by RANKL treatment during
osteoclast differentiation by screening the cDNA micro-
array data; we found that Adora2b was induced after 24
hours of RANKL treatment (Kim and Lee, 2014). A2BAR
is known to regulate bone homeostasis; Adora2b knockout
mice showed a de- crease in bone mineral density due to
impaired osteoblast differentiation and increased osteoclast
differentiation (Corciulo et al., 2016; Carroll et al., 2012).
However, the role of A2BAR on osteoclast proliferation and
its underlying mechanism remain unclear. Here, we demon-
strated the effect and underlying mechanism of A2BAR
stimulation on M-CSF-mediated osteoclast proliferation.

A2BAR stimulation down-regulated osteoclast prolifer-
ation through two distinct mechanisms. First, A2BAR stimu-
lation induced the arrest of cells at the G1 phase. Second,
A2BAR stimulation stimulated apoptosis. ERK1/2 MAP
kinase and PI3K/Akt are key mediators of M-CSF signaling
for osteoclast proliferation (Ross, 2006; Bradley et al., 2008;
Gingery et al., 2003). The Akt pathway in particular prevents
the activation of apoptotic signaling pathways and promotes
cell cycle progression (Xing and Boyce, 2005; Tanaka et al.,
2006; Gingery et al., 2003). Interestingly, A2BAR stimulation
specifically inhibited Akt activation by M-CSF, but ERK1/
2 activation was not affected. These results increase the
possibility that the inhibition of Akt by A2BAR stimulation
is responsible for the increased apoptosis and the induction
of cell cycle arrest at the G1 phase. Further studies using
knock-down systems, such as Akt shRNA, are needed to
examine the direct involvement of Akt on the regulation of
osteoclast proliferation by A2BAR stimulation.

Although we have shown the regulatory mechanisms of

A2BAR stimulation on osteoclast precursor proliferation,

we cannot exclude the possibility that the other adenosine
receptors may be involved, given the crucial roles of adeno-
sine receptors on osteoclast biology. Moreover, since altered
bone metabolism leads to changes in the extracellular adeno-
sine concentration and adenosine receptors have different
affinities for adenosine (Strazzulla and Bruce, 2016), it would
be intriguing to test whether the effects of adenosine receptors
on osteoclast proliferation are dependent upon the adenosine
concentration.

Taken together, our results suggest that the induction of
cell cycle arrest at the G1 phase and the increased apoptotic
response through the inhibition of M-CSF-induced Akt
activation by A2BAR stimulation contribute to the down-
regulation of osteoclast proliferation. These results provide a
basis for understanding the pathophysiology of bone-related
diseases and identify A2BAR as a potential therapeutic target.
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