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1. ABSTRACT

Integrin alpha,beta; plays a pivotal role in
osteoclastic bone resoprtion by mediating both osteoclast
attachments on bone matrix and cytoskeleton
reorganization. The focal adhesion kinase (FAK) family
kinases including FAK and proline-rich tyrosine kinase 2
(PYK2) are major tyrosine kinases activated by integrin
engagement. In osteoclasts, although FAK is expressed,
PYK2 appears to be the predominant mediator of integrin
alpha,beta; signaling events that influence osteoclast
physiology and pathology. Recent progress in the
understanding of the role of PYK2/FAK kinases in the
regulation of osteoclastic actin cytoskeletal organization,
cell migration, and bone resorption will be discussed in this
review.

2. INTRODUCTION

Osteoclasts are our body’s principal bone
resorbing cells that not only play a critical role in skeleton
development and maintenance but are also implicated in the
pathogenesis of various bone diseases including
postmenopausal  osteoporosis  (1-3). Osteoclasts are
multinucleated giant cells that differentiate from cells of
hematopoietic origin (1;4;5). Hematopoietic stem cells give
rise to circulating mononuclear cells which are attracted to
attach to bone-resorbing sites to differentiate into
osteoclasts in response to two key osteoclastogenic factors
M-CSF and RANKL (6-11). Mature osteoclasts need to
remain attached on bone matrix to degrade bone. Thus,
both osteoclast differentiation and function depend on a
physical interaction between the multinucleated giant cell
and bone matrix.

Integrins are heterodimeric transmembrane
glycoproteins that not only mediate cell-extracellular and
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cell-cell interactions but also transduce intracellular
signaling important for cell function (12;13). Integrins play
critical roles in regulating distinct biological processes in a
variety of cell types including osteoclasts (12-15). Many
integrins are found on mature osteoclasts (14;15).
However, integrin alpha,beta; has been shown to play a
predominant role in bone resorption by mediating not only
the osteoclast attachment on the bone matrix but also
cytoskeleton reorganization, which is important for
osteoclatic bone resorprtion (14;15). Numerous studies in
the past several years have established that cytoplasmic
tyrosione kinases FAK and PYK2 are two important
players involved in integrin alpha,betas-mediated signaling
pathways in osteoclast function.

Since several recent reviews have provided
excellent general reviews on the role of integrins,
particularly integrin alpha,beta;, in osteoclast function
(7;14-16), in the current review we will focus on discussing
the current understanding of roles of FAK and PYK2 in
integrins alpha,betas-mediated signaling in osteoclasts.
Moreover, as an introduction to FAK and PYK2, Chapter
one in this review series provides a comprehensive review
on FAK and PYK?2. Thus, for a general review on FAK and
PYK2, we would like to refer our readers to Chapter one in
this review series.

3. DISCUSSION

3.1. Integrins and Osteoclasts

3.1.1. Mechanism of Osteoclastic Bone Resorption
Osteoclastic bone resorption is a complicated

process involving multiple steps (7;17;18). To better

understand the role of FAK and PYK2 in osteoclastic bone

resorption, we will briefly review the mechanism of
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Figure 1. Mechanism of Osteoclastic Bone Resorption.
Several structural features of osteoclasts are important for
bone resorption. To resorb bone, osteoclasts tightly attach
onto bone matrix through the “sealing zone”, which seals
the resorption site from its surroundings. The second
feature is the formation of ruffled membrane that is rich in
proton pumps (H-ATPase). Proton pumps transport protons
into the resorption site to dissolve the inorganic bone
matrix (hydroxyapatite). In addition, the ruffled membrane
also transport proteolytic enzymes that degrade the organic
bone matrix (collagen I). The ruffled membrane is formed
by fusion of intracellular acidic vesicles via microtubes.
Degraded products are removed by transcytosis.

osteoclastic bone resorption with a focus on several
osteoclast functional structures involving FAK and PYK2.
Figure 1 illustrates a typical osteoclast residing on bone and
highlights several morphological features that are essential
for bone resorption. First, the interaction between the giant
bone-resorbing cell and bone is mediated by a distinct
matrix attachment often referred to as “sealing zone” (19).
The sealing zone, organized as a ring, enables the cell to
tightly attach onto bone to seal the resorption site from its
surroundings. Moreover, the sealing zone contains many
punctate plasma membrane protrusions known as
podosomes (20;21), which are structurally related to focal
adhesions. Podosomes contain not only adhesion molecules
such as integrins that mediate the osteoclast attachment on
bone matrix but also cytoskeleton proteins and intracellular
signaling proteins on their intracellular side (22-26),
suggesting that podosomes play a role in linking the matrix
recognition to cytoskeleton formation/reorganization. In
particular, the sealing zone is rich in actin filaments
polarized perpendicularly to bone surface (27). Similar to
the sealing zone, the actin cytoskeleton is also organized as
a ring, thus being referred to as “actin ring”. Podosomes are
involved in organizing the actin cytoskeleton, which plays
an important role in mediating osteoclastic bone resorption
and migration (7).

Another important feature of osteoclasts is the
presence of the ruffled membrane (Figure 1). The ruffled
membrane is rich in H'-ATPase (proton pump) that
transports protons into the sealed resorption site to maintain
a low pH environment essential for dissolution of inorganic
components of bone (28). The ruffled membrane also
transports proteolytic enzymes that degrade the organic
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bone matrix after dissolution of the mineral component (29-
34). The ruffled membrane is formed by fusion of
intracellular acidic vesicles with the region of plasma
membrane facing the bone (28;35;36). Transport of these
acidic vesicles depend on microtubes. The last step of a
bone resorption cycle is the removal of degraded products,
which is mediated by transcytosis (Figure 1). Microtubule
is also implicated in transcytosis (37;38).

3.1.2. Integrin alpha,beta; is Involved in Regulating
Osteoclastic Bone Resorption

As discussed above, osteoclastic bone resorption
requires a tight physical interaction between the cell and
bone matrix. The identification and characterization of
adhesion molecules involved in mediating the interaction
was a major focus of bone biology research in the past
decade or so. As a result, it has now been established that
integrins play a central role in this process (14;15).

Mature osteoclasts express a variety of integrins,
including integrin alpha,beta;, alpha,beta;, alpha,beta,
alphaybeta, (39-42). Among these integrins, integrin
alpha,beta; was shown to play a predominant role in
osteoclast attachment and bone resorption. Initial evidence
supporting this notion came from an in vitro study showing
that a monoclonal antibody against an antigen on
osteoclasts inhibits bone resortiopn (43) and the antigen
was later identified as integrin alpha,beta; (44).
Consistently, an independent study showed that LM609, a
blocking antibody recognizing avian integrin alpha,betas,
not only blocks the avian osteoclast attachment onto bone
but also bone resorption (45). Subsequently, integrin
alpha,beta; was shown to mediate osteoclast attachment by
recognizing the RGD sequence present in various bone
matrix proteins such as osteopontin, vitronectin, and bone
sailoprotein (46-49).

In line with the in vitro data, integrin beta;
knockout mice exhibited an osteoscloretic phenotype due to
a functional defect in osteoclasts, confirming that intgein
alpha,beta; is important for osteoclast function in vivo (50).
Integrin betay” osteoclasts failed to form both the actin ring
and the ruffled membrane (50), indicating that alpha,beta,
plays a critical role in the actin filament and microtubule
assembly. More significantly, in vitro rescue study with the
integrin beta;” osteoclasts further revealed that integrin
alpha,beta; not only serves as anchoring molecules
mediating interaction between osteoclasts and bone, but
more importantly it also transmits intracellular signaling
involved in bone resorption (51). In particular, this same
study showed that S™* in the integrin beta; cytoplasmic
domain is an essential residue for integrin alpha,betas-
mediated signaling in bone resorption (51).

Thus, both in vitro and in vivo data support an
important role for integrin alpha,beta;-mediated signaling
in bone resorption. Furthermore, the studies in the last
decade have also implicated both FAK and its related
cousin PYK2 as two signaling molecules in this process.
Below we will discuss the current understanding of role of
FAK and PYK2 in intgerin alpha,beta;-mediated signaling
pathways involved in bone resorption.
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Figure 2. Role of PYK2 in Integrin oavp3-mediated
Intracellular Siganling in Osteoclasts. In response to
integrin avP3 activation, PYK2 is recruited to the
podosomes through direct interactions with the B3 integrin
cytoplasmic tails. In the integrin avf3-induced signaling
complex, PYK?2 interacts with paxillin and Cas. However,
the functional roles of these interactions have not been
clearly revealed. In addition, integrin av33 activation also
induces PYK2 phosphorylation by c-Src and/or a Ca2+-
dependent pathway. Phosphorylated PYK2 interacts with
other signaling molecules such as c-Src to form signaling
complex together with c-Cbl, which was proposed to play a
role in osteoclast function. But, the role of this complex in
osteoclast function has not been confirmed. Most
significantly, recent studies indicate that PYK2 interacts
and phosphorylates gelsolin to mediate actin ring
formation.

3.2. PYK2 in Osteoclasts
3.2.1. Functional Expression of PYK2 in Osteoclasts
PYK2, a FAK-related cytoplasmic kinase,
appears to be a major cell adhesion activated tyrosine
kinase in osteoclasts (22). In line with this initial report,
numerous other studies also found that PYK2 is expressed
at higher levels than FAK in osteoclasts (52-54). In
addition to its abundant expression in osteoclasts, PYK?2 is
tyrosine phosphorylated in response to ligation of integrin
alpha,beta; by RGD-containing peptide or proteins. PYK2
is localized to podosomes and ring-line structures in
osteoclasts (22), suggesting that PYK2 may play a
functional role in osteoclast function. Importantly,
inhibition of PYK2 by antisense experiments demonstrated
that PYK?2 plays an important role in integrin alpha,betas-
mediated cytoskeletal organization and formation of the
sealing zone essential for osteoclast function (55).

3.2.2. PYK2 in Integrin alpha,betas;-mediated Signaling
in Osteoclasts

The initial demonstration of functional
expression of PYK2 by Duong and coworkers represents a
beginning of extensive investigations of PYK2-mediated
signaling pathways involved in osteoclast function (22). It
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has now been established that PYK?2 plays a central role in
linking the integrin alpha,beta; activation to the formation
of podosomes and actin rings that are critical for osteoclast
function. Figure 2 summarizes the current understanding of
the role of PYK2 in integrin alpha,beta;-mediated signaling
in osteoclasts.

Upon the adhesion of osteoclasts on bone matrix,
which is primarily mediated by integrin alpha,beta;, PYK2
translocates into the Triton X-100 insoluble cytoskeletal
fraction and localizes to posdosomes in osteoclasts (22)
(Figure 2). A recent study showed that PYK2 directly
interacts with the integrin beta; cytoplasmic tail in in vitro
binding assays (23), suggesting that the recruitment of
PYK2 to podosomes is mediated through a direct
interaction between PYK2 and the integrin beta;
cytoplasmic tail. Consistently, the S72P mutation in
integrin beta; cytoplasmic tail, which was previously
shown to abrogate the integrin beta; function in bone
resorption (51), also disrupts the interaction between PYK2
and the integrin beta; cytoplasmic tail (23).

The integrin alpha,betas;-dependent adhesion of
osteoclasts on bone matrix not only induces localization of
PYK2 to podosomes but also causes PYK2
phosphorylation (22;23). PYK2 phosphorylation correlates
with the sealing zone formation and bone resorption (22),
suggesting that PYK2 phosphorylation may be critical for
its function in bone resorption. In further support of this
notion, it was shown that treatment of osteoclasts with
calcitonin, an inhibitor of osteoclastic bone resorption,
resulted in dephosphorylation of PYK2 (52). Since PYK2
phosphorylation is required for its binding to c-Src via SH2
domain (22;56), PYK2 phosphorylation may be involved in
regulating bone resorption through c-Src (Figure 2), an
important kinase for osteoclastic bone resoprtion (57).
However, how PYK2 is phosphorylated in response to
integrin alpha,beta; ligation remains controversial. One
report showed that PYK2 is phosphorylated by c-Src in
osteoclasts (22). In this report, it was not only shown that
PYK2 can be phosphorylated by recombinant c-Src in in
vitro kinase assays, more importantly but also that PYK2
phosphorylation is significantly reduced in osteoclasts
derived from c-Src knockout mice (22). In contrast, another
group showed that the phosphorylation of PYK2 results
from a Ca®'-dependent pathway (56). Notably, this study
specifically indicated that PYK2 phosphorylation is not
reduced in osteoclasts derived from c-Src” mice (56).
Given the involvement of PYK2 phosphorylation in
integrin alpha,beta;-mediated bone resorption, more studies
are needed to define the precise mechanism by which
PYK2 is phosphorylated in response to integrin alpha,beta;
ligation.

While PYK2 phosphorylation plays a role in
mediating the interaction of PYK2 with other signaling
proteins present in the integrin alpha,betas-dependent
signaling complex, PYK2 kinase activity is likely
responsible for transmitting downstream signals by
phosphorylating  downstream  proteins  (Figure 2).
Supporting this possibility, inhibition of bone resorption by
calcitonin or echistatin is associated with a reduction in
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Figure 3. Role of FAK in Integrin ovp3-mediated
Intracellular Siganling in Osteoclasts. Primarily based on
studies with avian osteoclasts, FAK is implicated in the
formation of a signaling complex consisting of many
cytoskeletal and signaling molecules including talin,
vincullin, paxillin, PI3K, gelsolin, Cas, c-Src, PtdIns 4,5-
P2, PtdInsP3 and FAK. FAK is phosphorylated by c-Src.
However, the precise downstream targets of FAK is
unknown.

PYK2 kinase activity (22). Moreover, treatment of
osteoclasts with cytochalasin D inhibits PYK2 kinase
activity, suggesting that cytoskeleton is involved in
regulating PYK2 kinase activity. So, how is PYK2 kinase
activity involved in regulating bone resorption? It has been
shown that PYK2 can phosphorylate several proteins
present in podosomes, including p130“* (55), paxillin
(58;59) and gelsolin (54). Given that paxillin is cytoskeletal
protein, its phosphorylation by PYK2 may be involved in
PYK2-dependent cytoskeletal organization in osteoclasts.
However, despite the interaction of p130Cas with PYK2 and
phosphorylation of p130“® by PYK2, the precise role of
p130“* in integrin alpha,betas-mediated osteoclastic bone
resorption remains poorly characterized.

Significantly, it has been revealed that
phosphorylation of gelsolin by PYK?2 plays a pivotal role in
mediating actin ring formation in osteoclasts (54) (Figure
2). In this study, it was showed that PYK2 directly interacts
with gelsolin and that the interaction between PYK2 and
gelsolin is mediated by the focal-adhesion-targeting domain
in PYK2 and a LD motif in gelsolin’s C-terminus (54). In
addition, PYK2 phosphorylates gelsolins at tyrosine
residues. The phosphorylated gelsolins exhibit lower
affinity for actin monomers but higher affinity for
phosphatidylinositol lipids, leading to uncap actin filaments
at the barbed ends, increase actin polymerization at the cell
periphery and the formation of actin ring (54).

Notably, it was also shown that PYK2 plays a
role in recruiting c-Cbl in a signaling complex consisting of
PYK2, c-Src and c¢-Cbl in response to integrin alpha,beta;
activation (56) (Figure 2). This signaling complex leads to
phosphorylation of c-Cbl (56). However, the precise role of
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c-Cbl in osteoclast function has still been definitively
characterized. In particular, c-Cbl knockout mice show no
bone abnormality (60).

3.3. FAK in Osoteclasts
3.3.1. Functional Expression of FAK in Osoteclasts

A potential role of FAK in osteoclastic bone
resorption is suggested by studies demonstrating that FAK
is expressed in osteoclasts. Using immunofluoresent
methods, Berry and coworkers showed for the first time
that FAK is expressed abundantly in both human and avian
osteoclasts (61). Moreover, FAK expression in osteoclasts
is inhibited by calcitonin (61), an inhibitor of osteoclast
function (62;63), suggesting that FAK may play a role in
regulating osteoclastic bone resorption. Consistently,
mouse osteocalsts also express FAK and FAK expression is
primarily localized at the periphery of mouse osteoclasts
(64). More importantly, this study demonstrated that
inhibition of FAK expression by an antisense strategy
decreased the capacity of osteoclasts to resorb bone (64),
providing a direct in vitro data supporting a functional role
of FAK in bone resorption. Despite these in vitro data, the
role of FAK in osteoclastic bone resorption in vivo has not
been confirmed, primarily because FAK knockout mice are
embryonic lethal.

Phosphorylation of FAK may be important for its
role in bone resorption. One study showed that suppression
of FAK phosphorylation not only changed the localization
of FAK but also blocked actin-ring formation (64),
suggesting a positive role of FAK phosphorylation in
osteoclastic bone resorption (64). In contrast, a recent
report indicates that calcitonin induces phosphorylation of
FAK in osteoclasts (52). The calcitonin-induced FAK
phosphorylation is associated with disruption of the actin
ring and the dissociation of FAK at the periphery of
osteoclasts (52), implying that FAK phosphorylation may
be negatively involved in bone resorption.

3.3.2. FAK in Integrin alpha,betas;-mediated Signaling
in Osteoclasts

With the demonstration of functional expression
of FAK in osteoclasts, the precise role of FAK in
osteoclasts has just begun to be unraveled. The available
data support that FAK is primarily implicated in integrin
alpha,beta;-mediated  signaling in  osteoclasts. In
consistency with its involvement in integrin alpha,betas-
mediated signaling, FAK is present in podosomes and
regulates actin ring formation (52;64). Mainly based on
studies with avian osteoclasts, Chellaiah and coworkers has
proposed a model describing integrin alpha,betas-initiated
signaling in osteoclasts (65). Central to this model is the
involvement of gelsolin in integrin alpha,beta;-initiated
signaling in osteoclasts (Figure 3). Gelsolin is an actin-
binding protein that controls the length of the actin
filament, which is important for various cell functions such
as cell motility (66-68). Ligation of integrin alpha,beta;
with RGD-containing proteins such as osteopontin activates
gelsolin-associated PI3K, resulting in enhanced association
of gelsolin with phosphoinositotides such as PtdIns 4,5-P2
and PtdIns P3 (69) (Figure 3). The association of gelsolin
with phosphoinositotides induces the release of gelsolin
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from the actin filament end, leading to the actin ring
formation and reorganization (26).

FAK represents one of components present in the
integrin alpha,betas-activated signaling complex (65)
(Figure 3). Although the precise role of FAK in the integrin
alpha,betas-activated signaling FAK is not known, FAK
may participate in this process in part by stimulating the
formation of the signaling complex. In support of this
notion, FAK is phosphorylated in response to integrin
alpha,beta; activation and phosphorylated FAK associate
with other signaling molecules such as c-Src, PI3K, paxillin
and p130cas (70-74), all of whom were shown to be present
in the signaling complex (65). Phosphorylation of FAK in
osteoclasts results from the action of c-Src (75).
Consistently, kinase activity of c-Src is enhanced by
integrin  alpha,beta; ligation in osteoclasts (76).
Nonetheless, the downstream target(s) of FAK in the
signaling process leading to actin ring formation has not
been elucidated (Figure 3). As we have discussed above,
PYK2, a FAK-related kinase, is implicated in integrin
alpha,beta;-mediated signaling by phosphorylating gelsolin
(54). But that study also showed that FAK is not involved
in phosphorylating gelsolin (54).

4. SUMMARY AND PERSPECTIVE

Research data accumulated in last several years
have pointed to a functional role for both FAK and PYK2
in osteoclastic bone resorption. Both FAK and PYK2 were
shown to be not only present in osteoclasts but also
implicated in integrin  alpha,betas-mediated bone
resorption. Moreover, the roles of FAK and PYK?2 in the
integrin alpha,beta;-mediated signaling have begun to be
elucidated. Undoubtedly, these findings have significantly
advanced our understanding of the mechanism of
osteoclastic bone resorption. On the other hand, as we have
discussed above, the data from different research groups
have also created several considerable controversies
regarding the role of FAK and PYK2 in osteoclasts. While
some discrepancies may result from the different model
systems used or from the experiments performed under
different conditions, other may simply represent true
biological differences that we have not appreciated. For
instance, a controversy exists regarding whether FAK or
PYK2 is involved in integrin alpha,betas-mediated
signaling in podosomes in osteoclasts. Interestingly, a
recent study showed that a majority of podosomes
exclusively contains PYK2 while a few podosomes have
only FAK (52), suggesting that both PYK2 and FAK may
be involved in osteoclast function. Thus, future studies
aimed at addressing these controversies will not only
definitively identify the precise roles of FAK and PYK2
in osteoclasts but may also elucidate novel mechanisms
implied by some of these controversies.

Furthermore, most studies on FAK and PYK2
have focused on their role in integrin alpha,betas-
mediated signaling involved in bone resorption. However,
emerging evidence support that FAK and PYK2 are also
involved in signaling pathways activated by other factors
known to regulate osteoclast function. Treatment of
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osteoclasts with calcitonin induces PYK2
dephosphorylation but stimulates FAK phosphorylation
(52). M-CSF, a critical factor for osteoclast formation and
function, induces the interaction of PLC-gamma with
PYK2 (77), suggesting that PYK2 may act as a linker
mediating the cross talk between integrin alpha,beta;-
mediated signaling and that initiated by M-CSF. In
addition, VEGF, an angiogenic factor that was recently
shown to regulate osteoclast function (78), is also capable
of inducing phosphorylation of FAK in an osteoclast
precursor cell line (79). These data suggest that FAK and
PYK2 may also be involved in other signaling pathways
in osteoclasts and that they may play an important role in
mediating the potential crosstalk between integrin
alpha,beta;-initaied signaling and those activated by other
factors. Future investigations on the roles of FAK and
PYK2 in signaling pathways activated by other factors
will provide more insights into the mechanism of
osteoclastic bone resorption.
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