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An Osteoclastic Protein-Tyrosine Phosphatase Is a
Potential Positive Regulator of the c-Src Protein-Tyrosine
Kinase Activity: A Mediator of Osteoclast Activity
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Department of Medicine and Biochemistry, Musculoskeletal Disease Center,
Jerry L. Pettis Memorial VA Medical Center, Loma Linda, California

Abstract This study tested the hypothesis that an osteoclastic protein-tyrosine phosphatase, PTP-oc, enhances
osteoclast activity through c-Src activation. The effects of several resorption activators and inhibitors on PTP-oc
expression, resorption activity, and c-Src activationwere determined in rabbit osteoclasts. PTP-oc expressionwas assayed
with immunoblots and semi-quantitative RT-PCR.Osteoclastic activity was determined by the resorption pit assay; and c-
Src activation was monitored by P-tyr527 (PY527) dephosphorylation, and in vitro kinase assay. Treatment of osteoclasts
with PTH, PGE2, 1,25(OH)2D3, IL-1, but not RANKL or IL-6, significantly stimulated resorption activity, increased PTP-oc
mRNA and protein levels, and reduced c-Src PY527 level with corresponding activation of c-Src protein-tyrosine kinase
activity. The PTP-oc antisense phosphorothioated oligo treatment blocked the basal and IL-1a-mediated, but not RANKL-
mediated, resorption activity of isolated osteoclasts. The antisense oligo treatment also significantly reduced the average
depth of resorption pits created by rabbit osteoclasts under basal conditions. Calcitonin and alendondrate, significantly
reduced resorption activity and PTP-oc expression, and increased c-Src PY527 with corresponding reduction in its PTK
activity. The cellular PTP-oc protein level correlatedwith the resorption activity. Among the various signaling proteins co-
immunoprecipitated with PTP-oc, the resorption effectors caused corresponding changes in the tyrosyl phosphorylation
level of only c-Src. TheGST–PTP-oc fusion protein dephosphorylated PY-527-containing c-Src peptide in time- and dose-
dependentmanner in vitro. In summary, (1) PTP-oc is regulated in part at transcriptional level, (2) upregulationof PTP-oc in
osteoclasts led to c-Src activation, and (3) PY527 of c-Src may be a cellular substrate of PTP-oc. These findings are
consistent with the hypothesis that PTP-oc is a positive regulator of c-Src in osteoclasts. J. Cell. Biochem. 97: 940–955,
2006. � 2005 Wiley-Liss, Inc.
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Bone resorption is determined by the number
as well as the activity of mature osteoclasts.
Recent studies of the receptor activator of
NFkB ligand (RANKL) regulatory system have

disclosed a great deal of information concerning
the molecular mechanisms regulating osteo-
clast differentiation and formation. However,
the regulatory mechanism(s) controlling osteo-
clast activity remains largely undefined. While
it is likely that the molecular mechanism
regulating osteoclast activity is complex and
involves multiple signaling pathways (Suda
et al., 1997), there is compelling evidence that
c-Src (and its signaling pathway) is essential
since targeted disruption of the c-Src proto-
oncogene in mice resulted in a form of osteope-
trosis, characterized by inactive osteoclasts and
the lack of osteoclastic resorption [Soriano et al.,
1991]. Abrogation of c-Src expression in osteo-
clasts also led to complete failure of formation of
ruffled borders [Boyce et al., 1992].

The c-Src gene encodes a cytosolic protein-
tyrosine kinase (PTK). There is evidence that
the PTK activity of c-Src is important for the
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functional activity of mature osteoclasts.
Active osteoclasts expressed high levels of c-
Src PTK activity on ruffled border membranes
[Tanake et al., 1992]. The PTK activity of c-Src
correlated with the number of actively resorb-
ing osteoclasts in vivo [Boyce et al., 1992] and
with the osteoclast activity in vitro [Yoneda
et al., 1994]. Specific inhibitors of the c-SrcPTK
activity completely abolished the bone resorp-
tion activity of treated osteoclasts [Yoneda
et al., 1993; Hall et al., 1994; Blair et al.,
1996; Missabach et al., 1999]. However, the
contention that the PTK activity of c-Src is
essential for c-Src-mediated osteoclast activa-
tion has been challenged by the findings that
transgenic expression of Y416F and K295R
kinase-deficient c-Src mutants in c-Src knock-
out mice partially rescued the osteopetrotic
phenotype [Schwartzberg et al., 1997]. On the
other hand, the facts that the kinase-deficient
c-Src mutants, especially the Y416F mutant,
still have low levels of PTK activity, and that
transgenic expression of these kinase-deficient
mutants in c-Src knockout mice only partially
rescued the osteopetrotic phenotype suggest
that the PTK activity must still have a role in
themanifestation of osteoclast activity, although
it might not be required.
The c-Src PTK activity is regulated primarily

by its tyr527 phosphorylation (PY-527) status:
the phosphorylation inactivates, and the depho-
sphorylationactivates, itsPTKactivity [Brickell,
1992]. Thus, it may be postulated that the
protein-tyrosine phosphatase (PTP) activity,
responsible for the dephosphorylation of PY527
of c-Src, is a positive regulator of the PTK
activity of c-Src and its signaling pathway(s) in
osteoclasts and, as such, is a positive regulator
of osteoclastic resorption. Consistent with this
premise are the findings that 1,25(OH)2D3

stimulated the c-Src PTK activity in avian
osteoclast precursor cells by increasing the
expression of a PTP [Chappel et al., 1997] and
that resorption activators, such as PTH, acti-
vated, while inhibitors, such as calcitonin,
inhibited the c-Src PTK activity in osteoclasts
[Yoneda et al., 1994].
Several years ago, we have discovered an

osteoclastic transmembrane PTP, termed PTP-
oc [Wu et al., 1996]. PTP-oc is structurally
unique in that, unlike most transmembrane
PTPs, it has a very short (only eight amino acid
residues) extracellular domain, lacks a signal
peptide proximal to the N-terminus, contains

only a single PTP catalytic domain, and is
relatively small (�47 kDa). With the exception
of an additional 28 amino acid residues near the
N-terminus of PTP-oc, PTP-oc shows sequence
identity with the intracellular domain of a renal
receptor-likePTP,glomerular epithelial protein
1 (GLEPP1), which is also known as PTP-U2,
PTPRO, or PTP-f [Wiggins et al., 1995; Wu
et al., 1996; Aguiar et al., 1999]. Although it
has generally been assumed that PTP-oc is a
truncated variant of GLEPP1 [Aguiar et al.,
1999],we have recently shown that PTP-oc is an
individual gene and that the expression of PTP-
oc is driven by an alternative, intronic, tissue-
specific promoter [Amoui et al., 2003]. GLEPP1
and PTP-oc are each expressed in a tissue-
specificmanner and each showed tissue-specific
functions: GLEPP1 is primarily expressed in
the kidney and the brain [Seimiya et al., 1995;
Wiggins et al., 1995] and has important func-
tions in the kidney [Wharram et al., 2000].
In contrast, PTP-oc is expressed predominantly
in several hematopoietic cell types, including
B lymphocytes and cells of monocyte–macro-
phage lineage (precursors of osteoclasts), and
mature osteoclasts [Seimiya et al., 1995; Wu
et al., 1996; Aguiar et al., 1999; Suhr et al.,
2001]. We have demonstrated that suppression
of the PTP-oc expression in rabbit osteoclasts by
a PTP-oc antisense oligodeoxynucleotide (oligo)
markedly reduced the basal as well as the PTH-
and 1,25(OH)2D3-induced bone resorption
activity, and that suppression of PTP-oc expres-
sion was accompanied by an increase in PY527
level of c-Src [Suhr et al., 2001].We recently also
reported that osteoclast-like cells derived from
U937 cells overexpressing wild-type PTP-oc
produced larger and deeper resorption pits than
osteoclast-like cells derived from control U937
cells; and conversely, osteoclast-like cells deri-
ved from U937 cells overexpressing phospha-
tase-dead PTP-oc yielded much smaller and
shallower resorption pits than control osteo-
clast-like cells [Amoui et al., 2004]. Overexpres-
sion of wild-type PTP-oc also led to activation,
and overexpression of phosphatase-dead PTP-
oc resulted in inhibition, of the c-Src signaling
pathway in these transgenic cells [Amoui et al.,
2004]. Consequently, our previous findings
indicate that PTP-oc is an important positive
regulator of osteoclast activity, and suggest that
PTP-oc could be responsible for the depho-
sphorylation of PY527 of c-Src and the activa-
tion of osteoclasts.
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This study sought to assess the possibility
that PTP-oc is a positive regulator of the c-Src
PTK activity and the resorption activity of
rabbit osteoclasts by testing three specific
hypotheses: (1) The PTP-oc gene expression in
osteoclasts would be upregulated by at least
some resorption activators and downregulated
by some resorption inhibitors. (2) Resorption
activators that stimulate cellular PTP-oc expres-
sion would activate the c-Src PTK activity with
a corresponding decrease in its PY527 level in
osteoclasts. (3) The c-Src would form a tight
complex with PTP-oc that is co-immunoprecipi-
tatedwith theanti-PTP-oc antibody.Resorption
activators should decrease, whereas resorption
inhibitors should increase, the relative amounts
of co-immunoprecipitated PY527 c-Src.

MATERIALS AND METHODS

Tissue culture supplies were obtained from
Falcon (Oxnard, CA); Alpha-minimal Eagle’s
medium (a-MEM) and fetal bovine serum (FBS)
wereproducts ofLifeTechnologies (Grand Island,
NY). The enhanced chemiluminescence (ECL)
detection kit was obtained from Amersham
(Arlington Heights, IL). Fuji X-ray films (Fuji
Co., Ltd., Tokyo, Japan) were obtained through
local suppliers. Immobilon-P transfer mem-
brane was a product of Millipore (Bedford,
MA). Parathyroid hormone (PTH) (1–34)
was obtained from Bachem (Torrance, CA).
1,25(OH)2D3 was a product of Biomol Biomole-
cules Research Laboratory (Plymouth Meeting,
PA). Prostaglandin E2 (PGE2) and calcitonin
were from Sigma (St. Louis, MO). Recombinant
human interleukin-1a (IL-1a), IL-6, and anti-
PY-527 polyclonal antibody were products of
Biosource International (Camarillo, CA). Re-
combinant murine soluble RANKL (sRANKL)
was from PeproTech (Rocky Hill, NJ). Anti-c-
Src, anti-Erk1, anti-Erk2, anti-rasGAP, anti-Shc,
anti-Grb2, and anti-phosphotyrosine (anti-PY)
antibodies were purchased from UpState
Biotechnology (Lake Placid, NY), Santa Cruz
Biotechnology (SantaCruz,CA), orBDTransduc-
tion Laboratories (San Diego, CA). Alendronate
was a generous gift of Merck (West Point, PA).
All other reagents were obtained from either
Sigma or Fisher (Los Angeles, CA).

Rabbit Osteoclasts Isolation

Rabbit osteoclasts were isolated from long
bones of 4–7-day-old New Zealand White

rabbits (Irish Farm, Norco, CA) according
to Tezuka et al. [1992]. Very briefly, after
removal of soft tissues, the bones were minced
in a-MEM supplemented with 5% FBS. Bone
cells were dissociated from bone fragments by
vigorous vortexing. The unfractionated bone
cells were collected by centrifugation and plated
in a-MEM containing 5% FBS for 4 h. Non-
adherent hematopoietic cells and loosely atta-
ched stromal cells were removed with a brief
pronase E (0.001%) treatment. The resulting
tartrate-resistant acid phosphatase-positive,
multinucleated, osteoclasts were >90% in pur-
ity and were used immediately after isolation.

Measurement of PTP-oc mRNA
Transcript Level

A semi-quantitative RT-PCR assay was used
to quantify PTP-oc mRNA level. Briefly, total
RNA, isolated from rabbit osteoclasts according
to standard procedure [Wu et al., 1996], was
treated with RNA-free DNAse I (Roche Applied
Science, Indianapolis, IN), which was then
heat-inactivated at 808C for 10 min. Compli-
mentary DNA (cDNA) was synthesized using
Superscript II reverse transcriptase at 428C for
1 h, and the cDNA product was the template in
subsequent PCR amplification reactions using
Vent (exo�) DNA polymerase (New England
Biolabs,Beverly,MA)with the followingPTP-oc
primer set: sense primer, 50-CTCTGTCACTTG
AACACCTG-30; antisense primer, 50-TCACAA
TGC CAT CAA TGT CC-30. The PCR reaction
was subjected to a hot start for 3 min at 948C,
followed by 26 amplification cycles: 45 s at 948C,
45 s at 608C, and 2 min at 748C. The PCR
products were analyzed on 1.3% agarose gel,
and the 319-bp PTP-oc PCR fragment was
probed with the [32P]labeled PTP-oc antisense
20-oligomer (50-CTC CTT GGT AAT CCA TAG
AG-30). Each cDNA sample was also PCR
amplified for 24 cycles for glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) transcript
(as the control for cDNA loading) using a
commercial GAPDH amplifer kit (Clontech
Laboratories, Inc., Palo Alto, CA). The 452-bp
GAPDH PCR product was probed with the
[32P]labeled antisense oligo (50-CAC GGA AGG
CCA TGC CAG TGA GCT TCC CG-30). The
relative level of PTP-oc transcript (normalized
against the GAPDH transcript) is reported as
percentage of respective vehicle-treated control.
Each RT-PCR assay was performed in triplicate
and repeated twice.
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PTP-oc Antisense Oligodeoxynucleotide Studies

The design of the 20-mer PTP-oc antisense
phosphorothioated oligo (50-GsTsAs AsCsCs
AsTsTs GsTsTs GsAsGs AsCsAs GsC-30) and
the corresponding scramble oligo (50-GsTsCs
TsAsGs TsTsAs GsCsAs CsGsAs AsTsGs CsA-
30) was described previously [Suhr et al., 2001]
andwas custom-synthesized, HPLC-purified by
Genset Corp. (La Jolla, CA). Briefly, isolated
rabbit osteoclasts were plated on dentine
discs in DMEM supplemented with 10% fetal
bovine serum for 3 days in the absence or
presence of 1 mM PTP-oc antisense or scramble
oligo. After the pre-treatment, the osteoclasts
on dentine discs were cultured for 3 additional
days in DMEM (without serum) in the presence
of each test oligo (with or without 100 ng/ml
sRANKLor 10ng/ml IL-1a) to induce resorption
pit formation. After the treatment, each dentine
disc was stained for TRAP activity, and
osteoclasts on the disc were removed by sonica-
tion and the resorption area per resorption
lacunae was then determined as described
previously.

Resorption Pit Formation Assay

The bone resorption activity of osteoclasts
wasmeasuredwith the resorption pit formation
assay on dentine discs as previously described
[Suhr et al., 2001]. The average resorption
activity per osteoclast (an index of mean
osteoclast activity) was determined by dividing
total resorption lacunae area by the number of
resorption pits.
The average resorption pit depth was deter-

mined by confocal microscopy using an
Olympus IX70 inverted confocal microscope
workstation (Olympus, Melville, NY) as des-
cribed previously [Amoui et al., 2004]. Briefly,
after the resorption pit assay under basal
conditions, the acid hematoxylin-stained pits
on the dentin disc weremounted on a glass slide
in 50% glycerin (v/v). The coverslip was sealed,
dried, and mounted upside down on the micro-
scope. The resorption pits were viewed on the
Olympus microscope fitted with a confocal
argon–krypton mixed gas laser. Serial images
of the pits at 1-mm intervals from the top surface
of the dentin disc to the bottom of the pit were
obtained using a z-plane motorized substage.
The average depth was calculated from the
number of 1-mm slices needed to reach the
bottom of the pit from the top of the disc. At

least 20 pits per disc and three replicate discs
per group were analyzed.

Measurement of Cellular PTP-oc Protein Levels

The cellular PTP-oc level in rabbit osteoclasts
was determined using a guinea pig polyclonal
antibody against the unique region of the N-
terminus of rabbit PTP-oc [Wu et al., 1996] on
Western immunoblots as described previously
[Suhr et al., 2001].

Measurement of c-Src PY527 Levels

The c-Src PY527 level was measured using
a phospho-specific polyclonal antibody against
PY527 of c-Src on Western immunoblots as
described previously [Suhr et al., 2001].

In Vitro c-Src PTK Activity Assay

The c-Src PTK activity was measured with a
synthetic peptide substrate. Briefly, osteoclasts
were extracted with the radioimmunoprecipita-
tion assay (RIPA) buffer [50mMofTris-HCl, pH
8.0, 1% (v/v) of NP-40, 20 mM of EDTA, 0.1 mM
of Na3VO4, 0.5% of sodium deoxycholate, 0.1%
of sodium dodecyl sulfate (SDS), 0.05 mM of
leupeptin, 1 mM of phenylmethylsulfonylfluor-
ide, and 10mg/ml of aprotinin]. The c-Src protein
in each extract was isolated by immunoprecipi-
tation using a monoclonal anti-c-Src antibody
by standard immunoprecipitation protocol
[Argetsinger et al., 1993]. The immunoprecipi-
tate was resuspended in the PTK assay buffer
(10 mM of Tris-HCl, pH 7.4, 0.1 mM of EDTA,
0.01% (v/v) of Triton X-100, 150 mM of NaCl,
10 mM of MnCl2, and 0.5 mM of dithiothreitol),
5 mg/ml of Raytide (a synthetic c-Src substrate
peptide) was added to the assay mixture, and
the phosphorylation reaction was initiated by
the addition of g-[32P]ATP (15 mM) and carried
out at 378C for 30 min. After the reaction,
cellular proteins, but not the labeled Raytide,
were removed by ice-cold trichloroacetic acid
precipitation, and the [32P]ATP and [32P]PO4

were removed with a small Dowex AG8 column.
The unadsorbed labeled Raytide was spotted
onto a Whatman P81 phosphocellulose paper
square. After extensive washing with ice-cold
150 mM phosphoric acid, the [32P]PO4 incor-
poration in Raytide was determined by scintil-
lation counting and the c-Src PTK activity was
calculated and normalized against cellular
protein.
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PTP-oc Co-Immunoprecipitation

Briefly, osteoclasts were lysed in RIPA and
the cell extract was immunoprecipitated with
anti-PTP-oc or an antibody against the signal-
ing protein-of-interest. The immune complex
were then resolved on 10% SDS–PAGE. The
tyrosyl-phosphorylated (PY) proteins, PTP-oc,
and signaling proteins-of-interest, were identi-
fied with Western blots.

Measurement of PY Level of
Co-Immunoprecipitated Proteins

The PY level of cellular proteins co-immuno-
precipitated with PTP-oc was measured as
follows: an aliquot of osteoclast extract (50 mg
protein) was immunoprecipitated with the
affinity-purified anti-PTP-oc antibody. The
immune complex was resolved on 10% SDS–
PAGE. The PY level of each protein-of-interest
(i.e., c-Src, Erk1, Erk2, rasGAP, Shc, and Grb2)
was measured by Western immunoblotting
using a commercial anti-PY monoclonal anti-
body, followed byECLand quantitation by laser
densitometry. The blot was then stripped and
reblotted with an antibody specific for each
protein-of-interest. The PY level of each signal-
ing protein-of-interest was normalized against
the level of respective total protein-of-interest.

PY-527 c-Src Phosphatase Assay

The PY-527-containing c-Src (521–533) pep-
tide [TSTEPQY(p)QPGENL] was purchased
from MP Biomedicals, LLC (Aurora, OH).
Glutathione S-transferase (GST)–PTP-oc fusion
protein was prepared and isolated as described
previously [Wu et al., 1996]. The dephosphor-
ylation of PY-527-containing c-Src peptide by
PTP-oc was determined with a malachite green
microtiter plate assay [Harder et al., 1994],
using a commercial PiBlueTM phosphate assay
kit (BioAssay systems, Hayward, CA). The
dephosphorylation reaction was initiated by
adding an aliquot (10 ml) of purified GST–PTP-
oc fusion protein in a final volume of 50 ml of
reaction mixture including 25 mM HEPES (pH
7.0), 5 mM EDTA, 50 mM NaCl, 10 mM DTT,
and 0.5 mM PY-527-containing c-Src peptide
in a 96-well microtiter plate. The reaction was
carried out at 308C for the indicated length of
time and was terminated by addition of 100 ml
PiBlueTMmalachite green reagent.Themixture
was then mixed and incubated at 308C at room
temperature for 30 min for color development,

and the absorbance at 660 nm was determined
in a 96-well plate reader. Values for the amount
of Pi release from the PY-527-containing c-Src
peptide were obtained from comparison with a
standard curve.

Statistical Analysis

Results are shown as mean�SEM of 3–6
replicates or repeat measurements unless
otherwise indicated. Statistical significance
was determined with two-tailed Student’s t-test
and the difference was considered significant
when P< 0.05.

RESULTS

Regulation of PTP-oc Expression by
Resorption Effectors in Rabbit Osteoclasts

We have previously shown that a 24-h treat-
ment with an effective dose of PTH or 1,25
(OH)2D3 each significantly increased cellular
PTP-oc protein level in rabbit osteoclasts [Suhr
et al., 2001]. In this study, a 24-h treatmentwith
recombinant human IL-1a at 10 ng/ml also
significantly (P< 0.01) increased cellular PTP-
oc protein level by �twofold in rabbit osteo-
clasts (Fig. 1). However, recombinant murine
sRANKL, at a dose as high as 100 ng/ml, did not
alter the cellular PTP-oc protein level. Recom-
binant human IL-6 at 50 ng/ml slightly increa-
sed cellular PTP-oc protein levels (by 25–50%),
but the increase did not reach statistically
significant level. The murine sRANKL and
human IL-6were active, since they each showed
significant effects in the assay of the differentia-
tion of RAW264.7 cells into osteoclast-like cells
(data not shown). Alendronate and calcitonin
(two resorption inhibitors) each at effective
doses significantly decreased cellular PTP-oc
protein levels up to 30% (data not shown).

To confirm that these resorption effectors
affect PTP-oc gene expression, we measured
the PTP-oc mRNA level in rabbit osteoclasts by
semi-quantitative RT-PCR after a 24-h treat-
ment with PTH (10 mM), 1,25(OH)2D3 (10 nM),
PGE2 (1 mM), sRANKL (100 ng/ml), and alen-
dronate (10 nM). The test resorption activators
(PTH, 1,25(OH)2D3, and PGE2) each signifi-
cantly increased the PTP-oc mRNA transcript
level (normalized against GAPDH) by two- to
threefold, while the test resorption inhibitor
(alendronate) significantly decreased it by 25%
(Fig. 2). sRANKL at the test dose had no signi-
ficant effect.
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To evaluate the relationship between PTP-
oc expression and osteoclast activity, we per-
formed correlation analysis between the effect
of the test resorption activators (with the
exception of sRANKL and IL-6) and inhibitors

on osteoclast activity (measured by pit forma-
tion assay) and their effects on cellular PTP-oc
level. There was a significant (P< 0.01) positive
correlation (r¼ 0.985), supporting our previous
conclusion that PTP-oc is a positive regulator of
osteoclast activity [Suhr et al., 2001]. IL-6 and
sRANKL were not included in the analysis be-
cause these twoagentsdidnot significantly affect
the cellular PTP-oc level in rabbit osteoclasts.

Effects of PTP-oc Antisense Oligodeoxynucleotide
on the Bone Resorption Activity of Isolated

Rabbit Osteoclasts

We have previously shown that suppression
of the PTP-oc expression by a PTP-oc antisense
oligodeoxynucleotideinrabbitosteoclastsmark-
edly reduced the basal as well as the PTH- and
1,25(OH)2D3-induced bone resorption activity
[Suhr et al., 2001]. Thus, we tested whether
suppression of PTP-oc expression by the same
antisense oligodeoxynucleotide would also affect
the IL-1a- and RANKL-mediated bone resorp-
tion activity of isolated rabbit osteoclasts. We
have previously shown that under our experi-
mental conditions, this PTP-oc antisense oligo
decreased cellularPTP-ocprotein level by�70%
[Suhr et al., 2001]. Under our experimental
conditions, IL-1a (10ng/ml)andsRANKL(100ng/
ml) each significantly enhanced the resorption

Fig. 1. Effects of sRANKL, IL-1a, and IL-6 on the cellular PTP-oc
protein level in rabbit osteoclasts. Freshly isolated rabbit
osteoclasts were treated with 100 ng/ml of recombinant murine
sRANKL, 10 ng/ml of recombinant human IL-1a, 50 ng/ml of
recombinant human IL-6, or solvent control, respectively, for
24 h. The cellular PTP-oc level was measured withWestern blot

normalized against cellular actin level. Top panel shows the
Western blot and bottom panel summarizes the results of
the cellular PTP-oc level normalized against the actin level.
The results are shown as percentage of the vehicle control
(mean� SEMof triplicate). Thedashed line indicates the 100%of
the vehicle control. **P<0.01.

Fig. 2. Effect of bone resorption effectors on the PTP-oc mRNA
transcript level in rabbit osteoclasts. Freshly isolated rabbit
osteoclasts were treated with 10 nM of PTH, 10 nM of
1,25(OH)2D3 (1,25D), 1 mM of PGE2, 100 ng/ml of recombinant
murine sRANKL, or 10 nM of alendronate (ALN), and their
corresponding solvent vehicle for 24 h. The PTP-oc mRNA
transcript level was determinedwith a semi-quantitative RT-PCR
assay and normalized against the GAPDH mRNA transcript
level. Results are shown asmean� SEMof at least three replicate
analyses. The dashed line indicates the 100% of the respective
vehicle control. ***P<0.001.
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activity by � twofold (Fig. 3). The PTP-oc anti-
sense oligo treatment significantly reducedbasal
and IL-1a-induced bone resorption activity by
50–60%. However, the PTP-oc antisense oligo
treatment had no significant effect on the
RANKL-mediated bone resorption activity.
The scramble oligo did not affect basal or IL-
1a- and RANKL-induced bone resorption.

Resorption activity is determined by not only
the size but also the depth of resorptionpits. The
pit size, but not depth, of resorption pits is also
determined by the migration ability of osteo-
clasts on the dentin disc. We have previously
reported that osteoclast-like cells derived from
U937 cells stably overexpressing wild-type
PTP-oc created not only bigger but also signi-
ficantly deeper resorption pits on dentine discs
than osteoclast-like cells derived fromwild-type

U937 control cells; and conversely, osteoclast-
like cells derived from U937 cells expressing
a phosphatase-dead PTP-oc mutant created
significantly smaller and shallower resorption
pits than the control osteoclast-like cells [Amoui
et al., 2004]. This suggests that the PTP-oc
activity affects both the migration and resorp-
tion activity of osteoclast-like cells. Accordingly,
we next assessed whether the PTP-oc antisense
oligo treatment would also affect the resorption
pit depth of bona fide rabbit osteoclasts under
basal conditions. Figure 4 shows that the
PTP-oc antisense oligo treatment significantly
reduced the average resorption pit depth by
�60% compared to the untreated control, while
the scramble oligo treatment only slightly but
not significantly reduced the average resorption
pit depth. These findings indicate that the

Fig. 3. Effects of PTP-oc antisense oligo on basal, IL-1a- and
RANKL-induced bone resorption activity of isolated rabbit
osteoclasts. The isolated rabbit osteoclasts were plated on each
dentinedisc andwerepretreated for 3dayswith PTP-ocantisense
oligo, scramble oligo, or the vehicle control, respectively, and
then for 3 additional days in the absence (basal) or presence of
10 ng/ml IL-1a or 100 ng/ml sRANKL, respectively. Cell medium
containing respective effector and oligo was changed every
3 days. The resorption pit formation was performed as described
in Materials and Methods. Panel A shows a representative

photomicrograph of resorption pits formed by isolated rabbit
osteoclasts, which were treated for 6 days with solvent vehicle
(left), 1 mM of phosphorothioated PTP-oc antisense oligo
(middle), or 1 mM of phosphorothioated scramble oligo (right).
Panel B summarizes the results of each treatment on the
resorption pit area/pit. The results are shown as mean� SEM
(n¼6–8 for each). *P< 0.05 compared with the no-treatment
vehicle-treated control; **P< 0.05 compared with respective
vehicle-treated control.
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PTP-oc activity has a regulatory role in both the
migration and resorption activity of rabbit
osteoclasts, at least under basal conditions.

Resorption Effectors Regulated the PTK Activity
and the PY527 Level of c-Src in Rabbit Osteoclasts

We next evaluated whether a 24-h treatment
of PTH, 1,25(OH)2D3, PGE2, calcitonin, and
alendronate would affect the PTK activity of c-
Src in rabbit osteoclasts using an in vitro PTK

assay. The left panel of Figure 5 shows that
PTH, 1,25(OH)2D3, andPGE2 each significantly
enhanced the PTK activity of c-Src; while
alendronate or calcitonin each significantly
reduced the c-Src PTK activity (right panel of
Fig. 5). These findings are consistent with the
previousfindings thatPTH [Yoneda et al., 1994]
and 1,25(OH)2D3 [Chappel et al., 1997] acti-
vated and calcitonin [Yoneda et al., 1994]
reduced the c-Src PTK activity in osteoclasts,
and suggest that upregulation ofPTP-oc expres-
sion leads to an activation of the PTK activity of
c-Src and downregulation of PTP-oc expression
results in a reduction of the c-Src PTK activity
in osteoclasts.

Figure 6 shows that PTH, 1,25(OH)2D3,
PGE2, or IL-1a, but not sRANKL, each led to
a significant reduction in c-Src PY527 level,
while alendronate significantly increased c-Src
PY527 level. None of the test effectors has a
significant effect on total c-Src level (i.e., total c-
Src/actin) (data not shown). Thus, the observed
changes in the c-Src PTK activity in response to
the test effectors were due to the corresponding
changes in c-Src PY527 dephosphorylation.

Fig. 4. Effect of PTP-oc antisense oligo on the average depth
of resorption pits created by rabbit osteoclasts under basal
conditions. The isolated rabbit osteoclasts were plated on each
dentinedisc andwerepretreated for 6dayswithPTP-oc antisense
oligo, scramble oligo, or the vehicle control, respectively. Cell
medium containing respective oligo was changed every 3 days.
The average depth of resorption pits was determined by confocal
microscopy as described in Materials and Methods. Results are
shown asmean� SEMof at least 20 resorption pits on each of the
three replicate dentine dics per group. **P< 0.01.

Fig. 5. Effect of resorption activators (left panel) and inhibitors
(right panel) on the c-Src PTK activity in rabbit osteoclasts.
Freshly isolated rabbit osteoclasts were treated with 10 nM of
PTH, 10 nM of 1,25(OH)2D3 (1,25D), 1 mM of PGE2, 10 nM of
alendronate (ALN), 30 nM of calcitonin (CT), or respective
solvent control for 24h. The c-Src PTKactivity in eachcell extract
(50 mg of protein) after respective treatment was immunopreci-
pitated with the anti-c-Src antibody, and the PTK activity of each
immunoprecipitatewas assayedwith the in vitro PTK assay using
Raytide as the substrate. Results were shown as mean� SEM
(n¼3) of the percentage of respective solvent control. The
dashed line in each panel indicates the 100% of the respective
solvent control. *P<0.05; **P<0.01.

Fig. 6. Effect of resorption effectors on c-Src PY527 level in
rabbit osteoclasts. Freshly isolated rabbit osteoclastswere treated
with 10 ng/ml of IL-1a, 50 ng/ml of IL-6, 100 ng/ml of soluble
RANKL, 10 nM of alendronate (ALN), 30 nM of calcitonin (CT),
10 nM of 1,25(OH)2D3 (1,25D), 10 nM of PTH, or solvent
control, respectively, for 24 h. The cellular c-Src PY527 levelwas
measured with Western blot normalized against actin. Panel A
shows the Western blot of PY527 levels after treatment with the
indicated effector (in duplicate) and panel B summarizes the
results of the cellular c-Src PY257 level normalized against actin.
The results are shown as percentage of the vehicle control
(mean� SEM, n¼ 2). The dashed line indicates the 100% of the
control. *P< 0.05.
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PTP-oc Forms Tight Complex
With c-Src in Rabbit Osteoclasts

The co-immunoprecipitation approach was
employed to identify the cellular proteins that
are associated tightly with PTP-oc, using a
highly specific, affinity-purified, polyclonal
anti-rabbit PTP-oc antibody. There were at
least 6 PY proteins co-immunoprecipitated
with PTP-oc, but no significant amounts of PY
proteins were immunoprecipitatedwith normal
guinea pig IgG or non-immune serum (data not
shown). The apparent Mr of the co-immunopre-
cipitated PY proteins was similar to that of
several signaling proteins of the c-Src signaling
pathway [Migliaccio et al., 1998]. These are
pp60c-Src, pp120rasGAP, pp44Erk1, pp42Erk2,
pp66Shc, pp52Shc, pp46Shc, and pp25Grb2. The
overall PY level of many of these cellular
proteins was elevated by the 24-h treatment
with 1,25(OH)2D3, PTH, or PGE2, and reduced
after the calcitonin or alendronate treatment.

The identity of some of the co-immunopreci-
pitated PY proteins was confirmed to be c-Src,
rasGAP, Erk1, Erk2, Shc, and Grb2, with
Western blots. This conclusion was based on
findings that specific antibody against these
proteins reacted strongly with a protein band
with an apparent Mr, corresponding to that of
each respective signaling protein. As an exam-
ple, the left panel ofFigure7 shows the immuno-
blot of the anti-PTP-oc co-immunoprecipitated

proteinswith amixture of anti-c-Src, anti-Erk1,
and anti-Grb2 antibodies. The association bet-
ween these signaling proteins and PTP-oc was
confirmed with reverse immunoprecipitation,
in which PTP-oc was first co-immunoprecipi-
tated with each protein-of-interest and the
presence of PTP-oc was verified with the anti-
PTP-oc antibody (the right panel of Fig. 7). In
each case, there was a single, strongly reactive,
protein band corresponding to the apparent Mr

of PTP-oc.
If c-Src (andnot other co-immunoprecipitated

PY proteins) is a substrate of PTP-oc, the
resorption effectors should affect the amounts
of immunoprecipitated PY c-Src (and not that
of other co-immunoprecipitated PY proteins).
Thus, we assessed the effects of the test
resorption effectors on the PY and total levels
of immunoprecipitated c-Src as well as those of
other immunoprecipitated signaling proteins.
Because the test effectors also have an effect on
the PTP-oc protein level, the relative level of
each signaling protein was normalized against
PTP-oc protein level. Among the test proteins,
only the relative level of total c-Src (per PTP-oc
level), but not that of the other signaling
proteins, was reduced by the 24-h treatment
with PGE2, PTH, or 1,25(OH)2D3 (data not
shown). The level of immunoprecipitated total
c-Src (adjusted for PTP-oc level) was increased
(three- to fivefold) by calcitonin andalendronate
(data not shown).

Fig. 7. Co-immunoprecipitation of signaling proteinswith PTP-
oc. Left panel: The lysate (100 mg protein) of freshly isolated
rabbit osteoclast was immunoprecipitated (IP) with the anti-PTP-
oc antibody. The signaling proteins were identified by immuno-
blotting (IB) with a mixture of specific antibodies against c-Src,

Erk1, and Grb2. Right panel: Freshly prepared lysates (100 mg of
protein) of rabbit osteoclast were first immunoprecipitated with
anti-PY antibody, anti-Erk1 antibody, or anti-c-Src-antibody,
respectively. The immunoprecipitated proteins from each treat-
ment were then immunoblotted with the anti-PTP-oc antibody.
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To analyze the effects of the test resorption
agents on the PY level of the co-immunopreci-
pitated proteins, the level of the PY species of
each co-immunoprecipitated signaling protein
(normalized against total level) was assessed
with the immunoblot assay using an anti-PY
antibody. PGE2, PTH, and 1,25(OH)2D3, each
markedly reduced the overall PY level of the
co-immunoprecipitated c-Src. Calcitonin and
alendronate each significantly increased the
PY level of c-Src by � threefold of the vehicle-
treated control. These effectors had no signifi-
cant effect on the PY of other test signaling
proteins (Erk1, Erk2, Shc, and Grb2). Figure 8
shows an example of PGE2 and calcitonin on the
PY level of c-Src and Erk1.
To further test whether PY-527 of c-Src is a

substrate of PTP-oc, we performed an in vitro
dephosphorylation reaction of a commercially
synthesized PY-527-containing c-Src peptide
with a GST–PTP-oc fusion protein. Figure 9
shows that the GST–PTP-oc fusion protein was
able to dephosphorylate the PY-527-containing

c-Src peptide in a time- (panel A) and dose-
dependent (panelB)manner. Thesefindingsare
consistentwith the premise that PY-527 of c-Src
is a potential cellular substrate of PTP-oc.

DISCUSSION

The findings of our previous studies with the
PTP-oc antisense oligo in rabbit osteoclasts
[Suhr et al., 2001] and with osteoclast-like cells
derived from U937 cells overexpressing either
the wild-type or phosphatase-dead PTP-oc
[Amoui et al., 2004] led to our postulation that
PTP-oc plays an important role in the regula-
tion of osteoclast activity. Accordingly, we have
advanced a model of the molecular mechanism
for the enhancing action of PTP-oc on osteoclast
activity (Fig. 10). We postulate that at least
some of the resorption activators, such as PTH,
1,25(OH)2D3, PGE2, and IL-1a, (but notRANKL
or IL-6) act directly on osteoclasts to stimulate
the PTP-oc gene transcription. The PTP-oc
mRNA is translated intomature PTP-oc protein
and incorporated into cellular membrane.
The transmembrane PTP-oc dephosphorylates
the PY527 residues of c-Src, which results in
activation of the c-Src PTK activity and its
associated signaling pathways. This in turn
leads to the increase in osteoclastic activity
through activation of the c-Src signaling path-
way by dephosphorylating PY527 of c-Src [Suhr
et al., 2001].

This report presents strong, albeit circum-
stantial, evidence for three aspects of this
model. First, our findings that several resorp-
tion activators, for example, PTH, 1,25(OH)2D3,
PGE2, and IL-1a, each, at a concentration that
stimulated the resorption activity of osteoclasts
in vitro, significantly increased the PTP-oc
expression and that two potent resorption
inhibitors (calcitonin and alendronate) each at
a concentration that inhibited the resorption
activity of rabbit osteoblasts in vitro, also
suppressed PTP-oc expression are entirely
consistent with the premise that at least some
resorption effectors regulate PTP-oc expression
in osteoclasts. The positive correlation between
cellular PTP-oc level and resorption activity of
rabbit osteoclasts after 24-h treatment with
some test resorption effectors provides strong,
associative evidence for a regulatory role of
transcriptional control of PTP-oc gene expres-
sion in osteoclast activity. Moreover, PTP-oc
antisense oligo treatment markedly reduced

Fig. 8. Effect of resorption effectors on the overall PY level of c-
Src (left panel) and that of Erk1 (right panel). Freshly isolated
rabbit osteoclasts, after a 24-h with either 30 nM of calcitonin
(CT) or 1 mMof PGE2,were extractedwithRIPAbuffer. An aliquot
(20 mg protein) of each extract was immunoprecipitated with the
anti-PTP-oc antibody. The immune complex was then resolved
on a 10%SDS–PAGE, and the co-immunoprecipitated c-Src and
Erk1 were identified on Western blots with anti-c-Src antibody
or anti-Erk1 antibody, respectively. The relative level of co-
immunoprecipitated c-Src or Erk1 was determined by laser
densitometry. The Western blots were then stripped and
reblotted with the anti-PY antibody to determine the relative
level of PY-cSrc or PY-Erk1, respectively. The relative PY-cSrc
and PY-Erk1 levels were normalized against total cSrc and total
Erk1, respectively. Results are shown as mean� SEM of three
replicate experiments. The thin line indicates the 100% of the
vehicle control. * P<0.05; ** P<0.01.
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Fig. 9. Dephosphorylation of PY-527-containing c-Src peptide by GST–PTP-oc fusion protein. The
dephosphorylation was carried out as described in Materials and Methods. Panel A shows the
dephosphorylation rate as a function of time. Panel B shows it as a function of the amount of the fusion
protein. Results are shown as mean� SEM of three replicate.

Fig. 10. Aproposedmodel of the PTP-oc-dependent regulation
of osteoclast activity. It is postulated that certain resorption
activators (such as PTH, 1,25(OH)2D3, PGE2, and IL-1, but not
RANKL or IL-6) bind directly on their respective receptor to
stimulate the transcription of PTP-oc gene. The PTP-oc mRNA is

then translated intomature PTP-oc, which is in turn incorporated
into the cellmembrane of osteoclasts, where it dephosphorylates
the PY527of c-Src.UponPY527dephosphorylation, c-Src PTK is
activated, which then stimulates osteoclast activity through
activation of the associated c-Src signaling pathway.
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basal osteoclastic resorption and the resorption
induced by IL-1a (which upregulated PTP-oc
expression in osteoclasts) but not that by
RANKL (which had no effect on PTP-oc expres-
sion). These findings support an important
contention of our hypothesis that the PTP-oc
expression level has a regulatory role in the
osteoclast activity.
Two findings with respect to PTP-oc gene

expression and regulation of rabbit osteoclast
activity are noteworthy. First, PTP-oc expres-
sion was not upregulated by all resorption
activators. Accordingly, soluble RANKL, a
potent stimulator of osteoclast differentiation
and activity [Shiotani et al., 2002], stimulated
resorption activity but had no significant effect
on cellular PTP-oc level. Similarly, IL-6, which
stimulated osteoclast activity in part through
theRANKLregulatory system [Palmqvist et al.,
2002], also did not consistently upregulate PTP-
oc expression. These findings led us to tenta-
tively conclude that PTP-oc regulates osteoclast
activity in a RANKL-independent manner.
However, our findings do not exclude the
possibility that the PTP-oc signaling pathway
may still interact or crosstalkwith the signaling
pathway of RANKL to enhance osteoclast
activity.
The second intriguing finding is the apparent

direct stimulatory action ofPTHonPTP-oc gene
expression and bone resorption activity of rabbit
osteoclasts. It has generally been accepted that
mature osteoclasts lack functional PTH recep-
tors and that the stimulatory effect of PTH on
osteoclastic resorption is mediated indirectly
through upregulation of the RANKL regulatory
system in osteoblastic cells [Suda et al., 1999].
Our osteoclast preparations could have up to
10% contamination of marrow stromal cells.
Because PTH (as well as 1,25(OH)2D3 and
PGE2) could act through stromal cells to
activate osteoclast formation and activity
through upregulation of the RANKL system
[Suda et al., 1999], we cannot rule out the
possibility that the observed stimulatory effect
of PTH (and/or some of the effectors, such as
1,25(OH)2D3 and PGE2) was mediated indir-
ectly through the contaminated stromal cells.
However, contrary to the general assumption
that osteoclasts lack functional PTH receptor,
there are several recent cytochemical demon-
strations of the existence of nuclear PTH/
PTHrp receptor in osteoclasts of several species
[Langub et al., 2001; Faucheux et al., 2002; Gay

et al., 2003; Nakashima et al., 2003]. We have
also preliminary RT-PCR evidence that rabbit
osteoclasts and RAW264.7-derived osteoclasts
express abundant PTH receptor mRNA tran-
scripts (unpublished observations). Similarly,
mature osteoclasts have been shown to express
receptors for 1,25(OH)2D3 [Langub et al., 2000]
and PGE2 [Sarrazin et al., 2004]. The fact
that osteoclasts express receptors for PTH,
1,25(OH)2D3, and PGE2 supports a potential
direct action of these effectors on osteoclasts.
Regardless of whether these effectors act
directly on osteoclasts or indirectly through
stromal cells to stimulate osteoclast activity, the
main concept of ourwork is that the stimulatory
action of these effectors was, at least in part,
mediated through upregulation of PTP-oc
expression via RANKL-independent mechan-
ism.

In as much as our results support our model
that resorption effectors regulate osteoclast
activity in part through transcriptional regula-
tion of PTP-oc expression, there is circumstan-
tial evidence that some effectors could also have
direct effects on the enzymatic activity of PTP-
oc. Accordingly, while the suppressive effect of
PTH,1,25(OH)2D3, andPGE2onPTP-oc expres-
sion was� twofold, the effects of these effectors
on c-Src PY527 level and corresponding PTK
activity weremuch higher (four- to eightfold). If
the dephosphorylation of c-Src PY527 in osteo-
clasts were indeed mediated by PTP-oc, these
findings could be interpreted as that PTH,
1,25(OH)2D3, PGE2, and/or other effectors may
also stimulate the enzymatic activity of PTP-oc.
There is abundance of evidence that the enzy-
matic activity of a PTP can be regulated.
Accordingly, 1,25(OH)2D3 has been shown to
stimulate the activity of a PTP in HL-60 cells
[Uchida et al., 1993]. The enzymatic activity of
PTP-oc is shown to be negatively regulated by
Pim-1 kinase in vitro [Wang et al., 2001]. Also,
bisphosphonates are potent inhibitors of PTPs
in osteoclasts [Schmidt et al., 1996; Murakami
et al., 1997; Opas et al., 1997].

The second aspect of ourmodel is that PTP-oc
dephosphorylates PY527 of c-Src, which then
activates the c-Src PTK activity in osteoclasts.
Consistent with this hypothesis, the recombi-
nant GST–PTP-oc fusion protein was able to
dephosphorylate PY-527-containing c-Src pep-
tide in vitro in a time- and dose-dependent
manner. In addition, PTH, 1,25(OH)2D3, and
PGE2, at a concentration, which upregulated
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PTP-oc expression, each also significantly
decreased the PY527 level and increased the
PTK activity of c-Src in rabbit osteoclasts.
Conversely, calcitonin and alendronate, each
of which reduced the PTP-oc level, also mark-
edly increased the PY527 level of c-Src that was
accompanied by a decrease in its PTK activity.
Although we have not established the cause–
effect relationship between the effector-induced
changes in PTP-oc expression and the effector-
mediated c-Src activation, these findings pro-
vide strong associative evidence for the second
aspect of our model that PTP-oc dephosphor-
ylates PY527 of c-Src, leading to the activation
of its PTK activity.

There is no convenient approach to directly
test the third aspect of our model that PY527 of
c-Src is indeed a cellular substrate of PTP-oc.
However, if PY527 c-Src were indeed a sub-
strate of PTP-oc, c-Src in osteoclasts should
forms a tight complex with PTP-oc that can be
co-immunoprecipitated with PTP-oc.Moreover,
the overall PY527 level of the immunoprecipi-
tated c-Src should be reduced when the PTP-oc
expression was increased by resorption activa-
tors. Conversely, it should be increased when
the PTP-oc expression was reduced by resorp-
tion inhibitors. Accordingly, our findings that c-
Src was co-immunoprecipitated with PTP-oc
and that the amounts of c-Src immunoprecipi-
tated with PTP-oc were increased by resorption
inhibitors and reduced by resorption activators
provide circumstantial evidence for this aspect
of our model. Although c-Src is known to bind a
number of cellular proteins through its SH2
(a specialized PY binding motif) and/or SH3
(a specialized binding motif for proline-rich
protein) domain, the association between c-Src
andPTP-oc is probably not through interactions
between PTP-oc and the SH2 and/or SH3
domain of c-Src, since PTP-oc is not tyrosyl
phosphorylated and does not contain proline-
rich domains [Wu et al., 1996]. Thus, we
tentatively conclude that the association
between c-Src andPTP-oc is related to substrate
binding. The fact that PTP-oc forms a tight and
specific complex with c-Src in osteoclasts is
consistent with our hypothesis that PTP-oc
dephosphorylatesPY-527 of c-Src in osteoclasts.

In addition to c-Src, a number of members of
the c-Src signaling pathway [Migliaccio et al.,
1998] were also co-immunoprecipated with
PTP-oc. c-Src has been shown to bind Shc [Sato
et al., 2002] and Grb2 [Kimber et al., 2000]

through its SH2 domain. It is possible that the
co-immunoprecipitation of at least someof other
PY proteins with PTP-oc could be mediated
through indirect interactions between these
proteins and c-Src. A circumstantial evidence
for our conclusion that c-Src, but not other co-
immunoprecipitated PY proteins, is a potential
cellular substrate of PTP-oc in osteoclasts is
that each of the test resorption activator (PTH,
1,25(OH)2D3, PGE2) reduced the overall PY
level of only the co-immunoprecipitated c-Src
but not the other co-immunoprecipitated pro-
teins (Erk1/2, Shc, Grb2, and rasGAP) and that
the test resorption inhibitors, calcitonin and
alendronate, increased the overall PY level of
only the co-immunoprecipitated c-Src. The fact
that the recombinant GST–PTP-oc fusion pro-
tein was able to dephosphorylate the PY527-
containing c-Src peptide in vitro (data not
shown) further supports the possibility that c-
Src and not the other test signaling proteins,
including Erk1/2, is a potential cellular sub-
strate of PTP-oc in rabbit osteoclasts.

There is compelling evidence that the PTK
activity of c-Src and its signaling pathway is
required for the spreading and migration of
osteoclasts, since osteoclasts derived from c-Src
deficient mice attached but did not spread on
bone surface and inhibition of the c-Src PTK
activity prevented the spreading of osteoclasts
[Insogna et al., 1997; Lakkakorpi et al., 2001,
2003]. The spreading and migration of osteo-
clasts on bone surfaces are essential for osteo-
clastic resorption and also determine the size of
the resorption pits. Accordingly, it is possible
that the PTP-oc-induced upregulation of osteo-
clastic resorption is mediated at least in part
through the c-Src-dependent upregulation of
spreading and migration of osteoclasts. Our
findings that the PTP-oc antisense oligo treat-
ment significantly reduced the average size of
resorption pit are consistent with this specu-
lation. However, the PTP-oc antisense oligo
treatment also significantly reduced the aver-
age depth of the resorption pits. Together with
our previous observations that osteoclast-like
cells derived from U937 cell clones overexpres-
sing wild-type PTP-oc also produced signifi-
cantly deeper resorption pits and osteoclast-like
cells derived from U937 cell clones overexpres-
sing phosphatase-dead PTP-oc yielded signifi-
cantly shallower resorption pits [Amoui et al.,
2004], our results clearly demonstrated that the
PTP-oc regulates not only the size but also the
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depth of resorptionpits. Thiswould suggest that
the c-Src-regulated osteoclastic resorption is
mediated not only through enhanced osteoclast
spreading and migration, but also through an
increase in the bone resorption activity. In
support of this speculation, is the fact that
osteoclasts of c-Src knockoutmice were not only
unable to spread onbone surface but also unable
to create resorption pits [Soriano et al., 1991].
Alternatively, PTP-oc may regulate bone
resorption activity of osteoclasts through c-
Src-independent mechanisms. Regardless of
how PTP-oc acts to regulate osteoclastic resorp-
tion, the findings of this study provide addi-
tional support for our conclusion that PTP-oc is
a positive regulator of the c-Src PTK activity
and the bone resorption activity of osteoclasts.
Consistent with our premise that one or more

transmembrane PTPs in osteoclasts may act as
positive regulators of osteoclast functions,
Chiusaroli et al. [2004] have recently demon-
strated that mice deficient in the receptor type
PTP-eexhibited increased trabecular bonemass
due to cell-specific defects in osteoclast activity
and that osteoclasts derived from PTP-e defi-
cient bone-marrow precursors were poorly
functional in resorbing bone in vitro. These
observations indicate that, similar to PTP-oc,
PTP-e also functions as a positive regulator of
osteoclast activity. However, there are two
significant differences between the signaling
pathway of PTP-oc and that of PTP-e. First, our
data suggest that PTP-oc regulates osteoclast
activity at least in part through the c-Src
signaling pathway. Although there is evidence
that PTP-e activates c-Src in Neu-induced
mammary tumor cells [Gil-Henn and Elson,
2003], the c-Src signaling pathway does not
appear to be involved in the PTP-e-dependent
regulation of osteoclast function, since loss of
PTP-e in osteoclasts did not cause significant
disruption of the c-Src signaling pathway in
osteoclasts [Chiusaroli et al., 2004]. Second,
there is evidence that PTP-e plays an important
role in inhibiting the Erk1/2 signaling pathway
in fibroblasts and mammary tumor cells, since
loss of PTP-e expression in cells derived from
PTP-e knockout mice showed increased Erk1/2
activation and phosphorylation [Toledano-
Katchalski et al., 2003]. In contrast, this study
indicates that PTP-oc does not appear to have a
regulatory role in Erk1/2 phosphorylation or
activation in rabbit osteoclasts. Consequently,
although both PTP-oc and PTP-e act as positive

regulators of osteoclast function, these two
transmembrane PTPs may act through differ-
ent mechanisms to upregulate osteoclast activ-
ity and functions.

In conclusion, we have obtained three lines of
evidence supporting our model (Fig. 10) that
PTP-oc acts to dephosphorylate PY527 of c-Src
in osteoclasts, which leads to activation of the
PTK activity of c-Src and its associated signal
transduction pathway, which in turn results
in the activation of osteoclasts and increased
osteoclastic resorption. These data together
indicate that PTP-oc is a potential positive
regulator of the c-Src PTK activity and, as such,
is a positive regulator of osteoclast activity.
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