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Potential mechanisms of osteoprotegerin-induced
damage to osteoclast adhesion structures via
P2X7R-mediated MAPK signaling
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Abstract. Osteoprotegerin (OPG) is a negative regulator of
osteoclast formation by competing with receptor activator of
the nuclear factor-xB (NF-kB) ligand (RANKL) for RANK.
OPG is not only a soluble decoy receptor for RANKL, but
is also considered as a direct effector of osteoclast functions.
However, the mechanismsresponsible for OPG-induced
changes to osteoclast bone resorption functionsremain
unknown. P2X7R is involved in the process of multi-
nucleation and cell fusion. Therefore, in the present study,
mitogen-activated protein kinase (MAPK) inhibitors and
the RNA interference of purinergic receptor P2X7 (P2X7R)
were usedtoexamine the effects of P2X7R-mediated MAPK
signaling on changes to osteoclast adhesion structure induced
by OPG:; for this purpose, western blot analysis and immu-
nofluorescence staining were performed. The results revealed
that OPG inhibited osteoclast adhesion-related protein expres-
sion, disrupted adhesion protein distribution, and destroyed
osteoclast filopodia and lamellipodia structures. The inhibi-
tors partially restored osteoclast adhesion structure, including
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protein expression, distribution and cell morphology. The
absence of P2X7R markedly inhibited osteoclast formation,
and subsequent OPG treatment accelerated the damage to
adhesion structures. However, P2X7R activation significantly
recosvered the phosphorylation of paxillin, vinculin, phos-
phorylated protein tyrosine kinase 2 and SRC proto-oncogene,
non-receptor tyrosine kinase induced by OPG, and their
distribution was uniform at the osteoclast periphery. P2X7R
silencing suppressed the phosphorylation of MAPK. On the
whole, the findings of the present study highlighta key role of
P2X7R/MAPK signaling in osteoclast adhesion, and provide
a novel therapeutic target for bone disease.

Introduction

Osteoclasts are multinucleated bone-resorbing cells that differ-
entiate from macrophages in bone marrow. Osteoclastogenesis
is primarily governed by two key cytokines, receptor acti-
vator of the nuclear factor-kB (NF-«B) ligand (RANKL)
and macrophage colony-stimulating factor (M-CSF) (1).
Osteoprotegerin (OPG), a glycoprotein mainly synthesized by
osteoblasts, functions as a decoy receptor for RANKL. OPG
binds to RANK and blocks its activity, which results in the
inhibition of osteoclast differentiation and subsequent bone
resorption (2). RANK, RANKL and the OPG system can form
a tertiary complex, suggesting that OPG is not only a soluble
decoy receptor for RANKL, but can also be considered as a
direct effector of osteoclast functions (3).

OPG disrupts the attachment structure of osteoclasts and
activates SRC proto-oncogene, non-receptor tyrosine kinase
(SRC) (4). SRC is an adaptor protein that competes for the
reduced amount of phosphorylated protein tyrosine kinase 2
(PYK?2) remaining following OPG short-term treatment via
calcium- and extracellular signal-regulated kinase (ERK)-
dependent signaling pathways (5). In this process, OPG
short-term treatment reduces the intracellular calcium concen-
tration. However, adenosine triphosphate (ATP) can increase
the calcium concentration and inhibit damage to adhesion
structuresinduced by OPG (6). Extracellular ATP is viewed
as a primary messenger as it stimulates purinergic receptor



2 MA et al: OPG/P2X7R/MAPK AXIS DISRUPTS OSTEOCLAST ADHESION

P2X7 (P2X7R) at the cell surface of autocrine or paracrine
cells. Additionally, P2X7R has been detected in osteoclasts
and osteoblasts. Therefore, P2X7R may play an important role
in osteoclast function.

P2X receptors are ATP-gated, non-selective cation chan-
nels, which are divided into seven subtypes. When ATP binds
to a P2X receptor, it causes cytomembrane depolarization and
the subsequent elevation of the intracellular calcium concen-
tration, either by direct Ca®* permeation or by the activation
of voltage-gated Ca®* channels, which triggers a range of
signaling cascades, resulting in both short- and long-term
cellular events (7). P2X receptors are widely expressed in a
number of tissues and cells (8). However, P2X7R differs from
the other P2XRs to a certain degree. First, the brief activation
of P2X7R results in rapid membrane depolarization similar
with other P2XR; however, within seconds, a more profound
development of an additional permeability state occurs, which
allows for the permeation of large cations with a molecular
weight of up to 900 kDa. Secondly, 3'-O-(4-Benzoyl)benzoyl
ATP (BzATP) is a more potent activator of P2X7R than ATP,
and its activation induces cellular fusion or apoptosis (9).
However, a recent study indicated that purinergic signaling
occurs in bone metabolism (10); therefore, the present study
focused on P2X7R-mediated signaling in bone.

P2X7R plays an important role in bone metabolism, being
expressed by both osteoclasts and osteoblasts, in which it plays
a role in modulating differentiation, function and lifespan (11).
It has also been demonstrated that BALB/c P2x7r" miceex-
hibit increased bone loss; BALB/c P2x7r" derived precursors
have been shown to generate a slightly greater number of
osteoclasts, although with a significant reduction in the amount
of resorption per osteoclast (12). The nuclear translocation of
nuclear factor of activated T-cells 1 (NFATcl) in RANKL- and
M-CSF-primed monocytes and in mature, resorbing osteoclasts
has been shown to be dependent on P2X7R activation (13).
Moreover, abolishing P2X7R activity would interfere with
calcium signaling, thereby influencing osteoclast function by
affecting the formation of the ruffled border and subsequently,
bone resorption (14). Therefore, P2X7R plays a critical role in
the regulation of osteoclast fusion and resorption. However, it
is not clear whether P2X7R participates in regulating osteo-
clast adhesion structure function induced by OPG.

The present study aimed to examine the regulatory effects
of P2X7R on damage to osteoclast adhesion structures induced
by OPG. It was hypothesized that the effects of P2X7R on
OPG-induced damage to osteoclast function would be medi-
ated via mitogen-activated protein kinase (MAPK) signaling.
Moreover, P2X7R may be a novel target with OPG in the treat-
ment of osteoporosis.

Materials and methods

Animals. In the present study, all mice were provided by
Yangzhou University. BALB/c male mice were used (weight,
10-15 g; age, 4 weeks). All mice were sacrificed by cervical
dislocation method and mouse death was verified by the cessa-
tion of respiratory movements. A total of 40 mice were used
for the isolation of primary cells. No mouse died during the
experimental period, which was 4 weeks. Mouse health and
behavior were monitored every day. All mice were kept in

specific pathogen-free (SPF) animal housing with a tempera-
ture of 18-25°C, a humidity of 30-50% anda 12-h dark /light
cycle every day for 1 month. All mice were also provided with
free access to food and water.

Cell culture and osteoclast induction. Mouse bone marrow-
derived macrophages (BMMs) were used for osteoclast
differentiation. BMMs can continually proliferate under M-CSF
stimulation, and can differentiate into multinuclear cells under
RANKL stimulation (4). In the present study, BMMs were
isolated from the femurs and tibiae of BALB/c mice, the marrow
was aspirated from the marrow cavity using a syringe to collect
the cells, seeded and cultured in a-minimal essential medium
(MEM) (Gibco; Thermo Fisher Scientific, Inc.) with 10% fetal
bovine serum (FBS) (Gibco; Thermo Fisher Scientific, Inc.)
overnight in humidified atmosphere of 5% CO, at 37°C. The
experimental procedures were approved by the Ethics Committee
of Yangzhou University [SY XK (Su) 2017-0044]. The suspended
cells were used as osteoclast precursors and further cultured in
the presence of M-CSF (30 ng/ml) and RANKL (60 ng/ml; R&D
Systems, Inc.) for 5 days. The medium was changed every 2 days.
At the end of the culture period, mature osteoclasts were visual-
ized using tartrate-resistant acidic phosphatase (TRAP) staining
as described below. The expression of osteoclast adhesion
proteins was examined by using various concentrations of OPG
(0, 20, 40 and 80 ng/ml); according to the results, the concentra-
tion of 80 ng/ml OPG was used in follow-up experiments.

Cell transfection. A P2X7TR short hairpin RNA (shRNA)
knockdown construct was constructed by Hanheng (Shanghai)
Corporation Ltd. Transfection was performed using shRNA-
P2X7R and NC-shRNA adenovirus and the silencing
efficiency was determined using western blot analysis. The cell
transfection method was previously described in the study by
Ma et al (14). An adenoviral vector containing sShRNA-P2X7
(MOI, 1-3) was introduced into BMMs in the presence of
M-CSF (30 ng/ml); after 24 h, the transduction efficiency was
observed using fluorescence microscopy, and the silencing and
overexpression efficiency were determined using western blot
analysis. NC-shRNA was used as the non-targeting sequence,
and the sequences of the shRNAs and NC-shRNA were as
follows: NC-shRNA: Top strand, aattcGTTCTCCGAACGT
GTCACGTAATTCAAGAGATTACGACACGTTCGCAGA
ATTTTTTg; bottom strand, gatccAAAAAATTCTCCGAAC
GTGTCACGTAATCTCTTGAATTACGTGACACGTTCG
GAGAACg. shRNA: Top strand, AATTCGACGAAGTTA
GGACACAGCATCTTTGttcaagagaCAAAGATGCTGTGT
CCTAACTTCGTttttttg; bottom strand, GATCCAAAAAAA
CGAAGTTAGGACACAGCATCTTTGTctcttgaaCAAAGA
TGCTGTGTCCTAACTTCGTCgGATCCAAAAAAACGA
AGTTAGGACACAGCATCTTTGTctcttgaaCAAAGATGC
TGTGTCCTAACTTCGTCg.

TRAP staining. BMMs were cultured in the presence of
RANKL and M-CSF, following BMMs were treated with
A438079 (ab120413; Abcam) for 12 h, after 5 days, the cells
were fixed in 10% paraformaldehyde for 10 min. After washing
with PBS, the cells were stained using a TRAP-Kit 387A
(Sigma-Aldrich; MerckKGaA) according to the manufac-
turer's instructions. TRAP-positive mature osteoclasts having
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more than three nuclei were observed and counted using a
light microscope (LEICA DMI 3000B; Leica Microsystems
GmbH).

Western blot analysis. The cells were washed twice with cold
PBS and lysed in radioimmunoprecipitation assay (RIPA)
buffer (Beyotime Institute of Biotechnology) on ice for 30 min,
and then centrifuged at 12,000 x g for 10 min to precipitate the
cell debrisat 4°C. The protein concentration was determined
using a bicinchoninic acid (BCA) protein assay kit. The western
blot analysis protocol was as previously described in the study
by Fathi et al (15). Equal amounts of protein were separated
using 10-12% SDS-PAGE. The proteins in the gel were trans-
ferred onto polyvinylidene fluoride (PVDF) membranes. After
blocking with 5% skim milk in Tris-buffered saline-Tween-20
(TBST) for 2 h atroom temperature, the membranes were
incubated overnight with primary antibodies at 4°C. The
primary antibodies were as follows: Anti-phospho (p)-PYK2
(phospho Y402) (1:1,000; ab4800), anti-PYK2 (1:1,000;
ab32571), anti-vinculin (1:1,000; ab129002) (all from Abcam),
anti-p-vinculin (1:1,000; SAB4301470; Sigma-Aldrich;
MerckKGaA), anti-paxillin (1:1,000; ab32084), anti-p-paxillin
(phosphoY31; 1:1,000; ab4832), anti-p-paxillin (phospho S126;
1:1,000; ab24402), anti-integrin av (1:1,000; ab179475), P2X7
(1:1,000; ab259942) (all from Abcam), antiintegrin 3 (1:500;
ET1606-49; HUABIO), anti-SRC (1:1,000; #2109), anti-p-SRC
(Tyr416; 1:1,000; #2101) and anti-p-SRC (Tyr527; 1:1,000;
#2105), ERK (1:1,000; #4695), p-ERK (1:1,000; #4370),
INK (1:1,000; #9252), p-JNK (1:1,000; #4668), p38 (1:1,000;
#8690), p-p38 (1:1,000; #4511), (all from Cell Signaling
Technology, Inc.). The following day, the membranes were
washed and incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies (1:5,000; #7076 and #7074;
Cell Signaling Technology, Inc.) for 2 h atroom temperature.
The immunoreactive proteins on the membranes were then
visualized using chemiluminescence (cat. no. P2300, New
Cell & Molecular Biotech). Densitometric quantification was
performed using ImagelJ software 1.48 (National Institutes of
Health). The protein expression level was calculated according
to the gray value of the bands.

Immunofluorescence staining. The cells were cultured for
5 days following treatment with various reagents [U0126 (ERK
inhibitor), 5 gm; SP600125 (JNK inhibitor), 10 xM; SB202190
(MAPK inhibitor), 5 yM; MedChemExpress] and 30 uM
BzATP (ab120444; Abcam) for 30 min and OPG (80 ng/ml) for
12 h, and then fixed using 10% paraformaldehyde for 30 min,
permeabilized with 0.3% Triton X-100 for 20 min, and washed
with PBS three times. The cells were first incubated in 5% skim
milk in TBST for 30 min, and then incubated overnight with
primary antibodies at 4°C, (the primary antibodies were the
same as those used for western blot analysis; dilution, 1:200),
washed three times in PBS, Subsequently, the coverslips were
washed and incubated for 2 h at room temperature with Alexa
Fluor® 488-conjugated secondary antibody (cat. no. A0428;
1:200) F-actin was stained with phalloidin (ab176756; Abcam)
for 40 min at room temperature, followed by washing with
PBS. The nuclei were stained using 4',6-diamidino-2-phenyl-
indole (DAPI) for 15 min at room temperature, and covered
using glass coverslips. The immunofluorescent stained cells

were viewed and images captured using confocal laser
scanning microscopy (LSM 880NLO; Carl Zeiss). The OPG
concentration was used acording to the study by Zhao et al (5).
The method used forimmunofluorescence staining was as
described in the study by Fathi er al (16).

Scanning electron microscopy (SEM). After the cells were
treated with OPG (80 ng/ml) for 12 hand various reagents
(U0126, 5 uM; SP600125, 10 uM; SB202190, 5 uM) for
30 min, the cells were fixed in 2.5% glutaraldehyde solution
overnight at 4°C, dehydrated using increasing concentra-
tions of ethanol from 50-100%, dried and gold-coated (as the
sample does not conduct electricity), using the carbon coater
for gold coating (MC1000; Hitachi, Ltd.). Cell morpholo-
gies were observed using a Hitachi S-4800 Field-Emission
Environmental Scanning Electron Microscope (Hitachi
Corporation). The SEM method was as previously described
in the study by Ma et al (14).

Statistical analysis. Each experiment was repeated at least
three times andno data were excluded. All data were analyzed
using SPSS 22.0 software (SPSS, Inc.). The results are
expressed as the mean + standard deviation. An independent
samples t-test (Student's t-test) was used for two-sample
comparisons for data demonstrating a normal distribution. The
t-test used was unpaired in the present study. Multiple groups
were compared using one-way analysis of variance (ANOVA)
followed by Tukey's or Tamhane's test. P<0.05 was considered
to indicate statistically significant differences.

Results

OPG suppresses osteoclast adhesion-related protein expres-
sion. The levels of osteoclast adhesion-related proteinswere
examined using western blot analysis. In response to
OPGstimulation, the levels of osteoclast adhesion proteins,
including integrin av, integrin B3, p-vinculin, p-paxillinand
p-SRC (527), were significantly decreased in in a concentra-
tion-dependent manner (Fig. 1). However, the phosphorylation
of SRC at amino acid 416 was increased following treatment
with OPG, in a concentration-dependent manner (Fig. 1).
Taken together, these data demonstrated that OPG inhibited
the expression of osteoclast adhesion-related proteins.

OPG damages osteoclast adhesive structures via the
MAPK signaling pathways. Firstly, MAPK signaling path-
ways were examined usingwestern blot analysis. The data
demonstrated OPG reduced the phosphorylation of ERK, INK
and p38 in a concentration-dependent manner, and the phos-
phorylation of ERK, JNK and p38 also significantly decreased
AT different time pointS by OPG treatment (Fig. 2A). These
results suggested that OPG inhibited the MAPK signaling
pathways.

Subsequently, specific inhibitors of ERK(U0126), JNK
(SP600125) and p38 (SB202190) were used. As shown in
Fig. 2B, the decrease in the levels of osteoclast adhesion
proteins was significantly reversed when the cells were
co-treated with OPG and U0126. The results revealed that
when osteoclasts were co-treated with OPG (80 ng/ml) and
U0126 (5 um), the levels of key osteoclast adhesion proteins
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Figure 1. OPG suppresses RANKL-induced specific osteoclast adhesion protein expression. mouse bone marrow-derived macrophages were treated with
macrophage colony-stimulating factor and RANKL for 5 days, followed by treatment with the indicated concentrations of OPG for 12 h. Osteoclasts were lysed
and total proteins were obtained. The expression levels of osteoclast adhesion-related proteins were determined usingwestern blot analysis. “P<0.01 vs. controls.
Data are representative of three independent experiments. OPG, osteoprotegerin; RANKL, receptor activator of the nuclear factor-kB (NF-kB) ligand; PYK2,
phosphorylated protein tyrosine kinase 2; SRC, SRC proto-oncogene, non-receptor tyrosine kinase.

were higher than thosein the OPG group, and the phosphory-
lation levels of vinculin and paxillinwere mostly recovered
compared with those in the OPG group. In addition, the data
also revealed that OPG altered the phosphorylation levels of
SRC at 416 and 527; however, no recovery of the SRC phos-
phorylation levels was observed in the group co-treated with
OPG and U0126. Using the same method, the osteoclasts were
cotreated with OPG, SP600125 (10 gm) and SB202190 (5 um),
respectively. As shown in Fig. 2C and D, co-treatment with
OPG and the inhibitors markedly increased the levels of osteo-
clast adhesion-related proteins, which was consistent with the
results obtained with U0126.

Subsequently, the distribution of adhesion-related proteins
was analyzed using immunofluorescence staining, including
integrin av, integrin B3, vinculin, paxillin, SRC and PYK2.
As shown in Fig. 2E, the distribution of integrin av and
integrin B3 and F-actin was very similar, being co-localized
in the periphery of the osteoclasts. This co-localization was
not observed in the OPG-treated group. OPG completely
disrupted the distribution of integrin av and integrin B3 to the
osteoclast periphery. The labeling of integrinwas diffuse inside
the osteoclasts or even disappeared. Of note, the co-treatment

group exhibited a markedly altered integrin av and integrin 3
location, with co-localization being observed at the osteoclast
periphery. For other adhesion proteins (Fig. S1), including
vinculin and paxillin, the distribution was consistent compared
with that of integrin, However, SRC and PYK2 remained
localized in the cell center or exhibited a diffuse distribution
after treatment with OPG and inhibitors, which was consistent
with the results of western blot analysis.

Finally, SEM was used to analyze the morphological changes
of the adhesion structures in osteoclasts. The adhesion structure
was distributed as a circular zone near the periphery of the
osteoclast and outside this peripheral circular zone, including the
lamellipodia and filopodia. Following treatment with OPG, as
shown in Fig. 2F, a severe retraction and reduction of lamelli-
podia and filopodia-like structures was observed, some of which
were detached from the substrate. Moreover, the osteoclast adhe-
sion structures in the control and inhibitor groups exhibited no
obvious changes. The OPG and inhibitor co-treatment groups
exhibited no marked retraction and reduction in osteoclast lamel-
lipodia and filopodia, which remained attached to the substrate.
The aforementioned results indicated that MAPK was involved
in regulating osteoclast adhesion structures.
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Figure 2 Continued.

Absence of P2X7R inhibits osteoclast differentiation. P2XTR
expression was analyzed during osteoclast differentiation. The
P2X7R levels were upregulated over time (1-5 days) during
osteoclastogenesis (Fig. 3A). Subsequently, mouse BMMs were
transfected with an adenovirus-mediated P2X7R-shRNA,
and control and blank interference adenoviruses, and then
cultured in the presence of RANKL (60 ng/ml) and M-CSF
(30 ng/ml). The silencing efficacy of P2X7R was determined
using western blot analysis (Fig. 3B) The results revealed that
P2X7R deficiency suppressed the formation of TRAP-positive
multinucleated osteoclasts compared with the control and
blank interference adenovirus (Fig. 3C). To further illustrate
the effect of P2X7R, the BMMs were treated with the P2X7R
inhibitor, A438079, which does not affect cell proliferation.

After 5 days, A438079 (50 um/l) significantly inhibited the
formation of multinucleated osteoclasts (Fig. 3D). These
results suggested that P2X7R plays a crucial role in osteoclast
differentiation.

Effect of MAPK signaling inhibitors on P2X7R expression. In
the present study, osteoclasts treated with OPG (80 ng/ml) for
12 h were examined for P2X7R expression levels. The results
revealed that OPG reduced the expression of P2X7R in a
concentration-dependent manner, and the expression of P2X7R
also significantly decreased at different time points by OPG
treatment (Fig. 4A). To further illustrate thatthe OPG-induced
reduction in P2X7R levels was related to MAPK signaling,
specific inhibitors of ERK (U0126), INK (SP600125) and
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Figure 2 Continued.
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Figure 2. OPG damages osteoclast adhesive structures via the MAPK signaling pathway. Osteoclasts were differentiated from mouse bone marrow-derived
macrophages in 24-well culture plates, and then cultured in a-MEM in the presence of receptor activator of the nuclear factor-kB (NF-kB) ligand and
macrophage colony-stimulating factor for 5 days. (A) The activation of MAPK signaling was determined using western blot analysis. “P<0.01. (B-D) Effects
of U0126, SB202190 and SP600125 on OPG-mediated osteoclast adhesion structures. Osteoclasts were pre-treated with 5 pM U0126, 10 uM SP600125 or
5 uM SB202190 for 30 min followed by 80 ng/ml OPG for a further 12 h. Western blot analysis was performed for osteoclast adhesion-related proteins in
osteoclasts exposed to OPG, or OPG and inhibitors. “P<0.01. (E and F) Osteoclasts were fixed, permeabilized and stained for integrin av and 3, actin and
nuclei. (E) Colocalization of integrin av and $3 was analyzed using a confocal fluorescence microscope. Scale bars, 20 gm. (F) Osteoclast adhesion structures
were examined using scanning electron microscopy. Scale bars, 100 ym. Data are representative of three independent experiments. OPG, osteoprotegerin;
PYK2, phosphorylated protein tyrosine kinase 2; SRC, SRC proto-oncogene, non-receptor tyrosine kinase

p38 (SB202190) were used and P2X7R expression was exam- P2X7R levels was partially or absolutely reversed using the
ined. The results revealed that the OPG-induced reduction in  specific inhibitors (Fig. 4B).
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inhibitor) for 12 h. After 5 days, TRAP staining was performed to analyze osteoclast numbers. “"P<0.01. Data are representative of three independent experi-
ments. PYK?2, phosphorylated protein tyrosine kinase 2; TRAP, tartrate-resistant acidic phosphatase.

Effect of BzATP/P2X7R-shRNA on OPG-induced osteoclast
adhesion function and MAPK signaling. Osteoclasts were
treated with BZATP for 30 min, followed by OPG treatment for
12 h. In addition, the BMMs were transfected with adenovirus
with P2X7R-shRNA in the presence of M-CSF and RANKL.
As shown in Fig. 5A, compared with the control group, the
levels of p-p38 and p-ERK, but not those of p-JNK, increased

significantly following treatment with BZATP. P2X7R-shRNA
decreased the phosphorylation levels of ERK, JNK and p38
MAPK compared with those in the negative control group.
The results also revealed that OPG markedly decreased the
phosphorylation levels of ERK, JNK and p38. However, this
phenomenon was reversed or aggravated by BZATP or P2X7R-
shRNA, respectively. Therefore, these results indicated that
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western blot analysis.
The expression of P2X7R was examined using western blot analysis.

“P<0.01. (B) Osteoclasts were pre-treated with U0126, SB202190 and SP600125 for 30 min followed by 80 ng/ml OPG for a further 12 h.
“P<0.01 vs. control or as indicated by the lines on the graphs. Data are representative of

three independent experiments. OPG, osteoprotegerin; PYK?2, phosphorylated protein tyrosine kinase 2.

BzATP induced the activation of P2X7R, which activated
ERK and p38. By contrast, the depletion of P2X7R markedly
inhibited MAPK signaling activation.

Subsequently, the present study examined the effects of
BzATP and P2X7R-shRNA on OPG-induced osteoclast adhe-
sion function. First, western blot analysis was used to assessthe
levels of adhesion-related protein following treatment with
BzATP, P2X7R-shRNA and OPG. As shown in Fig. 5B and C,
the levels of integrin av and 3 markedly decreased in the
OPG group. BZATP and OPG co-treatment significantly
increased the integrin av and 3 levels; however, P2X7R-
shRNA and OPG co-treatment further decreased the levels of
integrin av and 3 compared with those in the negative control
plus OPG group. The results also revealed that OPG reduced
the phosphorylation levels of vinculin and paxillin; however,
the activation of P2X7R with BZATP markedly increased the
phosphorylation levels of vinculin and paxillin. By contrast,
the depletion of P2X7R markedly decreased the phosphory-
lation levels of vinculin and paxillin, further disrupting the
osteoclast adhesion ability. The data also demonstrated a
significant reduction in PYK?2 phosphorylation at position 402

and SRC phosphorylation at position 527 under OPG treat-
ment. BZATP and P2X7R-shRNA treatment increased and
decreased, respectively, the activation of PYK2 and SRC.
Of note, OPG increased the level of SRC phosphorylation
at position 416; however, BZATP and OPG co-treatment did
not recover the level of SRC phosphorylation at position 416;
P2X7R-shRNA and OPG co-treatment also did not reverse the
level of SRC phosphorylation at position 416.

As shown in Fig. 5D, OPG treatment resulted in a
disrupted distribution of integrin av and 3. However, the
OPG-induced damage to the osteoclast adhesion structures
was significantly aggravated when the cells were transfected
with P2X7R-shRNA. This was confirmed by the observation
that the OPG-induced disruption of integrin av and 3 was
markedly attenuated when the cells were pre-treated with
BzATP for 30 min. In addition, the levels of other adhesion
proteins, examined by immunofluorescence staining, were
consistent with those of integrin av and B3 (Fig. S2). Taken
together, these results further suggested that P2X7R plays a
crucial role in regulating the damage to osteoclast adhesion
structures induced by OPG.
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Figure 5. Continued.

reversed these OPG-induced osteoclast morphological changes.

severely damaged By contrast, the depletion of P2X7R did not recover osteoclast

then used to observe osteoclast morphology. As

SEM was
shown in Fig. SE, SEM revealedthat OPG

intact morphology, but further aggravated the OPG-induced

adhesive structure damage. The results of the present study
thus suggest that P2X7R-mediated MAPK signaling plays an

osteoclast pseudopodia, including filopodia breakage or loss

offilopodia, the retraction of lamellipodiaand detachment
from the substrate. However, BZATP pre-treatment for 30 min
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Figure 5. Effect of BZATP/P2X7R shRNA on OPG-induced osteoclast adhesion function and MAPK signaling. (A-C) Mature osteoclasts were pre-treated
with 300 M BzATP for 30 min, followed by 80 ng/ml OPG for a further 12 h. The cells were transfected with negative control-shRNA and P2X7R-shRNA
for 48 h, followed by treatment with OPG for 12 h. The activation of MAPK signaling and the levels of adhesion proteins were examined using western blot
analysis. "P<0.05 and “P<0.01. (D) The distribution of integrin av and B3 was analyzed using a confocal fluorescence microscope. Scale bars, 20 um. (E) The
morphology of the osteoclast adhesion structures was observed using scanning electron microscopy. Scale bars, 100 ym. Data are representative of three
independent experiments. OPG, osteoprotegerin; P2X7R, purinergic receptor P2X7; BZATP, 3'-O-(4-Benzoyl) benzoyl ATP.

essential role inresisting OPG-induced damage to osteoclast
adhesion.

Discussion

The critical role of P2X7R in bone pathogenesis has been
elucidated (11). The results of the present study demonstrated
that P2X7R maybe a potential target for bone disease thera-
peutics. The results indicated that OPG disrupted osteoclast
adhesive function by affecting MAPK signaling. The absence
of P2X7R inhibited osteoclast function, and P2X7R mediated-
MAPK signaling was involved in OPG-induced osteoclast
adhesive structure damage.

It has been previously reported that osteoclasts are multi-
nucleated cells generated from monocytes and macrophages,
which adhere to mineralized bone matrix and become polar-
ized, forming the sealing zone for bone resorption (17). OPG
has been observed to inhibit osteoclast differentiation and bone
resorption by blocking the binding of RANKL to RANK (18).
A previous study (19) also demonstrated that the cytoskeleton
plays an important role in osteoclast differentiation, matura-
tion and adhesion, Moreover, filopodia and podosomesundergo
drastic and regular variations during osteoclast differen-
tiation and adhesion. In the present study, OPG significantly
disrupted the filopodia and lamellipodia in mature osteoclast.
In addition, OPG suppressed osteoclastic adhesion protein
expression, including integrin av, integrin 3, p-vinculin,
p-paxillin and p-SRC at position 527. SRC isan adaptor
protein, and the phosphorylation of SRC at position 416 was
increased by OPG. Previous research has demonstrated that
podosomes and pseudopodium share several components and
structural features, the most important being a multimolecular
complex surrounding the core, which comprises integrin

receptors and integrin-associated proteins that are also found
in focal adhesions, such as vinculin and paxillin (20). Paxillin,
an adaptor protein, is highly phosphorylated on tyrosyl resi-
dues and has been shown to regulate focal adhesion dynamics
and cell migration (21). In the present study, OPG significantly
inhibited the phosphorylation of paxillin at tyrosine 31 (Y31)
and serine (S126). Furthermore, OPG severely disrupted the
distribution of paxillin in mature osteoclasts. Paxillinplays
amain role in regulating osteoclast adhesion and migration.
Additionally, vinculin, as an actinprotein, is closely related to
the maturation of podosomes (22). In the present study, OPG
attenuated the phosphorylation of vinculin and disrupted its
distribution. It has also been found that vinculin-deficient
osteoclasts do not exhibit any actin ring formation or bone
resorption activity (23). In addition, the cytokine activation
of osteoclasts requires matrix-derived signals transmitted
intracellularly via integrin av and 3, which induces SRC to
stimulate a canonical, cytoskeleton-organizing complex (24).
Herein, the levels of integrinav and 33 werereduced following
OPG stimulation and exhibited a scattered distribution in the
cell center, which would lead to osteoclasts losing their adhe-
sion function and to the inhibition of downstream signaling.
Moreover, OPG induced a decrease in PYK2 Tyr 402 and
SRC Tyr 527 phosphorylation, where as the phosphorylation
of SRC at Tyr 416 was markedly increased. SRC and PYK?2,
as part of the podosome actin cloud, are essential for proper
podosome organization and bone resorption (25). The results
of the present study suggested that OPG disturbed the adhe-
sion structure and the distribution of podosomes in osteoclasts
by causing the disequilibration of the dormant form of SRC.
PYK2-null osteoclasts have been shown to be unable to form
the podosome belt, resulting in impaired bone resorption (26).
This finding is consistent with the findings of the present study,
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in which OPG inhibited PYK?2 activity, resulting in podosome
disassembly and impaired osteoclast resorption ability.

M-CSF and RANKL playan essential role through MAPK
signaling pathways during osteoclast differentiation and bone
resorption. Of note, in the present study, OPG significantly
suppressed MAPK signaling. A previous study demonstrated
that OPG suppressed osteoclast differentiation by inhibiting
the phosphorylation of ERK1 and ERK2, and directly induced
podosome disassembly in osteoclasts (4). In the present study,
the blocking of ERK signaling using U0126 significantly
attenuated the damaging effects of OPG. In addition, JNK
and p38 signaling also plays an important role in the regu-
lation of apoptosis, and the formation and differentiation of
osteoclasts (27,28). OPG, as an upstream signaling factor,
markedly suppressed JNK and p38 activation, ultimately
impairing osteoclast adhesion structures. Several inflamma-
tory cytokines that negatively influence osteoclastogenesis
via JNK and p38 inactivation have been identified, including
IL-3, IL-4, IL-6 and TNF (29-31). Thus, OPG and inflam-
matory cytokines play similar roles in regulating JNK and
p38 activity, which affects osteoclast function. In the present
study, the blocking of JNK and p38 signaling protected the
adhesion structure from OPG induced damage. However,
ERK, JNK and p38 inhibitorsdid not recover SRC Tyr 416
and 527 phosphorylation under OPG induction. Thus, these
findings revealed that MAPK signaling wasnot involved in
modulating SRC activation.

P2X7R is a cation channel and can be activated by
ATP (32). It has been demonstrated that P2X7R is related
to diseasesof the central nervous system (33), multiple scle-
rosis (34) and bone metabolism (35). P2X7R is expressed
in osteoblasts and osteoclasts (36). In the present study,
P2X7R was highly expressed in mature osteoclasts and OPG
reduced the expression level of P2X7R. Previous studies have
also demonstrated that P2X7R-mediated signaling drives
osteoclastic fusion (37) and negatively regulates bone miner-
alization (38). In the present study, the depletion of P2X7R
significantly reduced the number of osteoclasts. Aprevious
study also demonstrated that the blockade of P2X7R inhibited
osteoclast formation in vitro (39), which is consistent with
the present findings. The present study also found that the
depletion of P2X7R markedly suppressed osteoclast adhe-
sion functions. However, a previous study (40) demonstrated
that whenRGC-5 cells were treated with BZATP (a P2X7R
agonist), BZATP reversed the inhibitory effects of Mongolian
compound medicine-Gurigumu-13 (GRGM) on cell apop-
tosis, oxidative stress and the phosphorylation of p38. P2X7R
knockdown was shown to further enhance the inhibitory
effect of GRGM on pp38 (40). Of note, BZATP enhanced the
phosphorylation of p38 and ERK and reversed the damaging
effects of OPG on osteoclast adhesion in the present study. In
addition, P2X7R silencing significantly inhibited the MAPK
pathway and aggravated the damaging effects of OPG. In
recent years, studies have demonstrated that P2X7R activation
can increase cancer cell invasiveness (41) and migration (42).
The present study also revealed that P2X7R activation
restored the normal osteoclast adhesion structure following
OPG-induced damage, which suggested that P2X7R activa-
tion would recover adhesion, invasiveness and migration
functions. The silencing of P2X7R further promoted the

OPG-induced damage to the adhesion structure. In brief,
P2X7R-mediated MAPK signaling plays an essential role
in regulating osteoclast adhesion function, and P2X7R may
be a novel target for bone disease treatment. Furthermore,
mesenchymal stem cell therapy may also be promising in the
treatment of a number of diseases (43). In addition, P2X7R,
as a targeted therapeutic strategy, may beworthy of further
explorationcompared with targeted therapeutics for the treat-
ment of acute myeloid leukemia (44).

In conclusion, the present study demonstrated that OPG
disrupted the osteoclast adhesion structure via P2X7R-
mediated MAPK signaling and revealed the role of P2X7R
in mature osteoclasts. The findings presented herein provide
a novel therapeutic target for bone diseases, such as osteopo-
rosis.
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