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ABSTRACT
Osteoprotegerin has previously been shown to modulate bone mass by blocking osteoclast
maturation and function. The detailed mechanisms of osteoprotegerin-induced disassembly of
podosomes, disruption of adhesive structures and modulation of adhesion-related proteins in
osteoclasts, however, are not well characterized. In this study, tartrate-resistant acidic phosphatase
staining demonstrated that osteoprotegerin inhibited differentiation of osteoclasts. The use of
scanning electron microscopy, real-time cell monitoring and confocal microscopy indicated that
osteoclasts responded in a time and dose-dependent manner to osteoprotegerin treatments with
retraction of peripheral adhesive structures and detachment from the extracellular substrate.
Combined imaging and Western blot studies showed that osteoprotegerin induced
dephosphorylation of Tyr 402 in Pyk2 and decreased its labeling in peripheral adhesion regions.
osteoprotegerin induced increased intracellular labeling of Tyr 402 in Pyk2, Tyr 416 in Src, increased
dephosphorylation of Tyr 527 in Src, and increased Pyk2/Src association in the central region of
osteoclasts. This evidence suggests that Src may function as an adaptor protein that competes for
Pyk2 and relocates it from the peripheral adhesive zone to the central region of osteoclasts in
response to osteoprotegerin treatment. Osteoprotegerin may induce podosome reassembly and
peripheral adhesive structure detachment by modulating phosphorylation of Pyk2 and Src and their
intracellular distribution in osteoclasts.
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Introduction

Mature bones that comprise the skeletons of mam-
mals are composed of a complex mixture of organic
and inorganic materials. Proper maintenance of bone
matrix is regulated by the opposing activities of 2
major types of cells: osteoclasts (OCs), which remove
bone, and osteoblasts, which lay down the new
organic matrix on which mineralization occurs. Bone
mass is stable when the amount of bone removed by
OCs is evenly balanced by osteoblastic bone forma-
tion.1,2 Excessive OC formation and bone resorption
are closely related with diseases such as osteoporosis,
periodontitis and tooth loss.3,4

OCs are multinucleated cells of the monocyte-macro-
phage lineage, and are derived from haematopoietic stem
cells through a series of differentiation steps.5 Two essen-
tial cytokines, macrophage colony-stimulating factor (M-
CSF) and receptor activator of NF-kB ligand (RANKL),

play a central role in bone destructive disorders. M-CSF
supports proliferation and survival of precursor cells dur-
ing OC differentiation while RANKL, a TNF family cyto-
kine that binds to the receptor RANK, promotes OC
formation from OC precursors.6,7 Osteoprotegerin (OPG),
a member of the tumor necrosis factor (TNF)/TNF recep-
tor superfamily, is a decoy receptor for the pro-osteoclas-
tic cytokine RANKL with an equivalently high affinity as
RANKL for its receptor RANK.8,9 OPG/RANKL binding
prevents the interaction of RANKL with RANK, which is
expressed on the cell surface of OC precursors, and thus
inhibits OC differentiation.2 OPG knockout mice display
osteoporosis owing to enhanced bone resorption at local
sites. The decreased activity by OCs induced by exogenous
OPG may improve bone mass.10

Adherence of OCs to bone matrix activates integrin mol-
ecules and results in increased phosphorylation of podoso-
mal-associated proteins, such as Pyk2, c-Src, paxillin,
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p130cas, and Cbl. Phosphorylation-related effects affect the
activities of WASP, cortactin, and other actin-interacting
molecules, and ultimately lead to OC adhesion/migration,
organization of the sealing zone, and vesicular trafficking.11

The proteins and cellular mechanisms that regulate podo-
some belt formation are not well understood. In OCs, Pyk2
is localized to the podosome belt and deletion of Pyk2 leads
to an impairment of OC function, which in part contributes
to the osteopetrotic phenotype observed in Pyk2-deficient
mice.12,13 Tyrosine 402 in Pyk2 has been suggested as the
primary autophosphorylation site providing a docking site
for the SH2 domain of c-Src.14-16 Src, a non-receptor pro-
tein-tyrosine kinase, plays an important role in cell adhe-
sion, cell morphology and motility, and bone resorption.
Focal adhesion kinase (FAK) and the Crk and Src associated
substrate (Cas) are focal adhesion proteins important for
integrin signaling and are substrates of Src.17 From its N- to
C-terminus, Src contains a 14-carbon myristoyl group
attached to an SH4 domain, a unique domain, an SH3
domain, an SH2 domain, an SH2-kinase linker, a protein-
tyrosine kinase domain (the SH1 domain), and a C-terminal
regulatory segment.18 One of the 2 most important regula-
tory phosphorylation sites in Src is Tyr 527, 6 residues from
the C-terminus. Under basal conditions in vivo, 90–95% of
Src is phosphorylated at Tyr 52719 and phosphotyrosine 527
binds intramolecularly with the Src SH2 domain. This intra-
molecular association stabilizes a restrained form of the
enzyme.18 Src undergoes an intermolecular autophosphory-
lation at Tyr 416; this residue is present in the activation
loop, and its phosphorylation promotes kinase activity.18

In the present study, tartrate-resistant acidic phospha-
tase (TRAP) staining was used to determine the inhibi-
tory effects of OPG on differentiation of OCs. We used
scanning electron microscopy (SEM) and a real-time cell
analyzer (RTCA) to assess the effects of OPG on adhe-
sion structures in living OCs. We found that the OCs
responded to OPG treatment in a time and dose-depen-
dent manner with retraction of adhesive structures in the
peripheral region and detachment from the extracellular
substrate. Combined imaging and Western blot studies,
which showed the occurrence of the retraction process
correlated well with a decrease in the levels of tyrosine
phosphorylation at Tyr 402 in Pyk2 and Tyr 527 in Src
and an increase in tyrosine phosphorylation at Tyr 416
in Src, suggest that Pyk2 and Src are involved in the
retraction effects induced by OPG in OCs.

Materials and methods

Antibodies and chemicals

Tartrate-resistant acid phosphatase (TRAP) Kit 387-A,
rhodamine-phalloidin, 406-diamidino-2-phenylindole

(DAPI) and mouse anti-Vinculin antibody were pur-
chased from Sigma Chemical Co. (St. Louis, MO, USA).
Dulbecco’s modified Eagle’s medium (DMEM), mini-
mum essential medium a (a-MEM) and fetal bovine
serum (FBS) were obtained from Gibco Laboratories
(Grand Island, NY, USA). M-CSF, RANKL and OPG
were obtained from Peprotech Inc. (Rocky Hill, NJ,
USA). Collagen I was obtained from BD Biosciences
(Bedford, MA, USA). Rabbit anti-Pyk2, anti-Src, anti-Src
phosphotyrosine residue 416, anti-Src phosphotyrosine
residue 527, anti-b-actin antibodies and mouse anti-
phosphotyrosine, anti-Pyk2 phosphotyrosine residue
402 antibodies were obtained from Cell Signaling Tech-
nology Inc. (Danvers, MA, USA). Goat anti-Pyk2, horse-
radish peroxidase (HRP)-conjugated goat anti-rabbit
IgG, fluorescein isothiocyanate (FITC)-conjugated goat
anti-rabbit IgG, FITC-conjugated goat anti-mouse IgG,
FITC-conjugated donkey anti-goat IgG and Cy3-conju-
gated goat anti-rabbit IgG were purchased from Santa
Cruz Biotechnology Inc.. (Dallas, TX, USA).

Cell culture and treatment

Mouse monocyte RAW264.7 cells were obtained from
American Type Culture Collection (ATCC, Manassas,
VA, USA) and cultured in DMEM supplemented with
10% FBS, 100 U/mL penicillin, 100 mg/mL streptomycin
and 2 mmol/L L-glutamine. To generate OCs,
RAW264.7 cells were suspended in a-MEM containing
10% FBS, and differentiated with the addition of 30 ng/
mL RANKL and 25 ng/mL M-CSF as previously
described.20 After 48 h of incubation, the medium was
changed to serum-free a-MEM with the addition of
RANKL and M-CSF. Following an additional 24 h incu-
bation, 0, 20, 40 or 80 ng/mL OPG was added and the
cells were incubated for an additional 24 h.

Impedance measurements with the xCelligence
system

Background impedance was determined in 100 mL
medium followed by measurement of 100 mL of the
RAW264.7 cell suspension (2000 cells/well). Cells were
incubated for 30 min at room temperature (RT) and E-
plates were placed into the Real-Time Cell Analyzer
(RTCA). Impedance was monitored every 15 min using
the xCELLigence system. After 3 days, cells were incu-
bated with different concentrations of OPG (0, 20, 40 or
80 ng/mL). Impedance was represented by the cell index
(CI) values ((Zi-Z0) [Ohm]/15[Ohm]; Z0: background
resistance, Zi: individual time point resistance) and the
normalized cell index was calculated as the cell index CIti
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at a given time point divided by the cell index CInml_time

at the normalization time point (nml_time).

TRAP staining

RAW 264.7 cells were seeded at a density of 2 £ 104

cells/well in 24-well plates coated with 0.6 mg/mL
collagen I. After a 3-day incubation, cells were incu-
bated with different concentrations of OPG (0, 20, 40
and 80 ng/mL) for 24 h. Thereafter, cells were proc-
essed according to the instructions of the TRAP stain-
ing kit. The mature OC cytoplasm was dyed to a
typical rose red color and contained 3 or more nuclei
which were colored dark blue or blue-violet. The
number of OCs that stained positive for TRAP was
determined as the mean value of 10 visual fields in
different areas of at least 3 wells under an inverted
phase contrast microscope (DMI3000B; Leica).

Scanning electron microscopy (SEM)

RAW 264.7 cells were seeded at a density of 2 £ 104

cells/well in 24-well plates containing coverslips with or
without 0.6 mg/mL collagen I. Following a 3-day incuba-
tion, cells were incubated with different concentrations
of OPG (0, 20, 40 or 80 ng/mL) for 24 h. Cells that were
adhered to the glass coverslips were fixed in 2.5% glutar-
aldehyde solution overnight at 4�C, dehydrated using
increasing concentrations of ethanol from 50 to 100% ,
and dried. To observe morphologies, the specimens were
coated with gold using a SCD 500 sputter-coater and
examined using a Hitachi S-4800 Field-Emission Envi-
ronmental Scanning Electron Microscope at various
magnifications.

Immunostaining and confocal microscopy

OCs on coverslips were fixed with 4% paraformalde-
hyde in PBS for 30 min at RT and permeabilized for
20 min with 0.5% Triton X-100 in PBS. The cover-
slips were then blocked in 5% normal goat serum for
20 min, and incubated with the appropriate primary
antibody diluted in 2% BSA-PBS overnight at 4�C.
Thereafter, cells were washed in PBS, incubated for
1 h with the appropriate Cy3/FITC-conjugated sec-
ondary antibody, and washed. F-actin was stained
with rhodamine phalloidin at a 1:40 dilution (in PBS)
and nuclei visualized using 1 mg/mL DAPI. Cells
were examined using a scanning laser confocal imag-
ing system (LSM 710; ZEISS). Images were recorded,
composite images were compiled, and image enhance-
ments performed using Adobe Photoshop CS2.

Western blotting analysis

RAW 264.7 cells were seeded at a density of 6 £ 104

cells/well in 6-well plates coated with 0.6 mg/mL collagen
I. Following a 3-day incubation, cells were incubated
with different concentrations of OPG (0, 20, 40 and
80 ng/mL) for 24 h. After treatment, cells were washed
twice with cold PBS and lysed in RIPA buffer on ice for
30 min. Lysates were sonicated for 10 s and centrifuged
at 12,000 g for 10 min at 4�C. Protein concentration was
determined using the BCA protein assay kit. Lysate ali-
quots were diluted with 6£ sodium dodecyl sulfate
(SDS) sample buffer and boiled for 10 min. Equivalent
amounts of protein were separated on 8–10% SDS-poly-
acrylamide gels and transferred to nitrocellulose mem-
branes. Membranes were incubated with TBS containing
0.05% Tween 20 and 5% nonfat dry milk to block non-
specific binding. After incubation with primary and per-
oxidase-coupled secondary antibodies, bound antibodies
were detected by chemiluminescence (ECL, Amersham).

Statistical analysis

All experimental values were expressed as the mean §
standard deviation (SD) of 3 independent experiments.
Statistical differences between groups were evaluated by
Student’s t-test using SPSS v.17.0 software. P < 0.05 was
considered statistically significant.

Results

OPG inhibits differentiation of OCs

M-CSF and RANKL induced a high degree of TRAP-pos-
itive, multinucleated OC differentiation in RAW264.7
cells in vitro (Fig. 1A), indicating that these cells were
mature OCs. OPG was added to RAW264.7 cells stimu-
lated with M-CSF and RANKL for 24 h. OPG decreased
the formation of TRAP-positive mononucleated OCs
(Fig. 1A) in a dose-dependent manner by 30.00 § 6.47%,
51.00§ 3.53% and 73.67§ 6.37% at OPG concentrations
of 20, 40 and 80 ng/mL, respectively (Fig. 1B).

OPG induces retraction of adhesive structures at the
peripheral region in OCs

SEM allowed us to analyze the morphological changes of
adhesion structures in OCs. RAW264.7 cells, cultured in
DMEM as described in the methods, showed the typical
appearance characteristics of monocytes, which are quite
different from OCs in terms of size and adhesive struc-
tures (Fig. 2A, panel a). Adhesion structures (podo-
somes) distributed as a circular zone near the periphery
of the cell (Fig. 4A, upper panel labeled actin). Outside
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this peripheral circular zone, protrusions of lamellipodia
(white arrows), and many thin filopodia (white arrow-
heads) could be observed (Fig. 2A, panel c). OCs cul-
tured on collagen I-coated coverslips show more
lamellipodia and filopodia compared with OCs cultured
on coverslips (Fig. 2A, panels b, c). OPG caused a dose-
dependent series of morphological changes in OCs
(Fig. 2A, panels d-f). 20 ng/mL OPG only triggered the
the retraction of lamellipodia. While, cells treated with
40 and 80 ng/mL OPG showed more severe retraction of
lamellipodia and longer filopodia-like structures, thus
cells rounded up and detached from the substrate.

We next determined whether the kinetics of morpho-
logical changes could be monitored in real time by using
impedance-based cell analysis. To assess the effects of M-
CSF and RANKL in the presence or absence of OPG on

the functional status of RAW264.7, CI was recorded. CI is
a quantitative measure of cell status in a well, including
the cell number, cell viability, degree of adhesion, and
morphology. The “Normalized cell index (NCI)” at a cer-
tain time point is acquired by dividing the CI value by the
value at a reference time point. M-CSF and RANKL
induced OC differentiation, but inhibited proliferation of
RAW264.7 cells (Fig. 2B); therefore, the NCI of the con-
trol is lower than the NCI of RAW264.7 cells. Treatment
with OPG at the concentrations tested decreased the CI of
OCs in a dose-dependent manner beginning approxi-
mately 3 hours after treatment (Fig. 2B).

OPG-induced signaling modulates tyrosine
phosphorylation in Pyk2 and Src and modulates
their association in OCs

We examined changes in Pyk2 tyrosine phosphorylation
after OPG treatment of OCs cultured in 6-well plates with
collagen-I coating. As shown in Figure 3A and B, OPG
causes a reduction in phosphorylation. Phosphorylation of
Tyr 402 in Pyk2 is important for OC spreading and adhe-
sion-induced association of Pyk2 with c-Src.21 Therefore,
we examined the effect of OPG on this event. Treatment
with OPG decreased phosphorylation of Tyr 402 in Pyk2
in a dose-dependent manner in OCs (Figs. 3A and B).
Thereafter, as shown in Figure 3C–D, tyrosine phosphory-
lation in Src increased after treatment with 20 ng/mL
OPG, then decreased at 80 ng/mL OPG. OPG induced sig-
nificant increases in Src Tyr 416 phosphorylation and,
unexpectedly, a decrease in Src Tyr 527 phosphorylation at
a concentration of 80 ng/mL OPG (Figs. 3C and D). These
results suggest that the OPG-induced retraction of OCs
may be accompanied by decreased tyrosine phosphoryla-
tion in Pyk2 and increased tyrosine phosphorylation in
Src.

OPG induced redistribution of podosomes, Pyk2, and
Src from the peripheral adhesion zone toward the
central region of OCs

To gain further insights into the mechanism underlying
the dysfunction of OCs induced by OPG, especially
regarding the possible involvement of Pyk2 and Src in
OPG-induced OC retraction, confocal microscope analy-
sis of immunofluorescent labeling of actin, vinculin,
Pyk2, and Src in OCs was performed. Most of the actin-
containing podosomes and vinculin, Pyk2, and Src were
localized to the peripheral adhesive region in the control
group (Figs. 4B, E, F, upper panel). OPG treatment
induced disruption of the peripheral distribution of ring-
like, actin-containing podosome structures, vinculin,
Pyk2 and Src. Labeling of vinculin, Pyk2 and Src was

Figure 1. Inhibitory effects of OPG on osteoclast differentiation.
RAW264.7 cells were suspended in a-MEM containing 10% FBS,
30 ng/mL RANKL and 25 ng/mL M-CSF. After 48 h of incubation,
the medium was changed to serum-free a-MEM containing the 2
cytokines the cells were cultured for an additional 24 h. Next,
OPG (0, 20, 40 and 80 ng/mL) was added and incubated for 24 h.
(A) Cells were fixed and stained for TRAP (Magnification £200,
Scale bar D 50 mm) (B) TRAP-positive multinucleated cells
(TRAPC) were observed by inverted phase contrast microscopy
and counted (Magnification £100). The results are expressed as
the mean § SD. ��p < 0.01 and �p < 0.05 versus control.
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diffuse inside OCs and more vinculin, Pyk2 and Src was
localized away from podosomes than in control cells
(Figs. 4B, E-F, lower panel). OPG-induced signaling
modulated the state of Pyk2 and Src tyrosine phosphory-
lation; therefore, OPG-induced changes in the

intracellular distribution of phosphorylated Pyk2 and Src
in OCs were examined. Actin-containing podosomes,
phosphorylated Tyr 402 Pyk2, and Tyr 527 Src were
highly co-localized in the peripheral adhesion zone of
OCs in the control group (Figs. 4A, D upper panel).

Figure 2. Retraction of adhesive structures in OCs induced by OPG. (A) OPG-induced adhesive region detachment in OC examined by
SEM. OCs were cultured on glass coverslips with (c-f) or without (a, b) collagen-I treatment. Various concentrations of OPG (0 (b, c), 20
(d), 40 (e) and 80 (f) ng/mL) were added for 24 h. White arrows indicate lamellipodia; white arrowheads indicate filopodia. (B) Dynamic
monitoring of OCs treated with OPG using impedance technology. Cell index (CI) values were normalized to the time point of adminis-
tration. Black arrow: OPG addition. Representative data are averaged from 3 wells. All experiments were repeated at least 3 times.
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OPG disrupted phosphorylated Tyr 402 Pyk2 and Tyr
527 Src in the peripheral region of OCs. Less immunos-
taining for phosphorylated Tyr 402 Pyk2 and Tyr 527
Src was noted in OPG-treated cells. OPG treatment
caused decreased Tyr 402 Pyk2 and Tyr 527 Src labeling
in peripheral and central regions, and disrupted their co-
localization with podosomes in both regions (Figs. 4A-D,
lower panel). As shown in the upper panel of Figure 4C,
co-localization of phosphorylated Tyr 416 Src and podo-
somes at the peripheral and central regions of OCs was

noted in the control group. More immunostaining for
phosphorylated Tyr 416 Src was noted in OPG-treated
cells. OPG treatment caused an increase in Tyr 416 Src
labeling at peripheral and central regions, and disrupted
their co-localization with podosomes in both regions
(Fig. 4C, lower panel).

As OPG induced redistribution of Pyk2 and Src, the het-
erogeneity of localization between them was explored.
Either phosphorylated Tyr 402 Pyk2 or Pyk2 was highly
colocalized with Src at periheral adhesion zone of OCs in

Figure 3. OPG-induced dose-dependent decrease in tyrosine phosphorylation in Pyk2 and activation of Src. OCs were cultured in 6-well
plates with collagen I coating and treated with the indicated amount of OPG for 24 h. (A) OCs were lysed and immunoblotted with anti-
phosphotyrosine antibody, anti-Pyk2 antibody, anti-Pyk2 phosphotyrosine 402 antibody and b-actin antibody. (C) The proteins were
subjected to Western blotting with anti-phosphotyrosine antibody and an anti-Pyk2 antibody. The membrane was then stripped and
reprobed with an anti-Src antibody, anti-Src pTyr 416 antibody, anti-Src pTyr 527 antibody, anti-Src antibody and anti-b-actin antibody
as a loading control. (B, D) The amount of protein was quantified by densitometry, and was corrected for sample loading based on the
amount of protein and expressed as fold increase or decrease relative to the control lane. Each blot is representative of at least 3 repli-
cate experiments.
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the control group (Fig. 5A, B upper panels). OPG treatment
increased their colocalization in the central region of OCs
where did nuclei distribute (Fig. 5A, B lower panels), which
showed increase of Src/Pyk2 association in OCs.

These results were consistent with those in Figure 3
which showed decreased phosphorylated Tyr 402 Pyk2,
Tyr 527 Src and increased Src Tyr 416 phosphorylation
after OPG treatment in OCs.

Discussion

RAW264.7 cells have been extensively used as in vitro OC
precursor models.22 In the present study, RAW264.7 cells
were cultured in the presence of M-CSF and RANKL.20

TRAP staining was utilized to observe the effects of OPG

on differentiation of OCs using inverted phase contrast
microscopy. OPG reduced the number of TRAP-positive
OCs in a dose-dependent manner, suggesting that OPG
inhibited RAW264.7 cells from differentiating into mature
OCs. We used SEM and RTCA to analyze how OPG indu-
ces the disruption of the adhesion structure in living OCs.
OPG induced retraction of adhesive structures in the
peripheral region, detaching OCs from the extracellular
substrate and reducing NCI. Results from confocal micros-
copy and Western blot analysis indicated that the degree of
tyrosine phosphorylation in Pyk2 decreased with OPG
treatment. OPG induced Src, Pyk2 and vinculin relocation
from the peripheral adhesive zone to the central region of
OCs. OPG induced a decrease in Pyk2 Tyr 402 and Src
Tyr 527 phosphorylation in the peripheral adhesive region.

Figure 4. Effects of OPG on osteoclast morphology and distribution of Pyk2, Src and vinculin in OCs. Cells were plated and cultured on
coverslips as described in the Methods. Cells treated with 40 ng/mL OPG for 24 h (lower images), or untreated (upper images), were
fixed and stained for DAPI, F-actin and either p-Pyk2 402, Pyk2, p-Src(416), p-Src(527), Src or vinculin and examined by confocal immu-
nofluorescence microscopy. (B, E, F) In untreated OCs, Pyk2, Src and vinculin were enriched in the peripheral actin-rich ring. Treatment
with OPG for 24 h disrupted the peripheral actin ring and induced the redistribution of all 3 proteins to a more diffuse pattern through-
out the cell interior. (A, C, D) OPG-induced signaling modulated Pyk2 and Src tyrosine phosphorylation states, causing a decrease in Tyr
402 Pyk2 and Tyr 527 Src labeling and an increase in Tyr 416 Src labeling at peripheral and central regions. OPG disrupted their co-local-
ization with podosome in both regions. Scale bar D 20 mm.
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OPG induced a marked increase in phosphorylation of Tyr
416 Src in the central region of OCs.

TRAP, an OC differentiation marker, as well as
cathepsin K, affect the functional activity of OCs by regu-
lating bone matrix resorption and collagen turnover.
TRAP-specific staining is widely used to identify OCs in
vivo and in vitro due to its simplicity and ease of manip-
ulation.23 Previously, we found that RAW264.7 cells cul-
tured in the presence of M-CSF and RANKL for 3 days
formed large, mature OCs and OPG inhibited M-CSF
and RANKL-induced osteoclastogenesis.20 In the present
study, OPG reduced the number of mature OCs charac-
terized as TRAP-positive multinucleated cells indicating
that OPG could inhibit the differentiation of OC precur-
sors and prevent them from forming mature osteoclasts.
These results were consistent with previous studies.24,25

Differentiation and activation of OC precursor cells into
mature (active) OCs requires binding of RANKL to
RANK.26 The RANK–RANKL interaction is inhibited by

OPG, which binds to RANKL. RANKL is antagonized by
OPG, a member of the TNF superfamily, which func-
tions by binding to and sequestering RANKL, impeding
the resorption of bone.27 More recently, the crystal struc-
ture of the RANKL/OPG interaction was described.28 In
that study, the authors showed that OPG (domains 1–4)
is able to interact with RANKL at a 1:1 ratio, blocking
the accessibility to important binding sites of RANKL to
RANK. In addition to its capacity to inhibit osteoclasto-
genesis, OPG directly disrupted the formation of F-actin
ring in isolated OCs inhibiting osteoclastic bone
resorption.29

OCs can adhere to several substrates on which they
form distinct F-actin structures. In vitro, when adhered
to plastic or glass, mature OCs exhibit podosomes simi-
lar to monocyte-derived cells such as macrophages or
dendritic cells.30 In mature OCs, podosomes are
arranged at the cell periphery as a characteristic belt.31

Co-staining of OCs for actin and avb3 integrin or

Figure 5. The increase of Src/Pyk2 association in OCs after OPG treatment. Cells were plated and cultured on coverslips as described in
the Methods. Cells treated with 40 ng/mL OPG for 24 h (lower images), or untreated (upper images), were fixed and stained for DAPI,
Src and either p-Pyk2 402 or Pyk2 and examined by confocal immunofluorescence microscopy. (A) Distribution of p-Pyk2 402 and Src.
(B) Distribution of Pyk and Src. OPG treatment inhanced the colocalization of Pyk2 and Src in the central region of OCs. Scale bar D
20 mm.
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vinculin shows a characteristic “donut” of the latter com-
plex of adhesive proteins enclosing a dense actin core.
The area surrounding the actin core is also rich in kin-
ases such as c-Src and Pyk2, and the small GTPases Rho,
Rac, and cdc42. Also surrounding the dense actin core is
a loose network of F-actin cables known as the actin
cloud. Although both the actin core and the actin cloud
are essential for proper podosome organization and
bone resorption, they appear to be independent struc-
tures.1 OCs lacking the kinase c-Src do not have an actin
cloud, while those lacking WIP have no actin core. Ulti-
mately, both molecules are essential for podosome for-
mation, since both c-Src- and WIP-deficient OCs have
resorptive defects.32,33 When they attach to the mineral-
ized bone matrix or to surfaces mimicking bone, such as
apatite collagen complexes that can be resorbed, OCs do
not form single podosomes or the peripheral podosome
belts typical of cells plated on glass. Instead, these resorp-
tive cells organize an inner actin ring which is the func-
tional unit of the OC membrane at the sealing zone.
Although the actin ring in the sealing zone is thicker
than in the podosome belt, the molecular components
(e.g. avb3, vinculin, c-Src, Pyk2, small GTPases) are the
same.34 OPG induces retraction of lamellipodia, which
are most sensitive to the OPG treatment and peripheral
podosome disruption in OCs. This dynamic process can
be easily detected by impedance measurements with the
xCelligence system. The xCelligence system is a powerful
tool for functional analysis of OCs because of its ability
to yield information on the proximity of contact between
the cell and the substrate. Applying xCelligence system
to our study, we combined examination of living cells
with biochemical analyses of lysed cells. It is a novel
method of OC investigation reflecting conditions in the
body.

It is likely that Pyk2 and its associated proteins includ-
ing Src might play an important role in the signaling
pathway of OPG-induced retraction in OCs and rapid
disassembly of podosome in OCs. Deletion of Src signifi-
cantly alters the distribution of podosomes in OCs, even-
tually leading to the formation of focal adhesion-like
structures. This shift from podosome to focal adhesion
correlates with a decrease in the formation and motility
of lamellipodia and in cell migration, although it is not
possible to determine which occurs first.35 The apparatus
controlling Src has 3 components referred to by Harrison
as the latch, the clamp, and the switch.36 The SH2
domain binds to phosphotyrosine 527 in the C-terminal
tail to form the latch. The clamp is an assembly of the
SH2 and SH3 domains behind the kinase domain. The
switch is the kinase-domain activation loop; the activa-
tion loop can switch between active and inactive confor-
mations. An equilibrium exists between the restrained

and active forms of the enzyme. Since Src activity is
strictly regulated, the equilibrium favors the inactive
bound conformation. The dormant form of the enzyme
is destabilized by dephosphorylation of Tyr 527 and by
phosphorylation of the activation loop in Tyr 416.17 In
our study, OPG induced a marked decrease in phosphor-
ylation of Tyr 527 in Src and an increase in phosphoryla-
tion of Tyr 416 in Src, suggesting that OPG induces
retraction of adhesion structure and distribution of
podosomes in OCs by disequilibrating the dormant form
of Src.

Pyk2 is found in the sealing zone, and its phosphory-
lation correlates with the formation of the sealing zone
and with OC bone resorption. Deletion of Pyk2 in mice
leads to mild osteopetrosis due to impairment of OC
function. Pyk2-null OCs were unable to transform podo-
some clusters into a podosome belt at the cell periphery;
instead of a sealing zone only small actin rings were
formed, resulting in impaired bone resorption.12 This
finding is consistent with our results, showing that inhi-
bition of Pyk2 activity by OPG treatment causes podo-
some disassembly in the peripheral region and
impairment of OC resorption ability. In OCs, Pyk2 asso-
ciates with c-Src in an SH2-dependent manner. In Src
(¡/¡) OCs, Pyk2 tyrosine phosphorylation and its
kinase activity were markedly reduced, and Pyk2 immu-
noprecipitated from Src (¡/¡) OCs was shown to be a
direct substrate of c-Src in vitro. This suggests that the
adhesion-dependent phosphorylation of tyrosine in Pyk2
is mediated by c-Src in OCs in vivo.37 Dikic et al.15

showed that Pyk2 tyrosine phosphorylation depends, in
part, on Src kinase activity and is stimulated by Src bind-
ing to the autophosphorylated site Tyr 402 on Pyk2. Our
results indicated that OPG induced a decrease in tyrosine
phosphorylation of Pyk2 and dephosphorylation of Pyk2
Tyr 402 at the peripheral adhesive region. After OPG
stimulation, more intracellular labeling of Pyk2 and Src
was noted in the central region of OCs. Pyk2 showed co-
localization with Src but not with actin-containing podo-
somes. This finding was similar to calcitonin treatment
in OCs, which showed that inhibition of Pyk2 activity by
calcitonin treatment causes podosome disassembly in
the peripheral region and impairment of OC resorption
ability.38 The role of Src in OPG induced retraction may,
therefore, be to function as an adaptor protein that com-
petes for Pyk2 and relocates it from the peripheral adhe-
sive zone to the central region of OCs.

In conclusion, our study demonstrates that OPG
induces dephosphorylation of Tyr 402 in Pyk2 and
decreased labeling of Tyr 402 in Pyk2 in the peripheral
adhesion region. OPG induces increased intracellular
labeling of Tyr 402 Pyk2, Tyr 416 of Src, dephosphoryla-
tion at Tyr 527 of Src, and Pyk2/Src association in the

CELL ADHESION & MIGRATION 307



central region of OCs. Taken together, these data suggest
that Src may function as an adaptor protein that com-
petes for Pyk2 and relocates it from the peripheral adhe-
sive zone to the central region of OCs. These results
provide further insight into how OPG-induced signaling
pathways regulate integrin-mediated OC attachment to
the extracellular matrix.
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