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Abstract. Osteoclasts, the primary cell type mediating
bone resorption, are multinucleated, giant cells de-
rived from hematopoietic cells of monocyte-macro-
phage lineage. Osteoclast activity is, in a large part,
regulated by protein-tyrosine phosphorylation. While
information about functional roles of several protein-
tyrosine kinases (PTK), including c-Src, in osteoclastic
resorption has been accumulated, little is known
about the roles of protein-tyrosine phosphatases
(PTPs) in regulation of osteoclast activity. Recent
evidence implicates important regulatory roles for
four PTPs (SHP-1, cyt-PTP-¢, PTP-PEST, and PTP-

oc) in osteoclasts. Cyt-PTP-¢, PTP-PEST, and PTP-oc
are positive regulators of osteoclast activity, while
SHP-1 is a negative regulator. Of these PTPs in
osteoclasts, only PTP-oc is a positive regulator of c-Src
PTK through dephosphorylation of the inhibitory
phosphotyrosine-527 residue. Although some infor-
mation about mechanisms of action of these PTPs to
regulate osteoclast activity is reviewed in this article,
much additional work is required to provide more
comprehensive details about their functions in osteo-
clasts.

Keywords. Protein-tyrosine dephosphorylation, osteoclast, c-Src, bone resorption, protein-tyrosine phospha-

tases, PTP-oc, cytosolic PTP-¢, PTP-PEST, SHP-1.

Bone and bone remodeling

Bone is a vital, dynamic connective tissue comprising a
complex mixture of organic and inorganic materials.
The large majority of the organic matter is type I
collagen that is the basic building block of the bone
matrix fiber network. The inorganic matter is com-
posed primarily of calcium phosphate in the form of
hydroxyapatite crystals. The cellular component of
the bone is made up of three functionally distinct cell
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types: The first cell type is the osteoblast, which is
derived from osteoprogenitor cells of the mesenchy-
mal lineage [1]. Osteoblasts are the principal cell type
that mediates bone formation by synthesizing bone
matrix and by promoting mineralization of the newly
synthesized matrix [1]. The second cell type is the
osteocyte, which is the star-shaped, terminally differ-
entiated osteoblast that is fully entrapped by the bone
matrix [2]. Osteocytes are well situated within bone
matrix to detect mechanical loading stress [3], have
the ability to communicate with other bone cells
through an extensive network of cellular processes [4],
and respond to mechanical stimuli [5, 6]. Thus,
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osteocytes are thought to be the primary mechanical
sensory cells in bone [3, 7]. The third cell type is the
multinucleated, giant osteoclast, whose exclusive
function is to degrade (resorb) bone. Bone not only
provides mechanical strength for locomotion and
protection of internal organs, but also plays a central
role in mineral homeostasis in that it serves as the
reservoir for key minerals (calcium and phosphorus)
needed for normal cellular and bodily functions.

One of the remarkable features of mammalian bone is
its ability to “rejuvenate” or “renew” itself constantly
by replacing damaged bone with new, mechanically
sound bone through the process known as bone
remodeling. Bone remodeling is accomplished by
the collaborative and sequential actions of osteoclasts
and osteoblasts that are collectively referred to as the
Basic Multicellular Unit (BMU) [8]. The BMU
remodeling process is initiated by the resorption
activation phase, which involves recruitment of mon-
onucleated osteoclast precursors from the circulation,
infiltration of the bone lining cell layer, and fusion of
the osteoclast precursors to form multinucleated pre-
osteoclasts [9]. These pre-osteoclasts then affix them-
selves to the bone matrix by the use of a specialized
adhesion structures known as podosomes [10] to form
a sealing zone. During the resorption phase, the pre-
osteoclast is activated and becomes a functionally
active osteoclast to initiate bone resorption. The
resorption phase ends with apoptosis of the osteoclast
[11] (Fig. 1), which is immediately followed by the
bone formation phase, in which resorption lacunae
releases appropriate signals to recruit osteoprogenitor
cells to the surface of resorption lacunae and to
stimulate differentiation of osteoprogenitor cells into
functional osteoblasts to lay down and mineralize new
bone matrix to refill the resorption lacunae [12].
Under normal healthy situations, the increase in bone
resorption is coupled to a compensatory increase in
equal magnitude in bone formation, such that no net
gain or loss of bone mass results at a given BMU site.
In aged bone or under pathologic conditions, this
tightly coupled relationship of bone formation to
resorption becomes defective and the compensatory
increase in bone formation fails to match the initial
increase in bone resorption [13]. This leads to a net
loss of bone mass during each cycle of bone remodel-
ing, and eventually results in a significant bone loss.
Although an insufficient compensatory increase in
bone formation is implicated as an etiologic factor for
aging-associated bone loss [14], excessive bone re-
sorption is the primary cause of bone loss in a number
of metabolic bone diseases, including postmenopausal
osteoporosis [15-19]. Accordingly, osteoporosis and
related bone-wasting diseases can be effectively
treated with anti-resorptive therapies, such as bi-
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sphosphonates, calcitonin, and selective estrogen
receptor modulators [20]. In addition, bone resorption
is essential for all aspects of bone physiology, such as
growth, remodeling, and even the repair of fractures.
That bone resorption is essential for normal bodily
function is evidenced by the disabling consequences of
osteopetrosis, a rare genetic disease of insufficient
bone resorption, leading to too much bone that is
brittle and also inadequate hematopoiesis due to
insufficient bone marrow spaces [21]. Thus, under-
standing the molecular mechanisms and regulation of
osteoclast resorption is critical for the understanding
of the pathophysiology and treatment of various
metabolic bone wasting diseases.

Osteoclasts and bone resorption

Osteoclasts are terminally-differentiated, multi-
nucleated, giant cells derived from the monocyte/
macrophage hematopoietic cell lineage [22]. These
cells are rich in tartrate-resistant acid phosphatase
(TRACP) activity [23]. During bone resorption,
mononucleated osteoclast precursor cells in the mar-
row are rapidly induced to fuse and differentiate into
multinucleated TRACP-positive osteoclasts and the
degree of multinucleation correlates with their ca-
pacity to resorb bone [24]. Key to the bone resorptive
process is the ability of the osteoclast to form a
microenvironment between itself and the underlying
bone matrix with formation of a sealing zone via
podosomes, which are a distinct type of adhesion
structure [25], and also formation of a specialized
membrane within the sealing zone, called the “ruffled
border” [26]. Podosomes are punctuate structures that
contain a cylindrical actin core and actin-associated
adaptor proteins, including Wiscott-Aldrich syn-
drome protein (WASP), cortactin, gelsolin, leupaxin,
and the Arp2/3 complex [27]. Podosomes in osteo-
clasts are highly dynamic [28]. The formation and
maintenance of podosomes and the sealing barrier
require that actin cytoskeleton and the adhesion
substrates, particularly integrin a,f;, be in absolute
direct contact with the bone matrix surface [29]. The
ruffled border membrane is rich in an electrogenic
proton pump (H'-ATPase) and a Cl channel
(CICN7). Protons, generated under the influence of
carbonic anhydrase II, are “pumped” into the sealing
zone through the ruffled-membrane-residing H*-
ATPase and CICN7 to reduce the pH within the
sealing zone to ~4.5 [30]. Lysosomal degradative
enzymes, such as TRACP, cathepsin K, and matrix
metalloproteases (MMPs) [MMP-9 and gelatinase],
are also secreted into the sealing zone. These acidic
lysosomal enzymes dissolve and digest the mineral
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Figure 1. Schematic illustration of the life span of an osteoclast. The life span of an osteoclast begins with stimulation of the proliferation of
hematopoietic osteoclast progenitors, which are then differentiated into mononucleated pre-osteoclasts. The mononucleated pre-
osteoclasts are rapidly fused to form multinucleated, giant pre-osteoclasts, which then migrate to and attach to the bone surface through
podosomes. The attached osteoclast is then activated and creates a microenvironment for bone resorption between itself and the
underlying bone matrix by forming a sealing zone through reorganization of podosomes that are linked to a,3; integrin and a ruffled border.
Through the H-ATPase proton pump and the CICN7 chloride channel residing on the ruffled border, the activated osteoclast secretes
protons and chloride ions into the sealing zone to reduce the localized pH to ~4.5. Various lysomsome enzymes, including TRACP, MMP9,
cathepsin K, gelatinase, are also secreted to the sealing zone to initiate degradation of organic and inorganic components of the bone matrix
to form a resorption lacuna. At the completion of the resorption process, the osteoclast rapidly undergoes apoptosis and comes off the bone

surface.

and organic phases of bone matrix [31], creating
saucer-shaped resorption cavities known as Howship’s
lacunae (Fig. 1). The essential role of the proton pump
[32], CI' channel [33], and cathepsin K [34] in
osteoclastic resorption is established by the fact that
mutation or deletion of these genes each results in
diseases of impaired resorption. Osteoclasts have a
short life span and undergo apoptosis rapidly in the
absence of appropriate effectors [35]. Thus, bone
resorption is determined by not only the formation
and activity of mature osteoclasts, but also their
survival.

A large number of systemic hormones, e.g., para-
thyroid hormone, estrogen, 1,25-hydroxyvitamin D,
calcitonin, circulating cytokines (interleukin-1, -6, -7, -
11, -18, oncostatin M, tumor necrosis factor-a, inter-
feron v, prostaglandin E,, and transforming growth
factor-f3), have been shown to have important regu-
latory roles in the formation, activation, and survival
of osteoclasts [36]. Most of these regulators act
through three cytokines locally produced by osteo-
blastic and marrow stromal cells: macrophage colony-
stimulating factor (m-CSF), receptor activator of
NF«B ligand (RANKL), and the soluble decoy
receptor of RANKL, osteoprotegerin (OPG). Ac-
cordingly, m-CSF and RANKL are essential and
sufficient for osteoclast formation, in that RANKL
is the key osteoclastogenic cytokine, and m-CSF is
needed for the proliferation, survival and, to some
extent, differentiation of osteoclast precursors [37—

39]. OPG is structurally very similar to the extrac-
ellular ligand binding domain of RANK (the cell
surface receptor for RANKL), has a high binding
affinity for RANKL, and is a potent competitive
inhibitor of RANK for RANKL. Thus, the bioavail-
ability of RANKL is determined by the ratio of
RANKL and OPG. The roles of the RANKL/OPG
axis and m-CSF on osteoclast differentiation and
survival have been the focus of several review articles
[40-42]. Thus, the scope of this review will be limited
to regulation of osteoclast activity.

Protein-tyrosine phosphorylation in regulation of
osteoclast activity

Activation of osteoclastic resorption is initiated by
several key processes that follow the fusion of mono-
nucleated progenitors to form multinucleated osteo-
clasts. These processes include cytoskeletal reorgan-
ization, polarization, and construction of a sealing
zone and ruffled borders, all of which involve the
integrin-dependent reorganization [22]. Accordingly,
the integrin signaling is a major regulatory mechanism
of osteoclast activity. Integrins are a large family of
cell-surface glycoproteins that act as receptors for
extracellular matrix proteins and are involved in cell-
cell, cell-matrix adhesion, as well as in signaling
mechanisms of cell proliferation and differentiation.
Each integrin is a heterodimer containing an a subunit
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and a 3 subunit. The osteoclast attaches to bone
surface predominantly through the a,f3; vitronectin
receptor. The extracellular domain of each subunit
contributes to ligand binding, and the cytoplasmic
domains of both subunits are essential for cytoskeletal
organization, cell motility, survival, and signal trans-
duction through phosphorylation and activation of
downstream mediators, including but not limited to,
Fak, c-Src, paxillin, vinculin, p130“*, Erk1/2, Syk, Vav,
Rho, and Rac [27, 43, 44]. A recently identified novel
osteoclastic protein, osteoactivin, has also been im-
plicated to be a key downstream mediator of the
integrin-mediated fusion and migration of osteoclasts
[45].

As indicated, many of the downstream mediators of
the integrin signaling in regulation of osteoclast
activity are protein-tyrosine kinases (PTK) and/or
regulated by protein-tyrosine phosphorylation. Pro-
tein-tyrosine phosphorylation is a reversible cellular
regulatory process: The phosphorylation reaction is
mediated by PTKSs, whereas the dephosphorylation is
catalyzed by protein-tyrosine phosphatases (PTPs).
There is compelling evidence that protein-tyrosine
phosphorylation has essential regulatory functions in
the integrin signaling and also in the overall regulation
of osteoclast activities. For example, the integrin-
dependent adherence of osteoclasts to bone matrix
results in increased tyrosine phosphorylation of a
number of podosome-associated proteins, such as
Pyk2, c-Src, paxillin, p130“*, Cbl, and several podo-
somal core proteins (WASP and cortactin) [43, 44, 46].
Phosphorylation of these proteins leads to osteoclast
adhesion and migration to bone surface, reorganiza-
tion of podosomes, formation of the sealing zone, and
secretion of degradative enzymes needed for bone
resorption. Protein-tyrosine phosphorylation also
plays a regulatory role in other major signaling
pathways in osteoclasts, such as those mediated by
RANKL (via its receptor, RANK) and by m-CSF
(through its receptor, c-Fms) [47, 48]. One of the most
compelling pieces of evidence for the essentiality of
protein-tyrosine phosphorylation in regulation of
osteoclast activity is that osteoclasts of mice deficient
in ¢c-Src PTK are unable to form ruffled borders [49],
display abnormal cytoskeletal structure, retard cell
migration, and lack resorption activity [49, 50].
Ablation of another downstream PTK gene, Pyk2, in
mice also leads to inactivation of osteoclasts and
increased bone mass [51].

c-Src PTK activity in regulation of osteoclast activity

The c-Src is a member of a family of nine structurally
similar, non-receptor PTKs that are associated with
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the cytoplasmic surface of cellular membranes. As
mentioned, targeted disruption of the c-Src gene in
mice led to a form of osteopetrosis, characterized by a
normal (or even a slightly increased) number of, but
totally inactive, osteoclasts without showing any
obvious morphological or functional abnormalities
in other tissues or cells [49, 50]. Thus, c-Src proto-
oncogene is a key mediator of osteoclast activity.
Although osteoclasts also express other members of
this multigene family, such as c-Fyn, c-Lyn, c-Yes, c-
Hck, and c-Fgr, the osteopetrotic abnormalities are
unique to c-Src-deficient mice, as deletion of any one
of these other genes of this family did not lead to
osteopetrosis [49, 50]. An important clue that c-Src
could be a key mediator of the integrin o,f;-depend-
ent cytoskeletal reorganization in osteoclasts and of
their bone resorption activity came from the findings
of the very similar osteoclastic phenotype of mice
lacking the integrin o,f3; gene and that seen in c-Src-
deficient mice [52]. Both knockout mouse strains,
despite a slight increase in osteoclast number in vivo,
develop severe osteopetrosis that is due to an im-
paired bone resorption owing to dysfunctional cytos-
keletal organization in osteoclasts, resulting in their
inability to attach to bone surface, spread and migrate,
as well as an absence of a ruffled border [50, 52]. The
surprisingly similar defective cytoskeletal phenotypes
of ¢-Src- and integrin o,f3;-deficient osteoclasts sug-
gest a commonality of intracellular signaling mecha-
nisms. In this regard, activation of c-Src PTK reduces
the strength of association between the integrin and
cytoskeleton, and mediates movement of integrin a3
to the migratory machinery of the osteoclast in the
form of lamellipodia. It also accelerates the disassem-
bly of podosomes, most probably by phosphorylation
of cortactin [53], leading to cytoskeletal reorganiza-
tion and formation of the sealing zone. Thus, c-Src
could be a major downstream mediator of the integrin
signaling of osteoclast activity.

There is a large body of in vitro evidence that the PTK
activity of c-Src is needed for the functional activity of
mature osteoclasts. For example, active osteoclasts
expressed high levels of c-Src PTK activity on ruffled
border membranes [54] and in podosomes [55], and
the c-Src PTK activity correlated with the number and
activity of resorbing osteoclasts in vivo [50] and in
vitro [56]. Activation of c-Src PTK activity is involved
in regulation of osteoclast spreading and migration
[57, 58]. Specific inhibitors of the c-Src PTK activity
abolished bone resorption activity of osteoclasts in
vitro [59 — 62]. In addition, the c-Src PTK activity in
osteoclasts is increased by bone resorption activators
(PTH [62, 63] and 1,25-dihydroxyvitamin D; [63, 64])
and reduced by resorption inhibitors (calcitonin [60]
and alendronate [63]).
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Despite the large body of evidence for an important
role of c-Src PTK activity in regulation of normal
osteoclast activities, the findings that transgenic
expression of Y416F and K295R dominant-negative
c-Src mutants with inactive PTK activity in c-Src
deficient mice was able to partially rescue the
osteopetrotic phenotype [65] challenge the conclusion
that the PTK activity of c-Src is essential. Because the
Src homology domain 2 (SH2) and SH3 domain of c-
Src can: 1) function as adaptors regulating c-Src
trafficking and membrane localization, 2) mediate
interactions with downstream signaling proteins, and
3) recruit key signaling proteins to membrane recep-
tor PTKs for phosphorylation [66], and because
specific inhibitors of the c-Src SH2 domain effectively
blocked osteoclast-mediated resorption [67], it was
suggested that the SH2 and/or SH3 domains of c-Src
(rather than its PTK activity) are essential for
osteoclast activities. On the other hand, transgenic
expression of Y416F or K295R dominant-negative c-
Src mutants only partially rescued the osteopetrotic
phenotype, and complete rescue of the osteopetrotic
abnormalities required the c-Src PTK activity [65].
Down- or up-regulation of c-Src PTK activity through
transgenic expression of the C-terminus Src kinase
(Csk) in osteoclastic cells also, correspondingly,
modulated their bone resorption activity in vitro and
in vivo [58]. It has also been shown that not only the
adaptor function, but also the PTK kinase activity of c-
Src, are important in osteoclast resorption [68] and
that transgenic expression of a truncated c-Src mutant
lacking the PTK domain induced osteopetrosis in c-
Src™" mice and worsened osteopetrosis in c-Src” mice
[69]. Thus, both the PTK activity and adaptor
functions of c-Src are essential for osteoclast activity.

Regulation of c-Src PTK activity

All members of the c-Src PTK family have a similar
molecular structure: the N-terminal segment includes
the so-called SH4 domain that is a myristolylation and
membrane-localization signal site (which is essential
for its attachment to the membrane), as well as a 50- to
80-amino acids “unique” domain, which differs among
members of the c-Src PTK family. This region is
followed sequentially in the peptide chain by the SH3
domain that binds specific proline-rich motifs, the SH2
domain that binds phosphotyrosines in specific se-
quence contexts, and the PTK catalytic (also known as
SH1) domain. These domains are followed by a short
C-terminal sequence, which contains a key regulatory
tyrosine residue (tyr*”’ for c-Src). The phosphoryla-
tion of this tyr’” is critical for maintaining c-Src in its
inactive conformation (Fig.2). Both the PTK and
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adaptor activities of c-Src are regulated by intra-
molecular interactions of the SH2 and SH3 domains
[70]. When in the inactive state, the tyr’”’ residue is
phosphorylated by Csk, which results in an intra-
molecular association between the phosphorylated
tyr’”’ (PY527) and the SH2 domain that stabilizes the
inactive, closed conformation. The SH3 domain is also
involved in an intramolecular interaction with the
linker region that connects the SH2 and kinase
domains [71]. Dephosphorylation of PY527 by a
PTP disrupts the intramolecular interaction, allowing
the protein to acquire the open, active conformation.
While activation of c-Src PTK activity is mediated
primarily through dephosphorylation of PY527, both
SH2 and SH3 intramolecular associations are in-
volved in maintaining the enzyme in the inactive
conformation, and proline-rich sequences that bind
with high affinity to the SH3 domain have been shown
to activate the PTK activity of members of the c-Src
family [72]. In the active, open conformation, the tyr*'®
(not shown in Fig.2) in the activation loop of the
kinase domain is autophosphorylated, which leads to
further upregulation of its PTK activity [71, 72]. Thus,
both the PTK and adaptor activities of c-Src are
regulated by its protein-tyrosine phosphorylation
status: increased phosphorylation of tyr’”’ leads to
inactivation, whereas increased phosphorylation of
tyr' results in activation, of its PTK activity. Con-
versely, the dephosphorylation of PY527 activates
bothits PTK and adaptor activities. Although it is now
clear that Csk is the PTK that phosphorylates tyr'?’,
the PTP that dephosphorylates PY527 in osteoclasts
has not been identified. It has been reported that
treatment of chicken osteoclast precursor cells with
1,25-dihydroxyvitamin D5 led to activation of the c-Src
PTXK activity through increasing expression of a c-Src-
activating PTP [73]. Because mice deficient in c-Src
exhibit a predominant phenotype of inactive osteo-
clasts [49], it is conceivable that there may be one or
more PYS527-specific PTPs in osteoclasts that are
upregulated by at least some resorption effectors to
dephosphorylate PY527 of c-Src. Although a number
of specific c-Src PTK inhibitors have been developed
[62, 67], and although it is conceivable that some of
these c-Src PTK inhibitors could be developed into
effective therapeutic agents for inhibiting osteoclastic
resorption, knowledge of the identity and regulation
of these c-Src PY527 PTPs in osteoclasts will be very
helpful in further understanding of regulation of the
integrin and/or c-Src signaling in osteoclast functions.
It may even open up a new avenue for future
development of novel therapeutic modalities to treat
disorders with excessive osteoclastic resorption by
targeting the c-Src PY527 PTP in osteoclasts.
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Figure 2. Regulation of the c-Src PTK activity. This is a schematic
picture of the molecular structures of the closed (inactive) and
open (active) conformation of c-Src PTK. The restrained (closed)
conformation of c-Src is stabilized by the intramolecular inter-
actions among the kinase domain, the SH2/SH3 domains, and the
phosphorylation of the tyr** (PY527) residue at the C-terminal tail,
mediated by the C-terminus Src kinase (Csk). Displacement of SH2
and/or SH3 domains, either by C-terminal tail P'Y527 dephosphor-
ylation or by competitive binding of optimal SH2/SH3 domain
ligands, allows the kinase domain to open, exposing tyr*® to
phosphorylation (not shown). The dephosphorylation of PY527 is
catalyzed by a protein-tyrosine phosphatase (PTP).

PTPs

Although it was once assumed that protein phospha-
tases are non-regulatory, housekeeping enzymes that
largely play counter-regulatory roles to protein kin-
ases in regulation of the overall protein phosphoryla-
tion status of key signaling proteins, it is now well
established that protein phosphatases (including
PTPs) also play key regulatory roles in various signal
transduction pathways of cell proliferation, differ-
entiation, and functions [74]. There are more than 100
members of the PTP superfamily in the human
genome; all of which contain one or two cytosolic
PTP catalytic domains of ~240 residues that include
the (I/V)HCSXGXXGR(S/T)G signature motif [75].
The hydroylsis of the phosphotyrosine residue by
PTPsis mediated by a two-step, displacement reaction
mechanism, in which the key cysteine residue residing
in the core of PTP catalytic domain first forms a
covalent intermediate with the phosphate group of the
substrate, leading to breakage of the bond between
this phosphate group and the protein tyrosine moiety
and the release of the dephosphorylated protein
substrate. The second step involves hydrolysis of the
cyteine-phosphate bond, resulting in the release of the
inorganic phosphate and regeneration of the active
site of the enzyme [76]. While most PTPs have broad
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substrate specificities, the substrate specificity of
several PTPs is relatively narrow [77].

Structurally, PTPs are divided into two major classes:
transmembrane PTPs and cytosolic PTPs. Each class
may be further divided into several subclasses, based
on sequence similarities and presence of specific
functional domains [75]. Most transmembrane PTPs
contain an extracellular domain, a transmembrane
domain, and one or two cytosolic PTP catalytic
domains. However, a few transmembrane PTPs lack
an extracellular domain. The functional role of
extracellular domains of transmembrane PTPs is not
well understood, but they may act as the ligand
binding domain for receptor-associated PTPs. When
there are two catalytic domains, the enzymatic activity
is often associated with the first, proximal domain with
the second, distal domain showing weak or no
enzymatic activity [78]. This distal PTP domain is
thought to perform primarily regulatory functions
[78]. In contrast, cytosolic PTPs are typically com-
posed of a single PTP catalytic domain that is flanked
by other functional domains, which serve to regulate
the subcellular localization of the PTP and/or binding
for adaptor proteins.

Regulatory PTPs in osteoclasts

The importance of PTPs in the regulation of osteoclast
formation and activity has been recognized since the
discovery of the potent ability of non-specific PTP
inhibitors, i.e., orthovanadate, phenylarsine oxide,
and bisphosphonates, to suppress osteoclast formation
and resorption activity in vitro [79]. A number of well
known PTPs have been reported to have modulatory
actions on osteoclast formation and activities. Many of
these PTPs, such as the dual-specificity phosphatase
MAPK phosphatase-1 (MKP-1) and SHP-2, a cyto-
solic Src homology 2 (SH2) domain-containing PTP,
alter osteoclast formation and differentiation by act-
ing as the counteracting enzyme activity to the PTK-
mediated phosphorylation of key PY-containing sig-
naling proteins. For example, MKP-1 dephosphory-
lates and inactivates MAPKs, leading to suppression
of m-CSF- and/or RANKL-mediated proliferation
and differentiation of osteoclast progenitors [80].
Conversely, SHP-2 is recruited to the m-CSF receptor
(c-Fms) and other receptor PTKs via the Grb2-
associated familiy of binding proteins to dephosphor-
ylate (and thereby inhibit) the RasGAP activity
responsible for suppressing Ras function [81]. This
results in prolongation of Erk1/2 activation and leads
to enhanced m-CSF- and/or RANKL-mediated pro-
liferation and/or differentiation of osteoclast precur-
sor cells. Because the emphasis of this review is on
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regulation of osteoclast activity, the following discus-
sion will be limited to only those PTPs that affect
osteoclast activity, with a focus on those that may be
responsible for dephosphorylation of PY527 of c-Src
in osteoclasts. Several PTPs (SHP-1, cytosolic PTP-¢,
PTP-PEST, and PTP-oc) have been shown to be key
regulators of osteoclast activity [82, 83]. As shown in
Figure 3, these four classes of PTPs are structurally
quite different: three are cytosolic PTPs and one is a
transmembrane PTP. The differences in their molec-
ular structure, and also presumably intracellular
localization, raise the possibility that these PTPs
may each have different functional role, or participate
in different aspects of regulation, in osteoclast activity.

SHP-1

SHP-1 is a cytosolic SH2 domain-containing PTP and
is expressed predominantly in cells of hematopoietic
lineage [84], which include osteoclast progenitor cells
[22]. SHP-1 contains two tandem SH2 domains at the
N-terminus, followed by a single PTP catalytic domain
and a C-terminal tail [85] (Fig. 3). The N-terminal SH2
domains of SHP-1 can interact intramolecularly with
its catalytic domain, which forces SHP-1 to assume an
inactive conformation. This intramolecular interac-
tion can be ‘relieved’ by the binding of phosphotyr-
osine-containing interacting proteins to the SH2
domains [85]. The binding of specific phosphotyro-
sine-containing docking proteins to the SH2 domains
can also alter subcellular localization of SHP-1 [85],
thus providing a unique means for targeted recruit-
ment or sequestration of SHP-1 to a specific subcel-
lular location. There is evidence that the C-terminal
tail of SHP-1 also helps to regulate its PTP activity by
forming inter- and intra-molecular interactions, which
are facilitated by the proline-rich motifs and phos-
phorylatable tyrosine and serine residues at the C-
terminal tail [85].

SHP-1 binds and dephosphorylates several phospho-
tyrosine-containing signaling proteins that are recruit-
ed to c-Fms (receptor of m-CSF) upon m-CSF
activation; the net effect being a decrease in the
phosphorylation levels of these signaling proteins and
a diminished m-CSF signaling [86]. Studies with
spontaneous homozygous mutation of SHP-1 in viable
(mevi/mev’) or lethal motheaten (me/me’) mice that
either have substantially reduced levels of, or are
deficient in, SHP-1 activity, respectively, offer the
most persuasive argument that SHP-1 is an important
negative regulator of osteoclast differentiation and
activity. Accordingly, both motheaten mutant strains
developed severe osteoporosis due to an increase in
the number of highly active osteoclasts [87, 88]. The
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Figure 3. Schematic illustrations of the molecular structure of the
four classes of PTPs (shown as 1 to 4) that have been implicated in
the regulation of osteoclast activity. 1) SHP-1 is a member of
cytosolic PTP superfamily. It has two N-terminal tandem SH2
domains followed by a single PTP catalytic domain and a C-
terminal tail. 2) Cytosolic PTP-¢ (Cyt-PTP-g) is a truncated
cytosolic isoform of the transmembrane receptor-associated PTP-
¢ (RPTP-¢). Cyt-PTP-¢ and RPTP-¢ both contains two PTP
catalytic domains in the cytosolic region. Cyt-PTP-¢ lacks the
extracellular and transmembrane domains but it has a short,
unique, 12 amino acid residues insert (shown as a light grey box) at
its N-terminus, when compared to RPTP-e. 3) PTP-PEST is a
cytosolic PTP, which contains a C-terminal domain rich in proline
(P), glutamic acid (E), serine (S), and threonine (T) residues;
collectively known as the PEST domain. 4) PTP-oc is a truncated
variant of the transmembrane PTP, Gleppl (also known as
PTPRO). Gleppl contains a large extracellular domain that
contains eight fibronectin type III domains (dark grey boxes) and
sixteen N-glycosylation sites (not shown). PTP-oc completely lacks
an extracellular domain, except for eight amino acid residues. In
contrast to the renal Glepp1, PTP-oc contains a 28 amino acid-long
juxtamembrane sequence insert due to alternative splicing of exon
17 of the renal Gleppl (indicated by an asterisk). However, this
insert is present in the brain PTPRO isoform.

macrophages and osteoclast precursors of these SHP-
1-deficient mice are hyper-responsive to m-CSF, a
characteristic that leads to an increased numbers of
apoptosis-resistant osteoclasts and their precursors
[88], suggesting that SHP-1 is a negative regulator of
the m-CSF-induced proliferation and/or differentia-
tion of osteoclast precursors. SHP-1 is also associated
with the complex containing TRAF6 in a RANKL-
dependent manner in osteoclastic cells, exerting a
negative effect in RANKL-RANK-TRAF6 signaling.
This then leads to suppression of the RANKL-
mediated osteoclast differentiation and/or activity
[89]. The association of TRAF6 with RANK was
increased in bone marrow macrophages of motheaten
mice and in RAW?264 cells overexpressing an inactive
SHP-1 mutant, indicating that SHP-1 also acts as a
negative regulator of the RANKL signaling by con-
trolling the binding of TRAF6 to RANK.

While there is no direct evidence connecting SHP-1 to
the regulation of integrin- and/or c-Src-mediated
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cytoskeletal reorganization and/or cell adhesion and
migration, there is circumstantial evidence that SHP-1
participates in the integrin-mediated signaling. For
example, the integrin B;-induced SHP-1 activation in
T cells appeared to have a major suppressive role in T
cell receptor signaling [90]. Macrophages [91] and
neutrophils [92] of motheaten mice were hyper-
adhesive and responded to integrin engagement
more strongly than cells from wild-type mice, suggest-
ing that SHP-1 may antagonize integrin-mediated cell
adhesion. Thus, it is conceivable that SHP-1 may play
anegative role in osteoclast activity. Because SHP-1 is
a negative regulator of osteoclast formation and
activity, this PTP would not be the c-Src PY527 PTP
that mediates the integrin- and/or c-Src-induced
activation of osteoclasts.

Cytosolic PTP-¢ (cyt-PTP-¢)

Cytosolic PTP-¢ is a cytosolic isoform of the receptor
PTP-¢, which is a member of the transmembrane
receptor-type PTP superfamily that contains two PTP
catalytic domains (Fig. 3). The PTP-¢ gene has two
alternative promoters, yielding a transmembrane
(RPTP-¢) and a cytosolic (cyt-PTP-¢) isoforms [93].
Two additional, but less abundant, isoforms of cyto-
solic PTP-¢ (p67 and p65 PTP-¢) are produced by an
alternative translation start codon and by proteolytic
cleavage of cyt-PTP-¢ [94]. The expression profiles of
RPTP-¢ and cyt-PTP-¢ were non-overlapping; thus,
RPTP-¢ and cyt-PTP-¢ are rarely found in the same
cell type. In bone, the expression of cyt-PTP-¢ is
restricted to osteoclasts and is not expressed in
osteoblasts. There is no detectable expression of
RPTP-¢ in either bone cell type [95].

The conclusion that cyt-PTP-¢ has key regulatory
roles in osteoclast resorption was based on observa-
tions that targeted deletion of the receptor RPTP-¢
gene in mice yielded an increased trabecular bone
mass phenotype, which was due to defects in the bone
resorption activity of mature osteoclasts [95]. Because
osteoclasts do not express the transmembrane RPTP-
e isoform and targeted deletion of RPTP-¢ also led to
complete absence of cyt-PTP-¢ in osteoclasts [95], the
osteoclastic phenotype in this knockout mouse strain
was due to deficient cyt-PTP-¢ expression in osteo-
clasts [82, 83]. This increased trabecular bone mass
phenotype was most prevalent in young adult female
mutant mice [95], but the reason for this sex-related
preference of the bone phenotype is unclear. Consis-
tent with a defective bone resorption, the PTP-¢-
deficient mice showed a marked reduction in serum C-
telopeptide, a biomarker of bone resorption. Osteo-
clasts derived from bone-marrow osteoclast precur-
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sors of these cyt-PTP-e-deficient mice exhibited poor
bone resorption activity in vitro. The impaired bone
resorption ability of the mutant osteoclasts appeared
to be associated with reduced ability to adhere to bone
surface and defective formation of an actin sealing
ring [95]. There were no abnormalities in osteoblasts
or in bone formation rate in the mutant mice. Thus, the
cyt-PTP-¢ appears to be a positive regulator of
osteoclast activity. PTP-e-deficient mice are also
defective in the mobilization of hematopoietic pro-
genitor cells from the bone marrow niche to the
ciruclation; a process that involves osteoclastic re-
sorption [96]. However, the precise role of PTP-¢ in
the hematopoietic progenitor cell mobilization proc-
ess is unclear.

The molecular mechanism by which cyt-PTP-¢ affects
osteoclast activity remains to be determined. Al-
though it has been reported that RPTP-¢ can dephos-
phorylate c-Src in Neu-induced mammary tumor cells
[97], loss of cyt-PTP-¢ expression did not appear to
disrupt the c-Src signaling pathway in osteoclasts of
mutant mice [95]. In addition, while osteoclasts of c-
Src-deficient mice were completely unable to form
ruffled borders and to resorb bone [49, 50], osteoclasts
of PTP-g-deficient mutant mice developed ruffled
borders and were still able, albeit with markedly
reduced ability, to resorb bone. Thus, cyt-PTP-¢ is not
likely to be a major PY527 c-Src PTP in osteoclasts.

PTP-PEST

PTP-PEST is also a member of the cytosolic PTP
superfamily. It is a ubiquitous 88 kDa protein, which
has an N-terminal PTP catalytic domain and a C-
terminal domain that is rich in proline, glutamic acid,
serine, and threonine residues (PEST) [98] (Fig. 3).
This PESTregion is capable of interacting with several
molecules found in the podosomal complexes, such as
paxillin, leupaxin, Pyk2, p130“*, Grb2, c-Src, and
PSTPIP [99-103]. PTP-PEST also interacts with
WASP indirectly through PTP-PEST interacting pro-
tein (PSTPIP) [101, 104], in that PSTPIP functions as a
scaffold protein between PTP-PEST and WASP [105].
WASP integrates signals from Rho, Cdc42, and
kinases that bind to the Arp2/3 complex and stim-
ulates Arp2/3-dependent actin polymerization. Phos-
phorylation of WASP at tyr*”', which is mediated by c-
Src PTK in osteoclasts [106], is essential for osteoclast
resorption in vitro [107] and increases the actin
polymerization activity through the Arp2/3 complex
[108,109]. The PY291 of WASP is a substrate of PTP-
PEST, and the interaction among PTP-PEST, PSTPIP,
and WASP allows PTP-PEST to dephosphorylate
WASP [103]. The dephosphorylation of PY291 of
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WASP leads to inhibition of cell spreading and
membrane protrusion, and promotion of focal adhe-
sion turnover as well as cell migration [110, 111]. In
addition to PSTPIP and WASP, several phosphotyr-
osine-containing podosomal proteins, such as p130*,
paxillin, and Pyk2, are also substrates of PTP-PEST
[111-113].

Immunostaining of murine osteoclasts revealed that
PTP-PEST is localized predominantly to the podo-
some structures and peripheral sealing zone of
resorbing osteoclasts along with leupaxin, gelsolin,
WASP, c-Src, Pyk2, and PSTPIP [99, 101, 114]. Thus,
PTP-PEST is probably a key podosomal PTP that
participates in regulating osteoclast adhesion to bone
matrix and formation of a sealing zone. The most
supportive evidence for an important regulatory role
for PTP-PEST in osteoclast activity is the finding that
siRNA-mediated knockdown of PTP-PEST expres-
sion in osteoclasts markedly reduced formation of
podosomal structures at the cell periphery and
reduced their bone resorption activity in vitro [101].
Further studies are needed to provide precise mech-
anistic information about the role of PTP-PEST in the
formation and function of podosomes and the sealing
zone in osteoclasts. On the other hand, although these
in vitro findings indicate that PTP-PEST is a positive
regulator of osteoclast activity, there is recent evi-
dence that PTP-PEST is a negative regulator of
intestinal cell migration [115]. Thus, additional work
is needed to definitively confirm that PTP-PEST is
indeed a positive regulator of osteoclast activity in
vivo. PTP-PEST is a substrate of c-Src PTK. There is
no report that PTP-PEST can dephosphorylate PY527
of c-Src in osteoclasts or any other cell types.
Conversely, there is recent evidence that PTP-PEST
can dephosphorylate the stimulatory PY416 residue of
c-Src in intestinal cells, leading to an inhibition of its
PTK activity [115]. Therefore, PTP-PEST is also
unlikely to be a PY527 c-Src PTP in osteoclasts.

PTP-oc

PTP-oc belongs to the superfamily of transmembrane
PTPs and was identified from a rabbit osteoclast
cDNA library through molecular cloning [116]. This
PTP is structurally unique in that, unlike most trans-
membrane PTPs, it has only a very short (8 amino acid
residues) extracellular domain, lacks a signal peptide
proximal to the N-terminus, contains a single PTP
catalytic domain, and is relatively small (405 residues)
(Fig. 3). Because it lacks a significant extracellular
domain, PTP-oc is not a typical receptor-associated
PTP. It contains no SH2 or SH3 domains or other
adaptor binding domains [116]; thus, it probably does
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not function as an adaptor protein. Because this
transmembrane PTP is expressed predominantly in
hematopoietic cells [B lymphocytes and cells of
monocyte-macrophage lineage (including osteoclast
precursors)] and in mature osteoclasts [116, 117], this
unique PTP was referred to as the osteoclastic PTP,
PTP-oc [116].

With the exception of the 28 amino acid residues insert
(indicated by the * in Fig.3) in its cytosolic region
proximal to the transmembrane domain, PTP-oc
shows complete sequence identity with the trans-
membrane and cytosolic domains of a renal receptor
PTP, termed glomerular epithelial protein 1 (Gleppl)
(Fig. 3), which is also known as PTPRO (receptor PTP
type O), PTP-¢, RPTP-BK, Cryp-2, or PTPRO-FL
[118-123]. Both PTP-oc and Glepp1 are derived from
parts of the same genomic structure on human
chromosome 12p12-p13 [124] or on mouse chromo-
some 6 [125]. The human Gleppl gene contains 27
exons spanning over 223 kb. Exon 17, which corre-
sponds to the insert of 28 residues (residue 66-93) of
PTP-oc [116], is not expressed in the kidney Gleppl
mRNA [124] but is expressed in the mRNA of brain
Gleppl1 isoform [125]. By contrast, the human PTP-oc
gene spans ~56 kb encoded by 15 exons (correspond-
ing to exon 13-27 of the Gleppl gene) [126]. The
PTP-oc mRNA transcription start site is located at the
last 217 bases of intron 12 of Gleppl. Thus, the first
exon of the PTP-oc gene contains the 217-bp intronic
sequence of intron 12 of Gleppl. The start codon of
the PTP-oc gene begins from the last 4 bases of exon
14 of Gleppl, and the stop codon of both genes is
located near the end of exon 26. Although the first
exon of the human PTP-oc gene exists as a single exon,
this exon is split into two exons (interrupted by a short
intron) in the murine PTP-oc gene [127]. Accordingly,
PTP-oc is in fact a truncated variant of Gleppl and,
therefore, is also referred to as PTPROt or PTP-U2S
[117,128]. However, PTP-ocis not a splicing variant of
Gleppl and its expression is driven by a distinct,
alternative, cell-type-specific, intronic promoter
(within intron 12 of Gleppl) [126, 127, 129]. This
genomic arrangement of PTP-oc and Gleppl is
reminiscent of the two distinct promoters driving
cell-type-specific expression of RPTP-¢ and cyt-PTP-
g, respectively [93]. The basal elements of the intronic
promoter of murine PTP-oc have been characterized
and compared with that of the human PTP-oc gene
[127], and cell-type-specificity of the intronic PTP-oc
promoter has been confirmed in vitro [126, 127].
There is substantial in vitro evidence that PTP-oc may
function as a positive regulator of osteoclast activity
and that its molecular mechanism is in part mediated
through activation of c-Src PTK by dephosphorylating
its inhibitory PY527 residue. Accordingly, suppression
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of PTP-oc expression in rabbit osteoclasts with a
specific phosphorothioated PTP-oc antisense oligo-
deoxynucleotide decreased basal and PTH- or 1,25-
dihydroxyvitamin D;-stimulated bone resorption ac-
tivity, which was accompanied by an increase in PY527
level of c-Src [130]. Osteoclast-like cells derived from
two precursor cell lines (U937 cells [131] and
RAW264.7 cells [132]) with stable overexpression of
wild-type PTP-oc created significantly larger and
deeper resorption pits in vitro. Conversely, the size
and depth of resorption pits created by phosphatase-
deficient PTP-oc-overexpressing osteoclast-like cells
were much smaller than those by corresponding
control osteoclast-like cells. Overexpression of wild-
type PTP-oc activated, while transgenic expression of
the phosphatase-deficient PTP-oc mutant or treat-
ment with PTP-oc siRNA inhibited the c-Src PTK
activity in these cells [131, 132]. Upregulation of PTP-
oc expression by certain resorption activators in rabbit
osteoclasts led to dephosphorylation of PY527 of ¢-Src
and cellular PTP-oc expression levels correlated
strongly with c-Src PTK activation [133]. Consistent
with the premise that PY527 of c-Src is a cellular
substrate for PTP-oc, the synthetic c-Src PY527
peptide is a good substrate for the recombinant
PTP-oc in vitro [133]. Conversely, there has been no
report showing that SHP-1, PTP-¢, or PTP-PEST was
capable of dephosphorylating the synthetic c-Src
PY527 peptide in vitro. A recent preliminary GST-
PTP-oc pull down experiment also showed that
PY527-c-Src was pulled down by the GST-wild-type-
PTP-oc fusion protein, but not by the GST-phospha-
tase-deficient PTP-oc fusion protein in osteoclastic
cells (unpublished observation). Therefore, PTP-oc is
a potential PY527 c-Src PTP in osteoclastic cells.

The most compelling in vivo evidence that PTP-oc is
an important positive regulator of osteoclast activity is
the recent preliminary characterization of transgenic
mice with targeted overexpression of PTP-oc in cells
of osteoclastic lineage using the TRACP exon 1C
promoter (which is highly specific for osteoclasts
[134]) to drive transgene expression [135]. Young
adult male F2 progenies of three independent trans-
genic lines showed that transgenic mice had signifi-
cantly shorter femurs and lower bone volume, bone
area, cortical and trabecular bone mineral content
(BMC) and BMD in the femur. Histomorphometric
analyses at secondary spongiosa of the femur or at
metaphysis of L4 vertebrae confirmed that young
adult male transgenic mice exhibited marked decreas-
es in trabecular surface, % trabecular area, and
trabecular number, and increases in trabecular sepa-
ration and osteoclast numbers per bone surface
length. Consistent with an increased bone resorption,
the serum C-telopeptide level was higher in young
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adult male F2 transgenic mice than in wild-type
littermates. There were no differences in the dynamic
bone formation parameters between the young adult
male transgenic mice and age- and sex-matched wild-
type littermates (unpublished observations). In vitro,
the average resorption pit area per pit created by
marrow-derived osteoclasts of transgenic mice was
greater than those by osteoclasts of wild-type litter-
mates. The increased bone resorption activity of
transgenic osteoclasts was associated with lower PY-
527 levels of c-Src and increased tyrosine phosphor-
ylation levels of paxillin (unpublished observations).
It is noteworthy that the osteoclast and bone pheno-
types of the PTP-oc transgenic mice, as in the case of
PTP-e-deficient mice [95], also showed sex-related
preferences. However, contrary to PTP-e-deficient
mice, which showed a more prevalent increased
trabecular bone mass phenotype in young adult
female mutant mice, the decreased trabecular bone
mass and increased bone resorption phenotypes were
greater and much more prominent in young adult
male than age-matched female transgenic mice, as the
bone and osteoclastic resorption phenotypes were not
readily detectable in young adult female transgenic
mice (unpublished observations). The mechanistic
reason(s) for the sex-related differences in bone
phenotype in PTP-oc transgenic mice is unclear and
remains to be determined.

Contrary to PTP-oc, Gleppl is highly expressed in
podocytes of kidney and neurons, and to lesser extents
in spleens and hematopoietic cells [116]. As shown in
Fig. 3, Gleppl is a receptor-associated PTP, which has
a large extracellular domain containing eight fibro-
nectin type III domains and several glycosylation sites
[118-123], which are signature motifs of a ligand
binding site. Gleppl and PTP-oc not only display cell-
type-specific expression, but also show tissue-specific
functions. Studies with Gleppl knockout mice
(through targeted disruption of exon 1) revealed
that knocking out Gleppl expression altered the
podocyte structure and adversely affected functions
of the kidney [136], without a significant bone or
osteoclast phenotype. Therefore, unlike PTP-oc,
Gleppl does not appear to have an essential regu-
latory function in osteoclasts.

Although there is strong circumstantial evidence that
PTP-oc acts in part through activation of c-Src PTK,
the precise molecular mechanism of PTP-oc that leads
to activation of osteoclast activity remains elusive. On
the one hand, because SH2 and SH3 domains of ¢-Src
can serve as adaptors to recruit signaling proteins of
the integrin o.3; signaling to regulate osteoclast
attachment and migration [65], and because the c-
Src-mediated phosphorylation of key downstream
signaling proteins, such as Pyk2 and c-Cbl, are needed
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for osteoclast attachment and migration [57], it is
possible that PTP-oc may regulate osteoclast activity
through c-Src-dependent upregulation of the integrin
a,f; signaling. However, because the regulatory roles
of PTP-oc in osteoclast adhesion and migration to
bone surface, cytoskeletal reorganization, and/or for-
mation of the ruffled border have not been inves-
tigated, the assumption that PTP-oc-mediated upre-
gulation of c-Src PTK in osteoclasts would enhance
the integrin a,f;-dependent osteoclast adhesion and
migration, and/or cytoskeletal reorganization needs to
be established. On the other hand, there is over-
whelming evidence that c-Src PTK mediates multiple
signaling pathways to regulate osteoclast activity. For
example, the activated c-Src in osteoclasts could
migrate to mitochondria to phosphorylate cyto-
chrome c oxidase, which is required for osteoclastic
resorption [137]. PTP-oc could upregulate osteoclast
activity in part through promoting survival of osteo-
clasts and/or precursors via c-Src-dependent activa-
tion of NFkB and JNK2 [132]. Thus, the possibility
that PTP-oc/c-Src signaling may also act through
integrin-independent mechanisms to enhance osteo-
clast activity cannot be overlooked. Moreover, recent
studies have identified several novel cellular sub-
strates for PTP-oc, such as neuronal pentraxin with
chromo domain (NPCD) [138], Syk [139], and Eph
receptors [140]. Two of these novel substrates have
been postulated to be important regulators of osteo-
clasts [141, 142]. Therefore, it is conceivable that PTP-
oc may also act through c-Src-independent pathways
to regulate osteoclast activity.

In addition to regulation of osteoclast activity, there is
in vitro evidence that PTP-oc may also regulate the
RANKL-dependent osteoclast differentiation [131,
132]. The most compelling evidence that PTP-oc
regulates osteoclast differentiation is that knocking
out PTP-oc gene expression without affecting Gleppl
expression in RAW264.7 cells in vitro by targeted
deletion of the PTP-oc promoter prevented the
RANKL-mediated osteoclastic differentiation of
RAW264.7 cells [143]. PTP-oc has been reported to
have a regulatory role in the differentiation of B-
lymphocytes [119] and leukemia cells [128]. However,
because knocking out c-Src expression in mice did not
reduce the number of osteoclasts on bone surface [49],
it is unlikely that the enhancing effects of PTP-oc on
osteoclast differentiation is mediated through c-Src-
dependent mechanisms. On the other hand, because
PTP-oc can also dephosphorylate other cellular sub-
strates, such as NPCD [138], Syk [139], and Eph
receptors [140], it is possible that the enhancing effects
of PTP-oc on osteoclast differentiation are mediated
through c-Src PTK-independent mechanisms through
these or yet-to-identified cellular substrates of PTP-oc
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in osteoclasts. At any rate, current in vivo and in vitro
evidence strongly suggest that PTP-oc, but not the
related Gleppl, is an important positive regulator of
osteoclastic resorption.

Concluding remarks

It is now quite clear that regulation of osteoclast
activity is highly complex and involves a number of
signaling mechanisms that are mediated largely
through protein-tyrosine phosphorylation [22, 35, 41,
43]. However, although significant information has
been accumulated about the identity, regulation, and
molecular mechanisms of various PTKs involved,
including c-Src PTK, relatively little is known about
the identity and functional roles of PTPs in the
regulation of osteoclast activity. Accordingly, while it
is evident that at least four structurally, and perhaps
also functionally, distinct PTPs (i.e., SHP-1, cyt-PTP-
e, PTP-PEST, and PTP-oc) have essential roles in
regulating osteoclast activity, a number of basic but
very important issues about these PTPs in osteoclasts
remain unresolved. For example, the spatial and
temporal expression patterns of each of these PTPs
genes in mature osteoclasts and their precursors have
not been delineated. Subcellular localizations of many
of these PTPs in osteoclasts have also not been clearly
established. Such information could provide impor-
tant insights into potential functional significance and/
or regulation of these enzymes in osteoclasts. In
addition, it appears that these four PTPs have
relatively broad substrate specificities. Some of the
cellular substrates of these PTPs have been tentatively
identified. For example, PY527 of c-Src appears to be
a major cellular substrate for PTP-oc in osteoclasts,
and several podosomal proteins are key cellular
substrates for PTP-PEST. Detailed knowledge of
substrate specificities of these PTPs in osteoclasts is
still lacking. Understanding the more detailed spec-
trum of physiological substrates of these PTPs in
osteoclasts would provide valuable information not
only about their functional roles in osteoclast activity,
but also their potential molecular mechanisms of
action. Moreover, there is very little information
about the regulation of these PTPs in osteoclasts.
Knowledge of regulation of these PTPs in osteoclasts
is critical to the overall understanding of regulation of
osteoclast activity. [t may even open up a new avenue
for future development of novel osteoclastic PTP-
inhibitor-based therapeutic modalities to treat disor-
ders with excessive osteoclastic resorption. Accord-
ingly, clarification of these basic but essential issues
will advance our understanding of the overall contri-
bution of these PTPs in regulation of osteoclast
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activity at the molecular level and also help identify
pathways and candidate targets for future pharma-
ceutical intervention of osteoclastic resorption. Final-
ly, anecdotal studies in other cell systems suggest that
there are likely additional PTPs that are essential for
osteoclast activity. In this regard, PTP-A is shown to be
aPY527 PTP in chicken pre-B cells [144]. PTP-1B has
been shown to be a positive regulator of the integrin
signaling in platelets [145]. PTP20 has also been
reported to induce actin cytoskeleton reorganization
in rat ovarian granulose cells by dephosphorylating
p190 RhoGAP [146], a key mediator of the integrin
signaling mechanism. The cytoskeleton-associated
low molecular weight PTP has been shown to play a
key regulatory role in the cytoskeleton rearrangement
and cell adhesion and migration through dephosphor-
ylation of p190 RhoGAP [147]. Consequently, the
possibility that these additional PTPs also play
essential regulatory role in osteoclast activity should
not be overlooked and must be explored. Under-
standing the identity, functional roles, and regulation
of additional PTPs that are essential for osteoclastic
resorption will yield a more complete picture of the
role of PTPs in osteoclastic resorption at the molec-
ular level.
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