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Involvement of the Ca* signaling pathway in osteoprotegerin
inhibition of osteoclast differentiation and maturation
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The purpose of this study was to determine whether the Ca’ signaling pathway is involved in the ability of osteoprotegerin (OPG) to inhibit
osteoclast differentiation and maturation. RAW264.7 cells were incubated with macrophage colony-stimulating factor (M-CSF) + receptor
activator of nuclear factor-kB ligand (RANKL) to stimulate osteoclastogenesis and then treated with different concentrations of OPG, an
inhibitor of osteoclast differentiation. The intracellular Ca®" concentration [Ca” J;and phosphorylation of Ca®’ calmodulin-dependent protein
kinase II (CaMKII) in the different treatment groups were measured by flow cytometry and Western blotting, respectively. The results
confirmed that M-CSF + RANKL significantly increased [Ca®"Jsand CaMKII phosphorylation in osteoclasts (p < 0.01), and that these effects
were subsequently decreased by OPG treatment. Exposure to specific inhibitors of the Ca’'si gnaling pathway revealed that these changes
varied between the different OPG treatment groups. Findings from the present study indicated that the Ca® signaling pathway is involved

in both the regulation of osteoclastogenesis as well as inhibition of osteoclast differentiation and activation by OPG.
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Introduction

Bone resorption and formation are the two main physio-
logical processes of bone remodeling [5]. Osteoclasts are
multinucleated cells that control these processes via bone
resorption [10,24]. Bone volume is decreased as a result of
elevated osteoclast activity, and bone volume is increased by
suppressing osteoclast activity [3]. Abnormal osteoclast activity
can lead to metabolic bone disorders such as osteoporosis,
periodontal disease, and rheumatoid arthritis [3].

Osteoprotegerin (OPG) is a member of the tumor necrosis
factor (TNF) receptor superfamily that negatively mediates
differentiation and activation of osteoclasts [20]. OPG, receptor
activator of nuclear factor-kB (RANK), and RANK ligand
(RANKL) form the OPG/RANKL/RANK axis. These factors
play an essential role in the regulation of differentiation,
activation, survival, and apoptosis of osteoclasts [2,8].

The Ca* signaling pathway is also important for osteoclast
differentiation and function [25] via variations in intracellular
Ca”" concentration ([Ca2+]i) [9]. Ca”" oscillation during osteo-

clastogenesis is induced by RANKL, resulting in calcineurin-
mediated activation of nuclear factor of activated T cells c1
(NFATcl) and promotion of osteoclast differentiation [13].
Following the binding of RANKL to RANK, Ca”" oscillation is
triggered by activation of co-stimulatory receptors that in turn
activate phosphatase C-y (PLCy) [14]. Activation of PLCy
promotes the generation of inositol 1,4,5-triphosphate (IP3),
leading to the subsequent release of Ca”" from the endoplasmic
reticulum (ER) [9].

Ca”" mediates cellular behavior via Ca”/ calmodulin-dependent
protein kinase II (CaMKII) [21]. This ubiquitously expressed
effector protein transduces elevated Ca”" signals in cells to
multiple target proteins including ion channels and transcriptional
activators. Previous reports have demonstrated that CaMKII is
a modifier in the signaling pathway that regulates Ca™"
oscillation, that the CaMKII/RANK signaling pathway is
involved in the regulation of early osteoclast differentiation
[25], and that the formation of osteoclasts is inhibited by
CaMKII antagonists, indicating that CaMKII participates in
osteoclastogenesis via activator protein 1 (AP-1) transcription
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factor family members [18].

Our previous study demonstrated that macrophage colony-
stimulating factor (M-CSF) and RANKL can induce the
differentiation of RAW 264.7 cells into osteoclasts [7]. This
process is inhibited by OPG. Despite considerable research into
the involvement of Ca’" signaling in multiple physiological
processes [2], its effects on osteoclasts remain unclear and were
the focus of this investigation.

Materials and Methods

Cell culture and OPG treatment

RAW 264.7 murine monocyte/macrophage cells were
obtained from the American Type Culture Collection (ATCC,
USA). The cells were cultured in o--minimal essential medium
(a-MEM,; Invitrogen, USA) containing 10% fetal bovine serum
(FBS), 2 mM/L L-glutamine, 100 U/mL penicillin, and 100
ug/mL streptomycin at 37°C in a humidified atmosphere of 5%
COs,. After culturing, the cells were seeded in 6-well plates (1.5 x
10* cells/mL) and incubated for 24 h. The medium was replaced
with serum-free o-MEM plus 25 ng/mL M-CSF and 30 ng/mL
RANKL (PeproTech, USA), and the cells were cultivated for an
additional 48 h. For the OPG treatment groups, 0, 10, 20, 50, or
100 ng/mL OPG (PeproTech) were added to the cultured cells
treated with M-CSF + RANKL, and the cells were cultured for
another 30 min.

Inhibition of the Ca®* signaling pathway

Following culture, the medium was replaced with serum-free
o-MEM and the cells were pretreated with OPG (100 ng/mL).
The cells were then divided into two groups and treated as
follows. For the first group, the cells were incubated for 30 min
with 50 uM 2-APB (Sigma-Aldrich, USA), a specific IP3R
inhibitor. M-CSF + RANKL were added to the medium as
described above, and the cells were cultured for another 30 min.
For the second group, the cells were incubated for 30 min with
10 uM KN93 (Sigma-Aldrich), a specific inhibitor of CaMKII.
M-CSF + RANKL were then added to the medium and the cells
were cultured for an additional 30 min.

Flow cytometric measurement of [Ca’*];

The treated cells were transferred to microcentrifuge tubes
and 400 pL Fluo-4-AM (Sigma-Aldrich) were added at a final
concentration of 5 uM/mL. The cells were incubated in the dark
for 30 min at 37°C and then rinsed twice with PBS. The mean
fluorescent intensity from 1 x 10* randomly selected cells for
each sample was measured by flow cytometry at an emission
wavelength of 516 nm with alternate excitation wavelengths of
494 nm. Each experiment was performed in triplicate for each
treatment group.
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Preparation of cell lysates and Western blot analysis

Cells from each treatment group were collected and lysed in
180 pL radioimmunoprecipitation assay (RIPA) buffer with 1%
(v/v) PMSF for 30 min with intermittent shaking. After
sonication, the lysed cells were centrifuged (12,000 x g for 10
min at 4°C) and the supernatants were collected. Total protein
concentration in the supernatants was determined for each
sample and equal amounts were separated on 12% SDS-
polyacrylamide gels at 120 V for 90 min. The separated proteins
were transferred by electroblotting to nitrocellulose membranes
(Millipore, USA). The membranes were blocked in Tris-
buffered saline with Tween-20 (TBST) containing 5% nonfat
milk for 90 min at room temperature. Next, the membranes
were washed five times for 5 min each with TBST and then
incubated overnight at 4°C with primary anti-phosphorylated
(p)-CaMKII antibody or anti-CaMKII antibody (Cell Signaling
Technology, USA) diluted in 5% BSA-TBST. The membranes
were subsequently washed five times for 5 min each with TBST
and incubated at room temperature for 90 min with rabbit
anti-sheep IgG HRP secondary antibody (Santa Cruz Biotechnology,
USA) diluted in 5% BSA-TBST. After washing five times for 5
min each with TBST, the immunoreactive proteins were
visualized by electrochemiluminescence using ECL-plus
detection reagents. Intensity of the protein bands was measured
using Gel-Pro analyzer software (ver. 4.0; Media Cybernetics,
USA).

Statistics analysis

All experiments were repeated in triplicate and data are
expressed as the mean + standard error of the mean (SEM).
Statistical differences between groups were evaluated by
Tukey’s test using SPSS software (ver. 17.0; SPSS, USA). P
values < 0.05 were considered significant.

Results

OPG influences [Ca®*]; and osteoclast differentiation

[Ca2+]i was significantly higher in osteoclasts derived from
RAW264.7 cells treated with M-CSF + RANKL compared to
non-induced RAW264.7 cells (p < 0.01). Treatment with 50 or
100 ng/mL OPG significantly reduced [Ca’']; in osteoclasts
compared to untreated control cells (p < 0.05 and p < 0.01,
respectively). However, no significant difference in [Ca’']i was
found when comparing the 10 and 20 ng/mL OPG treatment
groups to the control group (Fig. 1).

Elevated [Ca”']i observed in osteoclasts produced from
M-CSF + RANKL-induced RAW264.7 cells was significantly
reduced by exposure to 2-APB, an inhibitor of the Ca™"
signaling pathway, compared to osteoclasts derived from
non-induced RAW24.7 cells. In addition, exposure to 2-APB
further decreased [Ca2+]i in the OPG-treatment groups
compared to the control cells (p < 0.01; Fig. 2).
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Fig. 1. Effect of osteoprotegerin (OPG) on [Ca”*]; in macrophage
colony-stimulating factor (M-CSF) + receptor activator of
nuclear factor-kB ligand (RANKL)-treated osteoclasts. [Ca®*]; in
the osteoclasts following treatment with 0, 10, 20, 50, and 100
ng/mL OPG was analyzed by flow cytometry. Fluorescent
intensities showed that OPG reduced [Ca®*]; in the osteoclasts.
Results are expressed as the mean + SEM for three independent
experiments. *p < 0.05 and **p < 0.01 vs. the control group
(*M-CSF + RANKL, 0 ng/mL OPG).
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Fig. 2. Effect of 2-APB on [Ca’’]; in osteoclasts. [Ca’*]i in
osteoclasts derived from RAW264.7 cells was analyzed by flow
cytometry for the different treatment groups as indicated.
Fluorescent intensities represent [Ca®*]i. It was found that 2-APB
(50 ng/mL) reduces [Ca’*]i in M-CSF + RANKL-induced
osteoclasts. [Ca®*]; was further lowered following treatment with
100 ng/mL OPG. Results are expressed as the mean + SEM of
three independent experiments. *p < 0.05 and **p < 0.01 vs.
the control group *M-CSF + RANKL, 0 ng/mL OPG, and 0 ng/mL
2-APB).

OPG influences the phosphorylation of CaMKII associated
with osteoclast differentiation

The level of p-CaMKII was significantly higher in osteoclasts
differentiated from M-CSF + RANKL-treated RAW264.7 cells
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Fig. 3. Effect of OPG on Ca’*/calmodulin-dependent protein
kinase Il (CaMKII) phosphorylation in M-CSF + RANKL-induced
osteoclasts. The phosphorylation levels of CaMKIl in the
osteoclasts following treatment with 0, 10, 20, 50, and 100
ng/mL OPG were determined by Western blotting. Band
intensities represented the level of phosphorylated (p)-CaMKII
relative to CaMKII. These finding showed that OPG reduces the
phosphorylation of CaMKII in a dose-dependent manner. Results
are expressed as the mean + SEM for three independent

experiments. *p < 0.05 and **p < 0.01 vs. the control group
(M-CSF + RANKL, 0 ng/mL OPG).

compared to osteoclasts produced by non-induced RAW264.7
cells (p < 0.01). However, the levels of p-CaMKII were
significantly lower in osteoclasts treated with 50 and 100 ng/mL
OPG compared to the untreated control group (p < 0.01; panel
B in Fig. 3). These findings indicated that OPG downregulated
CaMKII phosphorylation in osteoclasts in a dose-dependent
manner. Phosphorylation of CaMKII that was enhanced in
osteoclasts differentiated from M-CSF + RANKL-treated
RAW264.7 cells relative to those from non-induced RAW24.7
cells was significantly suppressed in the presence of KN93, an
inhibitor of the Ca®" signaling pathway. Furthermore, CaMKII
phosphorylation in the OPG treatment groups was further
reduced in the presence of KN93 compared to the level
observed in the untreated control group (p < 0.01; panel B in
Fig. 4).

Discussion

We previously reported that two key cytokines, M-CSF and
RANKL, are involved in the induction of osteoclast differen-
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Fig. 4. Effect of KN93 on CaMKII phosphorylation in osteoclasts.
The levels of p-CaMKIl in osteoclasts differentiated from
RAW264.7 cells were measured by Western blotting. Band
intensities represent the levels of p-CaMKII relative to CaMKIl in
the different treatment groups as indicated. These findings
showed that KN93 (10 ng/mL) reduces the levels of p-CaMKIl in
M-CSF + RANKL-induced osteoclasts. The levels of p-CaMKII
were further decreased following treatment with OPG (100
ng/mL). Results are expressed as the mean + SEM of three
independent experiments. *p < 0.05 and **p < 0.01 vs. the

control groups (con: M-CSF + RANKL, 0 ng/mL OPG, and 0 pM
KN93).

tiation [7]. The induced osteoclasts were characterized by
tartrate resistant acid phosphatase (TRAP)-positivity, regular
and intact F-actin rings, and vigorous resorption activity. We
further demonstrated that OPG inhibits the differentiation of
osteoclast precursors, reduces the resorption capacity of mature
osteoclasts, and destroys the cytoskeletal structure in osteoclasts
[7]. The aim of the present study was to determine whether the
Ca™* signaling pathway promotes OPG inhibition of osteoclast
differentiation and activation.

Ca”" enters the cytoplasm from the extracellular environment
and intracellular calcium stores following activation of the Ca®"
signaling pathway [26]. [Ca”']; has been shown to be increased
in many types of cells during apoptosis, particularly during the
early phase [16,11]. [Ca2+]i is one of the key factors that
influences osteoclastic activity [15,19] and is elevated following
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RANKL/RANK binding [9]. This is consistent with the present
observation that osteoclastic activity induced by M-CSF +
RANKL increases [Ca2+]i. Activation of the RANKL/RANK
signaling pathway was shown to induce Ca”" oscillation in
osteoclast precursors [23]. Ca®* oscillation is closely associated
with differentiation, activation, and apoptosis in osteoclasts
[18]. This process can be initiated by a variety of biomolecular
and mechanical stimuli including high [Ca’"]., ATP, integrin,
and RANKL. In addition, various receptors and proteins are
involved in the release of Ca”" from calcium stores in the ER [9];
this process plays an important role in maintaining Ca**
oscillation [9]. Furthermore, store-operated calcium entry
(SOCE) was found to mediate the downstream cascade which
were related to differentiation and activation of osteoclasts [5].
It has been suggested that the store-operated calcium (SOC)
channel could be sensitized by RANKL [9]. This was
demonstrated by showing that non-specific blockers of the SOC
channel could attenuate bone resorption activity via suppression
of SOCE [15]. In addition, RANKL inhibits Ca’" oscillation
[13].

The CaMK protein kinase family includes CaMKI, CaMKIV,
and CaMKII [17,22]. These kinases are involved in numerous
cellular physiological processes such as cell cycle regulation,
ion channels, and release of neurotransmitters [1]. They are also
critical regulatory factors for downstream events in the Ca”"
signaling pathway. Chang et al. [4] suggested that the c-Jun
N-terminal  kinases-mitogen-activated  protein  kinases
(INK/MAPK) signaling pathway helps regulate osteoclast
formation. They found that blocking the JNK signaling pathway
during osteoclast differentiation reduces the number of
TRAP-positive cells. This was attributed to decreased expression
of NFATc1 due to reduced CaMK levels. Furthermore, it was
shown that NFATc1 expression could be suppressed by the Ca™"
pathway inhibitor KN93, indicating that CaMK catalyzes
NFATc1 expression during the differentiation of osteoclast
precursors. By demonstrating that KN93 reduces the number of
TRAP-positive cells, it was concluded that INK/MAPK mediates
CaMK activity, thereby impacting NFATc1 expression during
osteoclast differentiation.

The extracellular regulated protein kinases (ERK)/MAPK
signaling pathway has also been shown to be involved in the
regulation of osteoclast differentiation and survival [6].
Furthermore, the transcriptional activity of cyclic adenosine
monophosphate (cAMP), a downstream target of CaMK, and
ERK phosphorylation were both increased during RANKL-
induced differentiation in osteoclasts [1]. In contrast, the Ca™"
pathway inhibitors KN93 and KN62 were found to delay the
formation of osteoclasts and decrease cathepsin K expression in
a time- and dose-dependent manner. The phosphorylation of
ERK during RANKL-induced differentiation of osteoclasts is
also inhibited by KN93 and KN62 [1].

AP-1 is comprised of dimers formed by Jun and Fos family



proteins, which are both important in the formation of osteoclasts
[12]. AP-1 has been implicated in CaMKII regulation of
osteoclast differentiation [18], implying that CaMKII plays
significant arole in Ca™' signaling during osteoclast differentiation.
This was consistent with data from our previous study
demonstrating that CaMKII is activated by increased [Ca’ ] via
sensitization of calmodulin in the RANKL/RANK signaling
pathway [18].

In agreement with previous reports [18,27], we found that
[Ca™]: and the phosphorylation levels of CaMKII were
increased in M-CSF + RANKL-treated osteoclasts differentiated
from RAW264.7 cells. We further demonstrated that these were
decreased by treatment with OPG during osteoclastogenesis,
indicating that OPG inhibited osteoclast differentiation. Our
findings were verified by observing changes in [Ca2+]i and
CaMKII phosphorylation following exposure to specific
inhibitors of the Ca®" signaling pathway.

In summary, findings from this study along with data from the
literature revealed that [Ca2+]i varies during osteoclast diffe-
rentiation, and that CaMKII plays a key role in this process.
However, further investigations should be conducted to
determine how variations in [Caz+]i differ during differentiation
and apoptosis in osteoclasts. Our results also suggested that the
Ca™* signaling pathway helps regulate osteoclast differentiation
and activation along with the inhibition of osteoclastogenesis
by OPG.
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