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Background: Protein-tyrosine phosphatase � (cyt-PTPe) dephosphorylates and activates Src to promote osteoclast adhesion.
Results: The adaptor protein GRB2 binds phosphorylated cyt-PTPe and recruits Src, thus promoting its activation.
Conclusion: GRB2 links cyt-PTPe to Src downstream of activated integrins in osteoclasts.
Significance: GRB2-mediated recruitment may constitute a general mechanism by which cyt-PTPe activates Src and related
kinases.

The non-receptor isoform of protein-tyrosine phosphatase �

(cyt-PTPe) supports adhesion of bone-resorbing osteoclasts by
activating Src downstream of integrins. Loss of cyt-PTPe
reduces Src activity in osteoclasts, reduces resorption of miner-
alized matrix both in vivo and in cell culture, and induces mild
osteopetrosis in young female PTPe KO mice. Activation of Src
by cyt-PTPe is dependent upon this phosphatase undergoing
phosphorylation at its C-terminal Tyr-638 by partially active
Src. To understand how cyt-PTPe activates Src, we screened 73
Src homology 2 (SH2) domains for binding to Tyr(P)-638 of cyt-
PTPe. The SH2 domain of GRB2 bound Tyr(P)-638 of cyt-PTPe
most prominently, whereas the Src SH2 domain did not bind at
all, suggesting that GRB2 may link PTPe with downstream mol-
ecules. Further studies indicated that GRB2 is required for acti-
vation of Src by cyt-PTPe in osteoclast-like cells (OCLs) in cul-
ture. Overexpression of GRB2 in OCLs increased activating
phosphorylation of Src at Tyr-416 and of cyt-PTPe at Tyr-638;
opposite results were obtained when GRB2 expression was
reduced by shRNA or by gene inactivation. Phosphorylation of
cyt-PTPe at Tyr-683 and its association with GRB2 are integrin-
driven processes in OCLs, and cyt-PTPe undergoes autodephos-
phorylation at Tyr-683, thus limiting Src activation by integrins.
Reduced GRB2 expression also reduced the ability of bone mar-
row precursors to differentiate into OCLs and reduced the frac-
tion of OCLs in which podosomal adhesion structures assume
organization typical of active, resorbing cells. We conclude that
GRB2 physically links cyt-PTPe with Src and enables cyt-PTPe
to activate Src downstream of activated integrins in OCLs.

Degradation of bone is carried out by osteoclasts, which are
specialized phagocytic cells derived from the hematopoietic
monocyte-macrophage lineage (1– 4). Osteoclasts adhere to
bone tightly and secrete onto its surface a mixture of proteases
and acid that degrades the organic and inorganic components
of bone matrix. Adhesion to bone is key for osteoclast function;
it is carried out by specific adhesion structures called podo-
somes, which comprise a central actin core surrounded by
accessory proteins. Physical contact between an osteoclast and
bone or other surfaces activates integrin molecules adjacent to
the podosomal actin core and regulates the structure, organi-
zation, and turnover of podosomes (1, 5–7). We have shown
previously that the non-receptor isoform of protein-tyrosine
phosphatase � (cyt-PTPe)3 supports integrin signaling in oste-
oclasts as well as osteoclast adhesion and activity in vivo and in
vitro. This is evident in vivo as mild osteopetrosis that is present
in young female mice that genetically lack PTPe (EKO mice)
and that is secondary to reduced osteoclast-mediated bone
resorption in vivo. Osteoclast-like cells (OCLs) produced in
culture from bone marrow of female EKO mice exhibit reduced
resorption of mineralized matrix (8). Podosomes are typically
arranged in active, resorbing osteoclasts as a large array at the
cell periphery that is called a sealing zone or a sealing zone-like
structure (when cells are plated on a mineralized or non-min-
eralized surface, respectively). Less active cells exhibit podo-
somes arranged in smaller clusters or dispersed at random
throughout the cell (1). OCLs from young female EKO mice
exhibit a marked reduction in the fraction of cells exhibiting a

* This work was supported by the Israel Science Foundation and by the Kekst
Family Institute for Medical Genetics and the David and Fella Shapell Fam-
ily Center for Genetic Disorders Research, both of the Weizmann Institute
(to A. E.).

1 Directs the Protein Array Core, which is supported by Cancer Prevention
Research Institute of Texas Grant RP130432 and by the Centre for Environ-
mental and Molecular Carcinogenesis at M. D. Anderson.

2 To whom correspondence should be addressed. Tel.: 972-8-934-2331; Fax:
972-8-934-4108; E-mail: ari.elson@weizmann.ac.il.

3 The abbreviations used are: cyt-PTPe, non-receptor isoform of protein-tyro-
sine phosphatase �; EKO, PTPe knock-out; OCL, osteoclast-like cell; PTP,
protein-tyrosine phosphatase; PTPe, protein-tyrosine phosphatase �;
RPTPe, receptor-type form of PTPe; RPTPa, receptor-type PTP�; SH2, Src
homology 2; SH3, Src homology 3; SZL, sealing zone-like structure; BES,
2-[bis(2-hydroxyethyl)amino]ethanesulfonic acid; M-CSF, macrophage
colony-stimulating factor; RANKL, receptor activator of nuclear factor �B
ligand; N-SH3, N-terminal SH3; C-SH3, C-terminal SH3; GRB2, growth factor
receptor-bound protein 2.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 52, pp. 36048 –36058, December 26, 2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

36048 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 52 • DECEMBER 26, 2014



sealing zonelike structure (SZL) in agreement with their
reduced ability to resorb mineralized matrix (8, 9).

At the molecular level, cyt-PTPe helps activate the Src tyro-
sine kinase downstream of integrins in osteoclasts. We have
shown that following integrin activation cyt-PTPe undergoes
phosphorylation by partially active Src at its C-terminal Tyr-
638. Phosphorylated cyt-PTPe associates with Src and Pyk2
after which cyt-PTPe dephosphorylates Src at its inhibitory
Tyr-527 and fully activates the kinase. Consequently, down-
stream events that are required for resorption, including acti-
vation of Rac and inhibition of Rho, are set in motion (9). Lack
of cyt-PTPe in osteoclasts results in reduced Src activity and
alters podosomal structure, function, and stability in EKO
OCLs; these parameters can be rescued when exogenous cyt-
PTPe is expressed in these cells. Phosphorylation of cyt-PTPe at
Tyr-638 is critical in this aspect because the non-phosphorylat-
able mutant Y638F cyt-PTPe cannot rescue Src activity in EKO
osteoclasts (9). The central role of C-terminal phosphorylation
of PTPe is evident also in other, non-bone settings. Phosphor-
ylation of the receptor-type form of PTPe (RPTPe) at the anal-
ogous residue Tyr-695 is required for activation of Src down-
stream of ErbB2/Neu in mouse mammary tumors (10, 11) and
for inhibition of JAK2 downstream of the activated leptin
receptor in hypothalamic neurons (12). C-terminal phosphor-
ylation of cyt-PTPe by the activated EGF receptor drives the
phosphatase to associate with microtubules and inhibits its
activity (13). Nonetheless, the molecular details of how cyt-
PTPe associates with Src and activates it remain unclear.

The closely related receptor-type PTP� (RPTPa) possesses a
C-terminal tyrosine, Tyr-789, which is embedded in a sequence
similar to that of Tyr-638 of cyt-PTPe. Like cyt-PTPe, RPTPa
can undergo phosphorylation at Tyr-789 and activate Src. Two
alternative models have been proposed to explain activation of
Src by RPTPa. The direct phosphodisplacement model sug-
gests that Tyr(P)-789 of RPTPa directly binds the SH2 domain
of Src, thus displacing Tyr(P)-527 of the kinase and inducing an
open, active conformation of the kinase. RPTPa then dephos-
phorylates Src at Tyr-527, thus preventing this residue from
binding the Src SH2 domain and returning the kinase to its
inhibited state (14). Studies of cells undergoing mitosis suggest
that the adaptor molecule GRB2, which also binds RPTPa at
Tyr(P)-789 (15–18), competes against Src for binding RPTPa
and is thus an inhibitor of Src activation by the phosphatase
(19). An alternative model proposes that RPTPa associates with
Src indirectly via the adaptor molecule GRB2 (20), which can
bind RPTPa via the GRB2 SH2 domain and one of its SH3
domains. Here too binding depends on RPTPa phosphorylation
at Tyr-789. GRB2 recruits the Src�focal adhesion kinase com-
plex to RPTPa, thus allowing these kinases to phosphorylate
RPTPa and enabling the phosphatase to recruit the BCAR3�Cas
complex and promote cell migration (20, 21). The distinction
between both models with respect to GRB2 function is signifi-
cant. In the phosphodisplacement model, GRB2 competes
against the RPTPa-Src association and inhibits activation of
Src, whereas in the indirect model, GRB2 facilitates the associ-
ation and promotes signaling. In this study, we examined the
molecular mechanism by which cyt-PTPe activates Src in oste-

oclasts and conclude that it occurs by an indirect, GRB2 binding
mechanism.

EXPERIMENTAL PROCEDURES

Antibodies

The following polyclonal antibodies were used: anti-PTPe
(22); polyclonal anti-phospho-PTPe (Tyr-638 in cyt-PTPe is
equivalent to Tyr-695 in RPTPe (11)); anti-Tyr(P)-416 Src, anti-
Src, and anti-Tyr(P)-402 Pyk2 (Cell Signaling Technology, Dan-
vers, MA); and anti-GRB2 (c-23), anti-Src2, and anti-HA (Santa
Cruz Biotechnology, Inc., Dallas, TX). Monoclonal antibodies
used included anti-v-Src (clone 327; Calbiochem); anti-�-tubulin
(clone DM1A), anti-actin (clone AC-40), and anti-FLAG M2
(Sigma-Aldrich); anti-GRB2 and anti-Pyk2 (clones 81 and 11,
respectively; BD Transduction Laboratories); anti-HA (clone
16B12; Covance, Princeton, NJ); anti-glutathione S-transferase
(GST) (clone 8-326; Merck Millipore, Darmstadt, Germany);
and anti-Tyr(P) (clone pY99; Santa Cruz Biotechnology, Inc.).
Horseradish peroxidase-conjugated secondary antibodies (goat
anti-mouse or goat anti-rabbit) for protein blotting were pur-
chased from Jackson ImmunoResearch Laboratories (West
Grove, PA).

Protein Array Experiments

The cloning of the human SH2 domain library has been
described previously (23). All SH2 domains were expressed as
GST fusions in Escherichia coli and purified on glutathione-
Sepharose beads. The recombinant SH2 domains were arrayed
onto nitrocellulose-coated glass slides (Oncyte�Avid slides,
Grace Bio-Labs, Bend, OR) using a pin arrayer as described
previously (24). A list of the SH2 domains on this array is given
in Fig. 1. The fluorescent labeling of the biotinylated peptide
probe and slide binding have also been described previously
(24). Fluorescent signal was detected using a GeneTACTM LSIV
scanner (Genomic Solutions).

Mice

Gene-targeted mice lacking PTPe (EKO mice) (25) were used
in the 129 SvEv genetic background. Grb2 floxed conditional
knock-out mice (26) were a generous gift of Prof. Tony Pawson,
Samuel Lunenfeld Research Institute. Inactivation of Grb2
floxed alleles in osteoclasts was achieved by crossing Grb2
Flox�/� mice with mice expressing Cre under direction of the
cathepsin K promoter (27), a generous gift from Prof. Shigeaki
Kato, University of Tokyo. Mouse studies were approved by
Weizmann Institute’s Animal Ethics committee (Institutional
Animal Care and Use Committee) and were performed in accor-
dance with Israeli Law and Weizmann Institute regulations.

Cell Culture

Human kidney 293T cells were grown in DMEM as described
(11). Transient transfection of 293T cells was by BES-calcium
phosphate technique (28). Cells were analyzed 24 – 48 h follow-
ing transfection. For primary osteoclasts, bone marrow was col-
lected from femora, tibiae, and humeri of 6 – 8-week-old mice
as described (9). Cells were cultured in complete OCL medium
(�-minimum Eagle’s medium (Sigma-Aldrich) containing 10%
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fetal calf serum (Biological Industries, Beit Haemek, Israel), 2
mM glutamine, 50 units/ml penicillin, and 50 g/ml streptomy-
cin) supplemented with 20 ng/ml M-CSF (Peprotech, Rocky
Hill, NJ) and 20 ng/ml RANKL (R&D Systems, Minneapolis,
MN). Bone marrow cells were plated at a density of 5–7 � 106

cells/well of a 6-well plate or 1 � 106 cells/well of a 24-well plate
and incubated at 37 °C in 5% CO2 for 5 days (day of seeding is
counted as day 0) with daily changes of medium. When needed,
cells were fixed and stained for tartrate-resistant acid phospha-
tase activity using a commercial kit (Sigma-Aldrich).

Viral Infection of OCLs

Adenoviral Infection (for Expression of Exogenous Proteins)—
Primary bone marrow cells were grown for 2 days in OCL
medium supplemented with M-CSF and RANKL. On day 2
postseeding, medium was replaced with OCL medium contain-
ing M-CSF, RANKL, and adenoviruses (in the form of medium
from 293 cells used to amplify the virus; 200 –350 �l/well of
6-well plate or 50 –100 �l/well of a 24-well plate). Following
overnight incubation, the medium was replaced with OCL
medium/cytokines; cells were then fed daily with similar OCL
medium until collected. Adenoviruses were produced with the
AdEasy XL adenoviral vector system (Stratagene, Agilent Tech-
nologies, Inc., Santa Clara, CA) and amplified using 293AD
cells.

Lentiviral Infection (for shRNA Expression)—Mouse lentivi-
ral particles were produced as described (29) using Grb2 or
non-targeting shRNAs purchased from Open Biosystems. For
infection, bone marrow cells were seeded in 6-well plates in com-
plete OCL medium supplemented with M-CSF and RANKL as
described above. On day 3 of differentiation, medium was replaced
with medium harvested from 293T cells expressing lentiviruses
(3– 4 ml/well of a 6-well plate) supplemented with 8 �g/ml
Polybrene. The cells were then centrifuged (with the lentivirus-
containing medium) at 500 � g at 30 °C for 1.5 h. Virus-con-
taining medium was then removed, and the cells were fed daily
with complete OCL medium containing M-CSF and RANKL
until collected. In some cases, OCLs were infected sequentially
with lentiviruses on day 2 followed by adenoviral infection the
following day as described.

Replating of Osteoclasts

Primary bone marrow cells were prepared and grown for 4
days in OCL medium supplemented with M-CSF and RANKL.
On their 4th day of differentiation, cells were incubated for 4 h
in OCL medium containing 1% serum and no cytokines (adher-
ent cells). Cells were then detached by a short treatment with 10
mM EDTA, suspended in DMEM containing 20 mM HEPES and
1 mg/ml bovine serum albumin, and incubated at 37 °C for 1 h
with gentle rotation (suspended cells). Cells were then replated
on plates precoated with 20 �g/ml fibronectin (Sigma-Aldrich),
and readherent cells were analyzed 30 min after replating.

Analysis of Podosomal Organization in OCLs

Primary bone marrow cells were prepared as above and
seeded on glass coverslips (Menzel-Glaser, Braunschweig, Ger-
many) or in chambers (Ibidi GmbH, Munich, Germany) in OCL
medium supplemented with M-CSF and RANKL. On day 2 or 3

of differentiation, cells were infected with adenoviruses or len-
tiviruses as described above. After 4 days of differentiation,
OCLs were fixed in paraformaldehyde and stained with phal-
loidin to visualize actin as described (30). Images were collected
with an inverted microscope (Olympus Corp., Tokyo, Japan).
Images were acquired using CellSense Dimension software
(Olympus Corp.). Cells were analyzed visually and scored as
displaying a complete podosomal SZL (fully polarized), partial
podosomal belt and rings (partially polarized), or podosomes
arranged in small clusters or at random (non-polarized). Anal-
yses were performed in a manner blinded to the genotypes of
the cells.

Preparation of Cell Lysates, Immunoprecipitation, and Protein
Blotting

Cells were washed with ice-cold PBS and lysed in Buffer A (50
mM Tris-Cl, pH 8, 150 mM NaCl, 1% Nonidet P-40) and prote-
ase inhibitors (1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride,
40 �M bestatin, 15 �M E-64, 20 �M leupeptin, 15 �M pepstatin;
Sigma); 0.5 mM sodium pervanadate was included when tyro-
sine phosphorylation of proteins was evaluated. Protein con-
centration was determined by the Bio-Rad protein assay with
bovine serum albumin as a standard. In FLAG precipitation
studies, cellular proteins (0.5–1.5 mg) were incubated with
anti-FLAG M2 affinity beads for 3 h at 4 °C. Immunoprecipi-
tates were washed in Buffer A, and the proteins were eluted
using FLAG peptide (Sigma) or by boiling in 100 °C for 3 min in
SDS sample buffer. In GRB2 precipitation, GRB2-conjugated
beads (Santa Cruz Biotechnology, Inc.) were used. For other
precipitations, protein G beads were incubated with the speci-
fied antibody for 2 h, washed, and then incubated with the lysate
for an additional 3 h. For protein blotting, 25–30 �g of lysate
proteins were subjected to 10% SDS-PAGE and transferred
onto a nitrocellulose membrane (Protran Whatman, GE
Healthcare). The membranes were blocked in 5% milk and
0.05% Tween 20 for 1 h and incubated with primary antibody at
4 °C overnight followed by probing with secondary antibodies
coupled with HRP. Bands were detected by ECL (Biological
Industries).

Bacterial Expression and GST Pulldown

GST-GRB2 fusion constructs were generous gifts from Prof.
Thomas M. Roberts, Dana-Farber Cancer Institute (full-length
wild-type GRB2 and isolated N-terminal SH3 (N-SH3), SH2,
and C-terminal SH3 (C-SH3) domains) and Prof. Jan Sap, Uni-
versity of Paris Diderot (full-length wild-type GRB2 and the
GRB2 point mutants P49L, R86K, and G203R). GST fusion con-
structs were grown in BL26 bacteria, purified, and used in pull-
down studies as described (31).

In Vitro Dephosphorylation of cyt-PTPe

FLAG- or HA-tagged cyt-PTPe was expressed in 293T cells.
FLAG-tagged cyt-PTPe was precipitated in the absence of
PTP inhibitors to ensure its activity and eluted from the
precipitating beads with FLAG peptide as described (13).
HA-tagged cyt-PTPe was precipitated from cells treated with
sodium pervanadate to ensure its phosphorylation (which
occurs only at Tyr-638) and its inactivity. Soluble FLAG-cyt-
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PTPe was added to bead-bound HA-cyt-PTPe and incubated at
37 °C for 30 min in reaction buffer after which the beads were
washed from FLAG-cyt-PTPe and HA-cyt-PTPe was eluted by
boiling and then analyzed by SDS-PAGE and blotting as indi-
cated. Control experiments exposed bead-bound HA-cyt-PTPe
to material eluted from FLAG beads incubated with lysates of
mock-transfected 293T cells.

Statistics

Results were analyzed by the two-tailed Student’s t test. Sig-
nificant results are p � 0.05.

RESULTS

Tyr(P)-638 cyt-PTPe Binds the SH2 Domain of GRB2 but Not
of Src—Phosphorylation of cyt-PTPe at Tyr-638 in OCLs is
required for cyt-PTPe to bind the Src�Pyk2 complex, to activate
Src, and to regulate the lifespan of podosomal adhesion struc-
tures (9). Phosphorylation at Tyr-638 has not been shown to
affect the catalytic properties of cyt-PTPe (11); hence it most
likely affects binding of the phosphatase to other molecules.
Prime candidates for binding Tyr(P)-638 cyt-PTPe are SH2
domain-containing proteins, such as the adaptor protein GRB2
(31). To search for additional molecules that bind Tyr(P)-638
and may mediate its function in OCLs, we used a synthetic
peptide containing the 10 C-terminal amino acids of cyt-PTPe,
including Tyr(P)-638, to screen an array of 73 distinct SH2
domains fused to GST (Fig. 1, A–C). The phosphopeptide
bound the SH2 domain of GRB2 very prominently; interest-
ingly, all the other SH2 domains assayed did not bind the pep-
tide or did so very weakly. In particular, the SH2 domain of Src
did not bind the peptide at all (Fig. 1A). As expected, the control
non-phosphorylated peptide did not bind the SH2 domain of
GRB2 (not shown). To confirm these results, we used GST
fusion molecules of the SH2 domains of GRB2 or Src to pull
down full-length cyt-PTPe from cell lysates. Cells were treated
with pervanadate prior to lysis to ensure phosphorylation of
cyt-PTPe at Tyr-638. As expected, WT cyt-PTPe was pulled
down by the SH2 domain of GRB2 but not of Src (Fig. 1D). In
agreement with prior studies (31), this association was depend-
ent on Tyr(P)-638 because the non-phosphorylatable Y638F
cyt-PTPe mutant did not bind the GRB2 SH2 domain (Fig. 1D).
We conclude that Tyr(P)-638 of cyt-PTPe binds the SH2
domain of GRB2 to a significantly greater extent than the Src
SH2 domain. The prominent binding of the GRB2 SH2 domain
to cyt-PTPe suggested that GRB2 might mediate its activation
of Src.

GRB2 Promotes Phosphorylation of cyt-PTPe and Activation
of Src and Pyk2 in Osteoclasts—To examine the possible role of
GRB2 in activation of Src by cyt-PTPe, we expressed GRB2 in
OCLs. Cyt-PTPe, Src, and Pyk2 are all phosphorylated in
adherent OCLs at positions Tyr-638, Tyr-416, and Tyr-402,
respectively. Expression of exogenous GRB2 in OCLs increased
phosphorylation of all three proteins, indicating that added
GRB2 supports both phosphorylation of cyt-PTPe and activa-
tion of the downstream kinases Src and Pyk2 (Fig. 2A). In sep-
arate studies, we expressed cyt-PTPe and GRB2 in 293 cells
(Fig. 2B). Although weak basal phosphorylation of cyt-PTPe
was detected in these cells, treatment of the cells with the PTP

inhibitor sodium pervanadate or expression of GRB2 in other-
wise untreated cells increased phosphorylation of cyt-PTPe at
Tyr-638. Combining both treatments increased PTPe phos-
phorylation even further (Fig. 2B). This latter result is consist-
ent with GRB2 recruiting a kinase to phosphorylate cyt-PTPe
molecules, thus increasing overall phosphorylation of this PTP
beyond what can be expected due to PTP inhibition alone. In
agreement, down-regulation of GRB2 expression in OCLs
yielded opposite results (Fig. 3). Separate lentivirus-mediated
expression of two distinct shRNAs targeting Grb2 each reduced
GRB2 protein levels by 50%, correlating with significantly
reduced levels of Tyr(P)-638 cyt-PTPe and Tyr(P)-416 Src in
these cells (Fig. 3A). Expression of exogenous shRNA-resistant
GRB2 in OCLs in which GRB2 was knocked down rescued
phosphorylation of cyt-PTPe, Src, and Pyk2 (Fig. 3B), confirm-
ing that the reduced phosphorylation seen in Fig. 3A was due to
reduced expression of GRB2.

Although the above studies establish a correlation between
expression levels of GRB2 and phosphorylation of cyt-PTPe
and Src, they do not indicate whether GRB2 is required for
activation of Src by cyt-PTPe. To address this issue, we exam-
ined OCLs from EKO mice. Phosphorylation of Src at Tyr-416
is very low in EKO OCLs and was significantly increased when
exogenous cyt-PTPe was expressed in these cells (Ref. 9 and Fig.
3C). However, expression of exogenous cyt-PTPe in EKO OCLs
did not increase Src phosphorylation when GRB2 was knocked
down (Fig. 3C), indicating that GRB2 is required for cyt-PTPe
to activate Src and to induce its phosphorylation at Tyr-416.
We note that phosphorylation of cyt-PTPe at Tyr-638 is critical
for activation of Src as the non-phosphorylatable Y638F cyt-
PTPe cannot activate Src in osteoclasts (9).

Cyt-PTPe and GRB2 Associate in an Adhesion-dependent
Manner in OCLs—Our prior studies indicated that Src and cyt-
PTPe can physically associate in OCLs in a manner dependent
on phosphorylation of cyt-PTPe at Tyr-638 (9). Because GRB2
binds cyt-PTPe at this residue (31) and affects its phosphoryla-
tion (Figs. 2 and 3), we examined whether GRB2 is associated
with the cyt-PTPe�Src complex. These studies were performed
with endogenous proteins at their levels of expression in OCLs.
Indeed, GRB2 co-precipitated together with cyt-PTPe and Src
in freely growing, adherent OCLs (Fig. 4, A and B). Importantly,
co-precipitation of cyt-PTPe with GRB2 increased dramatically
when OCLs were lifted from plates and allowed to readhere to
plates coated with the �v�3 integrin ligand fibronectin (Fig.
4C). Strong co-precipitation observed in readherent cells is
most likely the result of widespread and synchronized integrin
activation in the entire cell population following replating. This
point is further underscored by the finding that phosphoryla-
tion of cyt-PTPe at Tyr-638, which is required for binding of
GRB2 (Fig. 1 and Ref. 31) and for activation of Src (9, 11), was
induced in readherent OCLs (Fig. 4D). As expected, phospho-
rylation of Src at Tyr-416 followed the same pattern (Fig. 4D).
We conclude that GRB2 participates in the association between
cyt-PTPe and Src in OCLs and that the association with cyt-
PTPe is promoted by adhesion of OCLs. We note that Pyk2
binds cyt-PTPe in OCLs in a Tyr(P)-638 cyt-PTPe-dependent
manner (9) and associated with GRB2 in OCLs (Fig. 4A), sug-
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gesting that this kinase may also be associated with the cyt-
PTPe�GRB2�Src complex. This issue requires further studies.

Binding of GRB2 to Src Does Not Require cyt-PTPe—To
understand how GRB2 binds Src in OCLs, we examined asso-
ciation between individual domains of GRB2 and Src. A GST
fusion protein of full-length GRB2 pulled down Src from lysates
of WT OCLs (Fig. 5A). GST fusions of the isolated SH2 or
N-SH3 domains of GRB2 pulled down Src, possibly to a lesser
extent than did full-length GRB2. The C-SH3 domain of GRB2
did not pull down Src at all (Fig. 5A). This result suggests that
GRB2 binds Src using the SH2 and N-terminal SH3 domains.
GST fusion proteins of full-length GRB2 in which inactivating
point mutations were introduced individually into the N-SH3
(P49L), SH2 (R86K), and C-SH3 (G203R) domains (32, 33) all
pulled down Src from OCL lysates (Fig. 5B). This suggests that

in the context of the full GRB2 molecule inactivation of binding
by a single domain of GRB2 is insufficient to prevent binding to
Src. The results also confirm that GRB2 binds cyt-PTPe only via
its SH2 domain as shown previously (31). Specifically, of the
isolated GRB2 domains, only the SH2 domain bound cyt-PTPe
(Fig. 5A), whereas inactivating the SH2 domain in full-length
GRB2 was sufficient to abrogate the GRB2-cyt-PTPe associa-
tion (Fig. 5B). Binding of GRB2 to Src occurs independently of
cyt-PTPe as GRB2 co-immunoprecipitated with Src and Pyk2
equally well in OCLs prepared from wild-type and EKO mice
(Fig. 5C).

Reduced Expression of GRB2 Reduces OCL Differentiation
and Affects Podosomal Organization in Osteoclasts—Absence
of cyt-PTPe and reduced activity of Src in OCLs significantly
reduce the fraction of OCLs that organize their podosomes into

FIGURE 1. Tyr(P)-638 of cyt-PTPe binds the SH2 domain of GRB2 but not of Src. A, top left, array hybridized with phosphorylated PTPe probe (DIFSDpYANFK
where pY is phosphotyrosine; red). Arrowheads mark the location of twin spots for Src (Block A, no spots) and GRB2 (Block G, two red spots). Bottom left, same
array probed with anti-GFP antibodies to visualize all individual samples (green). Right, magnified views of Blocks A and G hybridized with the phosphopeptide.
B, organization of samples in the array. The array is composed of eight blocks that contain up to 10 samples each; each sample is spotted in duplicate in a unique
pattern in a 5 � 5 square (inset). C, list of the 73 individual GST-SH2 fusion proteins in the array. Src and GRB2 are marked by red arrows. D, left, pulldown of
full-length cyt-PTPe protein from pervanadate-treated 293 cell lysates with GST fusion proteins of the SH2 domains of GRB2 or Src. Right, protein blot showing
phosphorylation of cyt-PTPe at Tyr-638 in the various samples used in the pulldown. WB, Western blot.
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a sealing zone-like structure characteristic of mature, active
OCLs (9, 30). Because reduced expression of GRB2 inhibited
activation of Src by cyt-PTPe (Fig. 3, A and B), we asked
whether reduced GRB2 levels would also affect production and
growth of OCLs and organization of their podosomal adhesion
structures. As can be seen in Fig. 6A, shRNA-mediated inhibi-
tion of GRB2 expression resulted in OCLs that appeared
healthy but grew somewhat sparser and included a larger num-
ber of smaller OCLs than WT cultures. In agreement, OCLs
expressing reduced levels of GRB2 covered a smaller fraction of
the area of the plates on which they were grown (Fig. 6B).
Decreasing GRB2 protein levels by about 50% shifted podo-
some organization patterns in these cells, reducing significantly

the fraction of OCLs that display an SZL and increasing the
fraction of cells in which podosomes are less well organized
(Fig. 6C). Importantly, this shift was partially rescued by expres-
sion of exogenous GRB2, confirming that the disruption of
podosomal organization in these cells was indeed caused by
reduced GRB2 expression (Fig. 6C). Incomplete rescue of podo-
somal organization by expression of exogenous GRB2 may arise
from the need to use both lentiviruses and adenoviruses in the
same set of delicate OCLs in this study.

GRB2 is a major participant in various signaling events in
cells. Although our results indicate that GRB2 helps link Src
with cyt-PTPe in OCLs, this is most likely not its only function
in these cells. To examine this issue, we compared the extent of
podosomal disruption caused by reduced GRB2 expression
with the disruption caused by absence of cyt-PTPe in OCLs.
Consistent with our previous studies (9), cultures of OCLs from
mice lacking cyt-PTPe contained fewer OCLs displaying a well
organized SZL (Fig. 6D). Reducing GRB2 expression by about

FIGURE 2. Overexpression of GRB2 increases phosphorylation of cyt-PTPe, Src, and Pyk2. A, GRB2 was overexpressed in primary OCLs from WT mice;
shown is phosphorylation of cyt-PTPe, Src, and Pyk2. B, GRB2 overexpression in 293T cells. Expressing GRB2 and treating cells with pervanadate increased
Tyr(P)-638 cyt-PTPe levels additively. Ex. and En., exogenous and endogenous GRB2, respectively; WB, Western blot.

FIGURE 3. Knockdown of GRB2 decreases phosphorylation of cyt-PTPe,
Src, and Pyk2. A, inhibition of GRB2 in primary WT OCLs reduces phospho-
rylation of cyt-PTPe and Src at Tyr-638 and Tyr-416, respectively. NT, non-
targeting, control shRNA; Grb2-1 and Grb2-2, two distinct targeting shRNAs. B,
restoration of GRB2 expression in primary WT OCLs in the presence of Grb2
shRNA (Grb2-1) rescues phosphorylation of cyt-PTPe, Src, and Pyk2. C, Cyt-
PTPe requires GRB2 to induce phosphorylation of Src at Tyr-416. Primary OCLs
from EKO mice exhibit reduced Tyr(P)-416 Src levels, which are rescued upon
cyt-PTPe expression. Inhibition of GRB2 by shRNA prevents cyt-PTPe from
rescuing Src phosphorylation. NT, non-targeting shRNA; Grb2, shRNA against
Grb2; Ex. and En., exogenous and endogenous GRB2, respectively; WB, West-
ern blot.

FIGURE 4. GRB2 associates with cyt-PTPe and with Src in OCLs. A, Src, cyt-
PTPe, and Pyk2 co-precipitate with GRB2 from adherent primary OCLs of WT
mice. B, GRB2 co-precipitates with Src from adherent primary WT OCLs. C,
cyt-PTPe co-precipitates with GRB2 strongly in WT OCLs that were lifted from
plates, held for 30 min in suspension, and then replated for 30 min on
fibronectin-coated plates (FN.). Ad., adherent OCLs; Sus., OCLs held in suspen-
sion for 30 min. D, integrin activation induces phosphorylation of cyt-PTPe
and Src in primary WT OCLs. Both proteins are phosphorylated in adherent
(Ad.) cells and in cells reattached to fibronectin-coated surface (FN.) but not in
cells held in suspension (Sus.). IP, immunoprecipitation; WB, Western blot.
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50% in OCLs that express endogenous cyt-PTPe resulted in a
similar shift in podosomal organization. Combining both
effects by reducing GRB2 expression in EKO OCLs resulted in a
more severe podosomal disorganization phenotype and in
more significantly reduced phosphorylation of Src at Tyr-416
(Fig. 6D). These last results suggest that GRB2 affects podo-
somal organization and Src phosphorylation also indepen-
dently of cyt-PTPe.

shRNA studies described above down-regulated GRB2 pro-
tein levels by �50%. To verify these results in a second experi-
mental system, we examined mice in which the Grb2 gene was
inactivated genetically. Because whole-body Grb2 knock-out
mice display an embryonic lethal phenotype, we examined
OCLs derived from mice carrying a conditional floxed allele of
Grb2 that had been inactivated in OCLs by Cre driven by the
cathepsin K promoter (26, 27). Strong expression of Cre by the
cathepsin K promoter is detected in OCLs differentiated in
vitro from bone marrow cells starting at day 3 of culture (27);
hence we examined OCLs that had been cultured for 3– 4 days.
As shRNA reduced expression of GRB2 by about 50% in our
studies (Fig. 3), we examined OCLs derived from mice that
carried one copy of the floxed Grb2 allele and in which Cre-

mediated recombination reduced GRB2 levels by a similar
extent (Fig. 7A). As was seen in OCLs in which GRB2 was
knocked down, inactivation of one Grb2 allele resulted in
reduced levels of Tyr(P)-416 Src and Tyr(P)-638 cyt-PTPe (Fig.
7B) and in sparser cultures that covered a smaller fraction of the
tissue culture dish relative to control cells (Fig. 7, C and D).
Podosomal organization in these cells was also disrupted: loss
of one Grb2 allele resulted in significantly fewer OCLs contain-
ing a well organized SZL (Fig. 7E). OCLs produced from mice
expressing the cathepsin K-Cre transgene and carrying two
wild-type, non-floxed alleles of Grb2 did not display reduced
GRB2 protein expression or reduced phosphorylation of cyt-
PTPe or Src (Fig. 7, A and B). The growth and podosomal orga-
nizations of these cells were also unchanged relative to controls
(not shown), indicating that the phenotypes observed in Grb2
floxed mice were caused by Cre-mediated disruption of one
Grb2 allele and not by the mere presence of the cathepsin K-Cre
transgene.

The important role of phosphorylation of cyt-PTPe at Tyr-
638 in binding GRB2 and in activating Src suggests that dephos-
phorylation of this residue, possibly by cyt-PTPe itself, might
inhibit activation of Src by cyt-PTPe. To determine whether

FIGURE 5. Distinct domains of GRB2 bind Src and cyt-PTPe. A, GST fusion proteins of full-length GRB2 or of its isolated SH2, N-SH3, and C-SH3 domains were
used to pull down Src and cyt-PTPe from lysates of primary WT osteoclasts (top two panels). Dashed lines in the schematic structure of the GST proteins used
indicate deleted sequences. Bottom panel, Ponceau S staining to document GST fusion proteins used. B, similar to A except that pulldown was performed using
GST fusions of full-length GRB2 molecules in which binding by the N-SH3, C-SH3, or SH2 domain was abrogated by specific point mutations (P49L, G203R, R86K,
respectively; marked as asterisks in the schematic drawing above the blot). C, GRB2 binds Src independently of cyt-PTPe. Src and Pyk2 co-precipitate with GRB2
in OCLs from EKO and from WT mice. Cyt-PTPe is present in and precipitates only from WT cells. IP, immunoprecipitation; WB, Western blot.
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cyt-PTPe can undergo autodephosphorylation at Tyr-638, we
examined the ability of active cyt-PTPe molecules to dephos-
phorylate in trans inactive Tyr(P)-638 cyt-PTPe. This approach
was required because we could not isolate cyt-PTPe molecules
that are simultaneously active and phosphorylated at Tyr-638, a
finding itself consistent with cyt-PTPe autodephosphorylation.
HA-tagged Tyr(P)-638 cyt-PTPe was purified from cells treated
with sodium pervanadate prior to lysis; this treatment irrevers-
ibly inactivates the phosphatase and induces its phosphoryla-
tion at Tyr-638. FLAG-tagged, active unphosphorylated cyt-
PTPe was purified from cells not treated with pervanadate. As
seen in Fig. 8A, incubating inactive Tyr(P)-638 HA-cyt-PTPe
with active FLAG-cyt-PTPe reduced phosphorylation of HA-

cyt-PTPe in a manner proportional to the amount of FLAG-
cyt-PTPe added. Phosphorylation of HA-cyt-PTPe was not
reduced in control reactions in which no FLAG-cyt-PTPe was
added, confirming that the dephosphorylation observed was
performed by FLAG-cyt-PTPe. These results indicate that cyt-
PTPe can undergo trans dephosphorylation by other molecules
of the same species; we believe that individual cyt-PTPe mole-
cules can autodephosphorylate in cis, although this requires
experimental validation. In all, we conclude that cyt-PTPe can
down-regulate its own activation of Src, thus providing a mech-
anism that limits Src activation downstream of integrins.

DISCUSSION

Activation of integrin receptors in osteoclasts activates the
Src kinase, which is an essential component in the resulting
cellular response. We have shown previously that cyt-PTPe
helps activate Src following activation of integrins in oste-
oclasts. In the absence of cyt-PTPe, Src is not sufficiently acti-
vated, the structure and organization of the podosomal adhe-
sion structures of osteoclasts are abnormal, and osteoclast
activity is reduced. Phosphorylation of cyt-PTPe at its terminal
Tyr-683 is essential for the phosphatase to activate Src. Here we
show that GRB2 plays a critical role in this process by bridging
between cyt-PTPe and Src. Our studies indicate that GRB2 is
required also for events downstream of Src activation, includ-
ing cyt-PTPe phosphorylation at Tyr-638, proper differentia-
tion of OCLs, and organization of their podosomes. These
results do not agree with the phosphodisplacement model for
Src activation in which the C-terminal phosphotyrosine of a
PTP directly binds the SH2 domain of Src. This model suggests
that Src undergoes inhibition, not activation, by GRB2.

Mechanistically we show that GRB2 associates with Src using
its N-terminal SH3 and SH2 domains. Both domains partici-
pate in this association because either isolated domain can bind
Src (Fig. 5A) and because full-length GRB2 in which either one
of these domains was inactivated remained able to bind Src (Fig.
5B). Further studies are required to identify the sites in Src to
which GRB2 binds and to determine how this association helps
PTPe to activate Src. The Src-GRB2 association does not
require the presence of cyt-PTPe and occurs independently of it
(Fig. 5C). Conversely, the association between GRB2 and cyt-
PTPe is dependent on Tyr(P)-638 of cyt-PTPe binding the
GRB2 SH2 domain (Ref. 31 and Figs. 1 and 5, A and B); phos-
phorylation of cyt-PTPe and its association with GRB2 were
induced by activation of osteoclast integrins (Fig. 4C). The
existence of a cyt-PTPe-GRB2-Src signaling axis is strongly
supported by the finding that cyt-PTPe required the presence
of GRB2 to rescue activation of Src in EKO OCLs (Fig. 3C).

A model that summarizes our findings is shown in Fig. 9. The
SH2 domain of GRB2 binds both cyt-PTPe and Src, suggesting
that these molecules cannot be bridged by a single GRB2 mol-
ecule that contains one SH2 domain (Fig. 9A). It is thus possible
that a dimer or higher order association of GRB2 mediates this
association; the data do not exclude the possibility that the
GRB2-GRB2 interactions are indirect, using another molecule
to bridge the two GRB2 molecules. We note that GRB2 has been
suggested to form dimers that can link the C termini of two
FGF2 receptor molecules (34). An alternative model (Fig. 9B) is

FIGURE 6. Knockdown of GRB2 in primary OCLs disrupts cell growth and
podosomal organization. A, primary WT OCLs were treated with non-target-
ing shRNA (NT) or Grb2 shRNA. Shown are pictures of growing OCLs stained
for tartrate-resistant acid phosphatase. Scale bars, 200 �m. B, bar diagram
comparing the area of the plate covered by OCLs in OCLs treated with non-
targeting shRNA versus Grb2 shRNA. *, p � 0.00075, 9 –10 fields per genotype
in two separate experiments. C, percentage of WT OCLs whose podosomes
are organized in SZLs (fully polarized (FP)), in small rings or associations (par-
tially polarized (PP)), or at random (non-polarized (NP)). Compared are OCLs
treated with non-targeting shRNA (NT) and shRNA against Grb2 and cells
treated with Grb2 shRNA in which GRB2 is re-expressed. Also shown is expres-
sion of cyt-PTPe and GRB2 in the cells. Ex. and En., external and endogenous
GRB2, respectively; WB, Western blot. D, absence of cyt-PTPe and knockdown
of GRB2 affect podosomal organization and Src Tyr(P)-416 phosphorylation in
an additive manner. Podosomal organization (top) was analyzed as in C in
OCLs from WT or EKO mice that had been treated with non-targeting (NT) or
Grb2 shRNA. Tyr(P)-416 Src levels were analyzed by protein blotting. In C and
D, * represents p � 0.025 and ** represents p � 0.0038 by t test relative to fully
polarized and non-polarized bars of WT/non-targeting shRNA, respectively. #,
p � 0.013 by t test relative to EKO/GRB2. 70 –240 cells were analyzed per
genotype/treatment. Error bars represent S.E.
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based on our finding that GRB2 can bind Src via either of its
SH2 or N-SH3 domains. It is possible that a single GRB2 mol-
ecule binds cyt-PTPe via its SH2 domain and Src via its N-SH3
domain. Although we cannot formally rule out this model, we
consider it less likely because the isolated SH2 and N-SH3

domains of GRB2 appear to bind Src less well that the entire
GRB2 molecule (Fig. 5A), suggesting that both domains may be
required for optimal binding to Src. Although Src collaborates
closely with Pyk2 downstream of activated integrins in OCLs,
prior studies indicate that Src, not Pyk2, phosphorylates cyt-
PTPe following integrin activation (9). Data shown here indi-
cate that Pyk2 is part of the GRB2�Src complex (Figs. 4A and 5C)
and that GRB2 is required also for activation of Pyk2 (Figs. 2A
and 3B).

The chain of events downstream of activated integrins sug-
gests that activation of Src depends on phosphorylation of cyt-
PTPe, which in turn is performed by already active Src. This
apparent contradiction is resolved if one considers populations
of molecules rather than individual ones. Some Src molecules
may be activated following integrin stimulation in a mechanism
independent of cyt-PTPe, for example by direct association of
the �3 integrin chain with the SH3 domain of Src (35, 36).
Active Src molecules phosphorylate cyt-PTPe at Tyr-638,
which then recruits additional Src molecules via a GRB2-de-
pendent mechanism and activates them by dephosphorylation

FIGURE 7. Inactivation of one Grb2 allele in primary OCLs disrupts cell growth and podosomal organization. OCLs were prepared from mice heterozy-
gous for a floxed allele of Grb2 (Grb2 Flox�/�) or from WT mice that either do or do not express cathepsin K-Cre (CTK Cre). A, representative blot showing that
cathepsin K-Cre expression reduces GRB2 protein levels in OCLs that contain one floxed Grb2 allele but not in OCLs that contain two wild-type, non-floxed
alleles. B, reduced GRB2 expression correlates with reduced levels of Tyr(P)-416 Src and Tyr(P)-638 cyt-PTPe following Cre-mediated inactivation of one Grb2
allele (black bars) but not when cathepsin K-Cre alone is expressed (gray bars). Shown are mean � S.E. of n � 3–7 repeats per bar. *, p � 0.041; NS, not significant.
C, pictures of growing OCLs carrying two or one intact Grb2 alleles stained for tartrate-resistant acid phosphatase. Scale bars, 200 �m. D, bar diagram showing
reduced area covered by OCLs lacking one allele of Grb2. *, p � 0.000234, 9 –15 fields from two to three individual mice per genotype, representative of two
experiments. E, percentage of OCLs carrying one or two functional Grb2 alleles whose podosomes are organized in SZLs (fully polarized (FP)), in small rings or
associations (partially polarized (PP)), or at random (non-polarized (NP)). *, p � 0.00135 for corresponding bars between genotypes. 153–330 cells were
analyzed per genotype/treatment. WB, Western blot. Error bars represent S.E.

FIGURE 8. trans dephosphorylation at Tyr(P)-638 among cyt-PTPe mole-
cules. Inactive, HA-tagged Tyr(P)-638 cyt-PTPe was incubated for 30 min at
37 °C with varying amounts of active, non-phosphorylated FLAG-tagged cyt-
PTPe. Left, increasing amounts of FLAG-cyt-PTPe reduces the amount of phos-
phorylated HA-cyt-PTPe. Rxn. Buffer and Mock, incubation of HA-cyt-PTPe
with reaction buffer alone or with eluate from beads carrying FLAG antibod-
ies incubated with lysates of mock-transfected 293T cells, respectively. Ab,
antibody; WB, Western blot; IP, immunoprecipitation. Right, expression and
phosphorylation at Tyr-638 of HA-cyt-PTPe and FLAG-cyt-PTPe.
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at their inhibitory Tyr(P)-527. A positive feedback cycle ensues
and ensures full activation of Src and complete phosphoryla-
tion of cyt-PTPe at Tyr-638.

Reduction of GRB2 expression in OCLs by half relative to its
WT levels using shRNA or targeted gene disruption signifi-
cantly altered phosphorylation of cyt-PTPe, Src activation and
signaling in OCLs, OCL growth, and podosomal organization
(Figs. 6 and 7). Most of these effects occur also as the result of
elimination of cyt-PTPe expression in OCLs (8, 9). Although
our results indicate that GRB2 plays a significant role in medi-
ating activation of Src by cyt-PTPe, the strong effect of removal
of a single allele of Grb2 and the finding that loss of cyt-PTPe
and loss of GRB2 affect podosomal organization additively (Fig.
6D) indicate that GRB2 affects cytoskeletal organization in
OCLs also by additional, cyt-PTPe-independent pathways.
This conclusion is further supported by the observation that
knock-out of PTPe affected the structure and function of OCLs
but not their differentiation. In contrast, reducing GRB2
expression by shRNA or by gene targeting also slowed down
OCL differentiation. This finding is not surprising in light of the
central roles GRB2 plays in many key signaling pathways.

As indicated, C-terminal phosphorylation of RPTPe and cyt-
PTPe is critical for both isoforms to fulfill several of their key
functions. Moreover, several PTPs, such as GLEPP1 and DEP1,
include C-terminal tyrosine residues embedded in sequence
motifs that agree with the consensus for binding the GRB2 SH2

domain. It is therefore possible that C-terminal phosphoryla-
tion followed by GRB2 binding is more widespread than
described here and helps regulate physiological functions of
other PTPs as well.
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