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Interleukin-1 (IL-1) induces extracellular matrix degradation
as a result of increased expression of matrix metalloproteinases
(MMPs). We examined adhesion-restricted signaling pathways
that enable IL-1-induced MMP release in human gingival and
murine fibroblasts. Of the seven MMPs and three tissue inhibi-
tors of MMPs screened, IL-1 enhanced release only of MMP3
when cells formed focal adhesions. Inhibition of protein-tyro-
sine phosphatases (PTPs), which are enriched in focal adhe-
sions, blocked IL-1-induced MMP3 release. Accordingly, in
contrast to wild-type cells, fibroblasts null for PTP� did not
exhibit IL-1-induced MMP3 release. IL-1 treatment enhanced
the recruitment of SHP-2 and PTP� to focal adhesions and the
association of PTP� with SHP-2. Pulldown assays confirmed a
direct interactionbetweenPTP�andSHP-2,whichwasdependent
on the intact, membrane-proximal phosphatase domain of PTP�.
Interactions between SHP-2 and PTP�, recruitment of SHP-2 to
focal adhesions, IL-1-induced ERK activation, andMMP3 expres-
sion were all blocked by point mutations in the phosphatase
domains of PTP�. These data indicate that IL-1-induced signaling
through focal adhesions leading toMMP3 release and interactions
between SHP-2 and PTP� are dependent on the integrity of the
catalytic domains of PTP�.

Reversible phosphorylation of proteins on tyrosine residues
is a pivotal, post-translational modification in many signal
transduction pathways. The extent of these modifications is
determined by the balance between the activities of protein-
tyrosine kinases and phosphatases (1, 2). Whereas protein-
tyrosine kinases are thought to regulate the amplitude of
responses to extracellular signals, protein-tyrosine phospha-
tases (PTPs)2 may determine the rate and duration of these

responses (3). For IL-1 signaling in adherent cells, tyrosine
phosphorylation of focal adhesion proteins such as the focal
adhesion kinase is a critical, rate-limiting process (4). Tyrosine
phosphorylated proteins, such as focal adhesion kinase, paxil-
lin, and Src family kinases, which are enriched in focal adhe-
sions (5), influence the assembly, maturation, and disassembly
of these adhesive structures (6–9) and also impact signaling
through focal adhesions (10).
The dynamic and reversible nature of tyrosine phosphoryla-

tion of focal adhesion proteins suggests an important role for
protein-tyrosine kinases andPTPs in focal adhesion-dependent
signaling (11). There are numerous PTPs in focal adhesions,
and, in particular, SHP-2 is recruited to focal adhesions upon
integrin engagement (12–14). In the absence of SHP-2, the
number of focal adhesions and actin stress fibers increases,
which is associatedwith diminished spreading andmotility (15,
16). Expression of a dominant-negative SHP-2 enhances the
formation of focal adhesions and stress fibers (17). The dynam-
ics of focal adhesion assembly and IL-1-induced signaling path-
ways, including Ca2� release and ERK phosphorylation, are
dependent on phosphorylation of Tyr542 of SHP-2 (12, 18, 19),
which can in turn affect the phosphatase activity of SHP-2 (20).
We recently reported that another PTP, namely PTP�, plays

a prominent role in the regulation of focal adhesions during cell
adhesion, spreading, and motility (21). PTP� is a receptor-like
PTP that can activate Src family kinases (e.g. Src and Fyn) via
dephosphorylation of an inhibitory C-terminal tyrosine residue
(22–27).We have also shown that through its interactions with
Src, PTP� controls IL-1 induced phosphorylation of the inosi-
tol 1,4,5-phosphate receptor and consequently, Ca2� release
(28). Further, PTP� regulates formation of focal adhesions
in response to mechanical force, strengthens connections
between integrins and the cytoskeleton, and modulates
cytoskeletal reorganization in response to integrin ligation
(26, 27). In the absence of PTP�, fibroblasts demonstrated
reduced spreading, increased numbers of abnormal focal
adhesions, decreased tyrosine phosphorylation of focal
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adhesion kinase and p130Cas, and attenuated ERK activa-
tion during adhesion and spreading (24).
Although the individual roles of SHP-2 and PTP� in focal

adhesion-mediated IL-1 signaling have been partially charac-
terized independently of each of these PTPs (12, 21, 28, 29),
whether PTP� and SHP-2 act cooperatively to regulate IL-1
signaling is not known. Consequently we examined the func-
tional importance of the catalytic activity of PTP� in influenc-
ing the interactions between SHP-2 and PTP�, as well as IL-1-
induced signaling that leads to ERK activation and MMP
release.

EXPERIMENTAL PROCEDURES

Materials—Fibronectin, poly-L-lysine, BSA, puromycin,
doxycycline, and mouse monoclonal antibodies to vinculin,
phosphotyrosine (clone PY-20), and �-actin were from Sigma.
Antibodymicroarrays to humanMMPs and tissue inhibitors of
MMPs were purchased from RayBiotech, Inc. (Norcross, GA).
Rabbit polyclonal and mouse monoclonal anti-SHP-2 antibod-
ieswere fromSantaCruz Biotechnology (SantaCruz, CA). Rab-
bit polyclonal antibody directed against the membrane distal
catalytic domain of PTP� and mouse monoclonal anti-Src
(clone GD11) antibody against pp60Src were obtained from
Millipore/Upstate (Lake Placid, NY). Rabbit polyclonal anti-
bodies against phospho-PTP� (Tyr789), phospho-SHP-2
(Tyr542), phospho-MEK1/2, MEK1/2, phospho-ERK1/2 and
ERK1/2 were purchased from Cell Signaling (Beverly, MA).
Mouse monoclonal anti-MMP3 antibody and recombinant
human IL-1� were obtained from R&D Systems (Minneapolis,
MN). Mouse monoclonal antibody against calnexin was
obtained from BD Biosciences (Mississauga, Canada). Goat
anti-�5�1 integrin and mouse anti-GAPDH (clone 6C5) were
bought from Millipore/Chemicon (Temecula, CA). The PTP
inhibitor (bis(4-trifluoromethylsulfon-amidephenyl)-1,4-di-
isopropylbenzene; PTP inhibitor IV), inhibitors of IP3-medi-
atedCa2� release (XestosponginC and 2-APB) andMEK inhib-
itor (U0126) were purchased from Calbiochem. Latrunculin B
was obtained from Invitrogen. FuGENE 6 transfection reagent
and Src and Fyn kinases were purchased from Roche Applied
Science (Indianapolis, IN). Glutathione-Sepharose 4B, throm-
bin protease, GSTrap 4B, GSTrap FF, andHiTrap benzamidine
FF were purchased from GE Healthcare. Purified bovine colla-
gen (PureCol) was purchased from Advanced BioMatrix (San
Diego, CA).
Cell Culture—Human gingival fibroblasts were cultured in

minimal essential medium containing 10% fetal bovine serum.
Rat-2 cells were cultured in Dulbecco’s modified Eagle’s
medium containing 5% fetal bovine serum. All culture media
also contained 0.17% (w/v) penicillin V, 0.01 g/ml amphotericin
B, and 0.1% gentamycin sulfate, unless specified otherwise.
Cells between the 5th and 12th passages were used (19, 29).
Wild-type (PTP��/�) and PTP�-null (PTP��/�) mouse
embryonic fibroblasts were provided by Jan Sap (University of
Copenhagen, Denmark) (24). In some experiments, PTP��/�

mouse embryonic fibroblasts were transfected with wild-type
PTP� (referred to as PTP�Rescue). These cells were propagated
in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum. Genetically modified NIH3T3 fibro-

blasts that express hemagglutinin-tagged wild-type PTP� (des-
ignated as NIH3T3PTP�) and PTP� C433S/C723Smutant (des-
ignated as NIH3T3CCSS; essential cysteine in catalytic site of
both phosphatase domains mutated to serine) under control of
a doxycycline sensitive repressor, were obtained from David
Shalloway (Department of Molecular Biology and Genetics,
Cornell University, Ithaca, NY) and were generated as
described (30). These modified NIH3T3 cells were grown in
Dulbecco’s modified Eagle’s medium containing 5% fetal
bovine serum and 5 ng/ml doxycycline. Prior to experiments
(14–16 h) doxycycline was removed to allow expression of
recombinant PTP�.
Plasmid Constructs and Transient Transfection—Hemagglu-

tinin-tagged wild-type PTP�, PTP� lacking the D2 domain
(PTP��D2), and PTP� lacking the D1 and D2 domains
(PTP��D1/D2) were a kind gift from J. den Hertog (Hubrecht
Laboratory, Netherlands Institute for Developmental Biology,
Utrecht, Netherlands). Cells were seeded in six-well plates at a
density of 1 � 105/well for 24 h before transfection to yield a
30–40% confluent culture on the day of transfection. Transient
transfections were performed using FuGENE 6 transfection
reagent (Roche Applied Science), according to the manufac-
turer’s protocol. Briefly, cellswere incubatedwithDNA-Fugene 6
reagent (1:3) complexes for 5–7 h. Within 48 h after transfec-
tion, cells were subjected to further experiments.
Short Interfering RNA (siRNA)—Specific knockdown of

PTP� expression was achieved by transfecting human gin-
gival fibroblasts with commercially available PTP�-siRNA
(Qiagen, Missisauga, ON) or GFP-siRNA (control) utilizing
X-tremeGENE siRNA transfection reagent (RocheApplied Sci-
ence) following the manufacturer’s protocol, About 24–72 h
after transfection, cells were washed with PBS, and lysates were
collected with SDS lysis buffer to determine the degree of gene
knockdown by Western blotting.
Quantitative Real-time PCR—Total RNA was isolated from

cells using the RNeasy mini kit (Qiagen) following the manu-
facture’s instructions. The integrity of isolated RNA was con-
firmed by an Agilent Bioanalyzer 2100 (Santa Clara, CA) prior
to analysis. Total RNA samples (1 �g) were reverse transcribed
using iScriptTM cDNA synthesis kit (Bio-Rad, Hercules, CA)
according to the manufacturer’s protocol. Real-time quantita-
tive PCR was performed on Bio-Rad’s CFX96 Real-time PCR
system using SsoFastTM EvaGreen� Supermix (Bio-Rad, Her-
cules, CA) with validated mouse GAPDH primers (forward,
5�-CACACCGACCTTCACCATTTT-3�; reverse, 5�-AGAC-
AGCCGCATCTTCTTGT-3�) andmouseMMP3primers (for-
ward, 5�-TGGAACAGTCTTGGCTCATGCCTA-3�; reverse,
5�-TGAGAGAGATGGAAACGGGACAAGT-3�). Relative
quantification was done using the ��Ct method, in which the
target gene (MMP3) was normalized to a reference gene
(GAPDH), and the fold differences were calculated relative to the
nontreatment controls of the NIH3T3CCSS or PTP��/� cells.
Fluorescence Microscopy—Chamber slides (Lab-Tek) were

coated with poly-L-lysine (100 �g/ml in PBS) and fibronectin-
or BSA-coated latex microbeads. Cells were plated for 3–4 h at
37 °C. Prior to immunostaining, cells were stimulated with IL-1
(20 ng/ml for 20min), fixedwith 3.7%paraformaldehyde in PBS
for 10 min, permeabilized with 0.2% Triton X-100 in PBS for 5
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min, and blocked with 0.2% BSA in PBS for 15 min at room
temperature. Staining was performed with rabbit SHP-2 anti-
body (1:100 in PBS with 1% BSA) for 1 h at room temperature.
Slides were washed with PBS, incubated with goat anti-rabbit
fluorescein isothiocyanate-conjugated antibody or goat anti-
mouse Texas Red conjugate antibody for 1 h, washed, sealed
with coverslips, and viewed by total internal reflection or fluo-
rescence microscopy.
Isolation of Focal Adhesions—Cells were grown to 80–90%

confluence on 60 mm tissue culture dishes and were cooled to
4 °C prior to the addition of collagen or BSA-coated magnetite
beads. Focal adhesion-associated proteins were isolated from
cells after specific incubation time periods as described (29, 31).
In brief, cells were washed three times with ice-cold PBS to

remove unbound beads and scraped
into ice-cold cytoskeleton extrac-
tion buffer (CKSB: 0.5% Triton
X-100, 50 mM NaCl, 300 mM

sucrose, 3 mM MgCl2, 20 �g/ml
aprotinin, 1 �g/ml leupeptin, 1
�g/ml pepstatin, 1mMphenylmeth-
ylsulfonyl fluoride, 10 mM PIPES,
pH 6.8). The cell bead suspension
was sonicated, and beads were iso-
lated from the lysate using a mag-
netic separator. The remainder of
the lysates was used to assess the
nonfocal adhesion fraction of cells.
Beads were resuspended in fresh
ice-cold CKSB, homogenized with a
Dounce homogenizer (20 strokes),
and reisolated magnetically. The
beads were washed in CSKB, sedi-
mented, resuspended in Laemmli
sample buffer, and boiled for 3–5
min to allow collagen-associated
complexes to dissociate from the
beads. The beads were sedimented,
and lysates were collected for
analysis.
Immunoblotting and Immuno-

precipitation—The protein concen-
trations of cell lysates were deter-
mined by Bradford assay. Equal
amounts of protein were loaded
onto 8–10% SDS-polyacrylamide
gels, resolved by electrophoresis
and transferred to nitrocellulose
membranes. Membranes were
blocked for 1 h at room temperature
in Tris-buffered saline solution with
0.1% Tween 20 and 5% milk or 0.2%
BSA. Membranes were incubated
with primary antibodies overnight
at 4 °C in Tris-buffered saline with
0.1% Tween 20 and 5% milk or 0.2%
BSA. Horseradish peroxidase-la-
beled secondary antibodies were

incubated for 1 h at room temperature in Tris-buffered saline
with 0.1% Tween 20. Labeled proteins were visualized by
chemiluminescence as per the manufacturer’s instructions
(Amersham Biosciences).
For immunoprecipitations, cells were lysed in radioimmune

precipitation assay buffer (50 mM HEPES, pH 7.4, 1% deoxy-
cholate, 1% Triton X-100, 0.1% SDS, 150 mM NaCl, 1 mM

EDTA, 1 mM Na3VO4) containing 1 mM phenylmethylsulfonyl
fluoride, 10 �g/ml leupeptin, and 10 �g/ml aprotinin. Equal
amounts of protein from cleared extracts were immunoprecipi-
tated and immunoblotted with standard procedures.
GST Pulldown Experiments—GST conjugated full cytoplas-

mic domain, GST-cPTP� (residues 167–793), GST-PTP�D1
(residues 167–503, domain 1) and GST-PTP�D2 (residues

FIGURE 1. IL-1-induced MMP3 expression depends on the ERK-mediated pathway. A, human gingival
fibroblasts were plated on fibronectin (FN) or poly-L-lysine (PL) and treated with vehicle or IL-1 (40 ng/ml)
overnight. Cell lysates were immunoblotted (WB) for MEK or phospho-MEK. B–E, human gingival fibroblasts
grown on fibronectin were pretreated with vehicle (B and C) or MEK inhibitor, U0126 (30 �M; 30 min; D and E),
which blocks ERK activation, and were stimulated with vehicle (B and D) or with IL-1 (40 ng/ml; C and E)
overnight. Conditioned media were screened with human MMP/TIMP antibody arrays. Negative (Neg) and
positive (Pos) controls were also screened.
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504–793, domain 2) were kindly provided by J. den Hertog.
Fibroblasts were scraped and lysed for 10 min on ice in radio-
immune precipitation assay buffer. The lysed cells were centri-
fuged at 900 � g for 3 min to remove insoluble debris. Super-
natants were removed and stored at �80 °C until use. Cell
lysates were precleared with 50 �l of 50% slurry of glutathione-
Sepharose 4B (1� PBS) and 25 �g of GST for 2 h at 4 °C. The
Sepharose matrix was removed by centrifugation at 500 � g for
5 min, and supernatants were subsequently incubated with 50
�l of glutathione-Sepharose 4B, 5 �g of GST protein in PBS �

1% Triton X-100 with gentle agita-
tion at room temperature for 30
min. The matrix was recovered by
centrifugation at 500 � g for 5 min.
The glutathione Sepharose 4B pellet
was washed 4 times with PBS. GST
proteins were eluted from the gluta-
thione-Sepharose 4B matrix by incu-
bating twice with 50 �l of elution
buffer (10mM reduced glutathione in
50mMTris-HCl, pH8.0) for 10minat
room temperature and isolated by
centrifugation at 500 � g for 5 min
and pooling the supernatants. The
samples were boiled for 5 min and
analyzed by immunoblotting.
In Vitro Phosphorylation—For in

vitro phosphorylation, bacterially
expressed purified SHP-2 was incu-
bated for 10 min at room tempera-
ture in 20 �l of kinase buffer (25mM

HEPES, pH 7.1, 10 mM MgCl2, 5
mM MnCl2, 0.5 mM EGTA, 1 mM

Na3VO4, 1 mM dithiothreitol, 100
�M Mg-ATP) with or without 5
units of active Src. The reaction
products were then incubated with
GST-cPTP� in buffer (50mMTris, 1
mM EDTA, pH 6.8) for 30 min at
37 °C. The GST pulldown assay was
performed, and bound proteins
were eluted and immunoblotted
using antibodies against phospho-
tyrosine and SHP-2.
Experimental Design and Anal-

ysis—All experiments were re-
peated at least three times on differ-
ent days using different batches of
cells. Data shown are representative
examples of these experiments. For
numerical data, means and S.E.
were calculated and, where appro-
priate, Student’s t test was per-
formed. Statistical significance was
set at p � 0.05.

RESULTS

PTPs in IL-1 Signaling—IL-1
induces focal adhesion-restricted ERK phosphorylation and
Ca2� signaling in fibroblasts (4, 12, 19, 29, 32, 33), but it is
unknownwhether these signals selectively lead to expression of
matrix-destructive genes. We examined this possibility by first
ensuring that under the experimental conditions used here,
IL-1 induction of MEK phosphorylation was dependent on
focal adhesions.Human gingival fibroblasts, which express IL-1
receptors at high levels (34), were plated on fibronectin (a con-
dition that facilitates focal adhesion formation) or on poly-L-
lysine (no focal adhesion formation) and were treated for 45

FIGURE 2. MMP3 release depends on protein-tyrosine phosphatase activity. A–D, human MMP arrays were
used to screen-conditioned media collected from human gingival fibroblasts grown on fibronectin, treated
with vehicle control (A and B), or PTP inhibitor IV (10 �M; 4 h; C and D), and stimulated with vehicle (A and C) or
IL-1 (40 ng/ml; 4 h; B and D). Negative (Neg) and positive (Pos) controls were also screened. E, human gingival
fibroblasts (HGF) were transfected with GFP-siRNA (control-siRNA) or with PTP�-siRNA, plated on fibronectin-
coated dishes and treated with or without IL-1 (40 ng/ml overnight). Cell-conditioned media were concen-
trated 10 times, separated on SDS-PAGE, and immunoblotted for MMP3. Right panel shows effectiveness of
PTP� knockdown in human gingival fibroblasts using GFP-siRNA as control or PTP�-siRNA. F, whole cell lysates
prepared from similarly transfected human gingival fibroblasts, which were plated on fibronectin and stimu-
lated with vehicle or IL-1 (20 ng/ml; 30 min) were immunoblotted for phospho-ERK and ERK.
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min with vehicle alone or with IL-1. Under these conditions,
MEK phosphorylation in response to IL-1 required focal adhe-
sions (Fig. 1A). In four separate experiments, we screened for
human matrix metalloproteinases using antibody arrays
(RayBiotech; catalog no. AAH-MMP-1) in conditioned
media obtained from control or IL-1-treated human gingival
fibroblasts, which had been plated previously on fibronectin
to enable focal adhesion formation. The cell culture medium
was examined undiluted for expression of MMPs and TIMPs
following the manufacturer’s instructions. IL-1 markedly
and selectively increased MMP3 released into the medium;
the other MMPs and TIMPs in the array were not detectably
affected (Fig. 1, B and C). Duplicate experiments in which
cells were pretreated with the MEK inhibitor U1026 (30 �M)
(35) followed by overnight treatment with or without IL-1,
indicated that MMP3 release in response to IL-1 is depend-
ent on the MEK/ERK pathway (Fig. 1, D and E), which is
consistent with earlier data showing that IL-1 induces ERK
activation (32).

Several tyrosine phosphorylated
proteins are crucial for the develop-
ment and remodeling of focal adhe-
sions (7, 8, 36), which, in turn are
required for IL-1 signaling in fibro-
blasts (32) and chondrocytes (33).
The dynamic nature of tyrosine
phosphorylation of focal adhesion
proteins, the requirement for focal
adhesions in IL-1 signaling (4), and
our previous demonstration of a
requirement for the protein-tyro-
sine phosphatase SHP-2 in IL-1 sig-
naling to ERK (12) led us to examine
the role of protein-tyrosine phos-
phatases in IL-1-induced MMP3
release. Human gingival fibroblasts
were treated with IL-1 or vehicle in
the presence or absence of the PTP
inhibitor IV (10 �M; 4 h). This time
period was the minimum duration
required for detection of MMPs
released into the culture medium;
longer treatments (�8 h) were asso-
ciated with apoptosis (data not
shown). In two separate experi-
ments using cells from different
passages, MMP3 secretion after
IL-1 treatment was blocked by inhi-
bition of PTPs (Fig. 2,A–D), indicat-
ing that the catalytic activities of
PTPs are important for focal adhe-
sion-dependent, IL-1-induced sig-
naling and MMP3 release. We pur-
sued this idea by examining another
PTP as a test of the specificity of
IL-1-induced ERK activation and
MMP3 release. PTP� was studied
because of its central role in IL-1

signaling through focal adhesions (28). Human gingival fibro-
blasts were transfected with control siRNA (green fluorescent
protein) or siRNA specific for PTP�. Following knockdown,
cells were incubated with or without IL-1. Control cells exhib-
ited marked phosphorylation of ERK and MMP3 release in
response to IL-1, whereas cells with PTP� knockdown
exhibited no ERK activation (Fig. 2E) or MMP3 release
(Fig. 2F).
Accumulation of SHP-2 in Focal Adhesions Requires PTP�—

Among the numerous PTPs in focal adhesions, PTP� and
SHP-2 have been shown, independent of one another, to be
crucial for the assembly of, and the signaling through, focal
adhesions (12, 18, 21, 22, 26, 37). First, we determined whether
IL-1 affected the abundance of PTP� and SHP-2 in focal adhe-
sions. Cells were incubated with collagen-coated magnetite
beads andmagnetically separated bead-associated proteins (31)
were immunoblotted for PTP�, SHP-2, and vinculin (a focal
adhesion protein) (Fig. 3A) (29). IL-1 enhanced PTP�, SHP-2,
and vinculin abundance in the bead preparations. Consistent

FIGURE 3. IL-1 induces recruitment of SHP-2 to focal adhesion and endoplasmic reticulum and colocal-
ization of SHP-2 with PTP� in focal adhesions. A, cells were incubated with collagen-coated magnetite
beads for 30 min at 37 °C to induce focal adhesion formation and treated with vehicle or IL-1 (20 ng/ml at 37 °C
for 30 min). Focal adhesion (FA) preparations and nonfocal adhesion fractions were isolated as described under
“Experimental Procedures.” Equivalent amounts of whole cell lysates, focal adhesion-associated proteins, and
nonfocal adhesion proteins were separated on SDS-polyacrylamide gels and immunoblotted for vinculin,
PTP�, SHP-2, and GAPDH. Focal adhesion proteins were probed for �5�1 integrin as a loading control. Numeric
values below focal adhesion proteins indicate the density ratios relative to the corresponding integrin �5�1
levels in the presence or absence of IL-1. B, Rat2 cells were grown on poly-L-lysine (PL)-coated coverslips
previously incubated with fibronectin (FN) or BSA-coated microbeads for 3– 4 h. After stimulation with IL-1 or
vehicle, cells were coimmunostained for PTP� and SHP-2 and viewed by fluorescence microscopy. DIC, differ-
ential interference contrast.
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with these data, by immunofluorescence, we found that in cells
plated on fibronectin-coated beads (but not bovine serum albu-
min-coated beads), SHP-2 colocalizedwith PTP� in focal adhe-
sions after IL-1 treatment of 30 min (Fig. 3B).
Wedeterminedwhether the recruitment of SHP-2 andPTP�

to focal adhesions in response to IL-1 was dependent on PTP�.
IL-1 treatment enhanced the accumulation of SHP-2 and
PTP� in focal adhesion fractions isolated from PTP�-null cells
reconstituted with wild-type PTP� (designated as PTP�Rescue;
Fig. 4A) or in modified NIH 3T3 cells that overexpressed wild-
type PTP� (designated NIH3T3PTP�; Fig. 4B).
By contrast, in PTP�-null cells (PTP��/�), IL-1-induced

SHP-2 recruitment to focal adhesion fractionswas�3-fold less.
SHP-2 recruitment was dependent on the catalytic activity of
PTP� because this process was also reduced by �2-fold in
NIH3T3 cells overexpressing a catalytically inert PTP� mutant
(C433S/C723S; referred to as NIH3T3CCSS; Fig. 4B) function-
ing here as a dominant-negative.
By contrast, in the absence of PTP� (in PTP�-null cells,

PTP��/�) or when the catalytic activity of PTP� was absent (in
dominant-negative NIH3T3 cells overexpressing a catalytically
inert PTP� mutant C433S/C723S, NIH3T3CCSS), IL-1-induced
SHP-2 recruitment to focal adhesion fractions was reduced by
�2- or 3-fold, respectively (Fig. 4B).
Associations between PTP� and SHP-2—We considered

whether PTP� and SHP-2 may associate with each other in
focal adhesions in human gingival fibroblasts. Accordingly,
cells were incubated with collagen-coated beads and treated
with IL-1, and the bead-associated proteins were solubilized
and immunoprecipitated with SHP-2 antibody. When the
SHP-2 immunoprecipitates were blotted for PTP�, there was a

time-dependent enhancement of the association between
PTP� and SHP-2 (Fig. 5A), which was blocked in cells pre-
treated with latrunculin B (1 �M; 15 min) to prevent the forma-
tion of focal adhesions (38).
We examined the requirement for catalytically active PTP�

for the association between PTP� and SHP-2. NIH3T3PTP�

(Fig. 5B) or NIH3T3CCSS (Fig. 5C) cells were treated with vehi-
cle or IL-1. PTP� was immunoprecipitated from whole cell
lysates and focal adhesion preparations, and the immunopre-
cipitates were immunoblotted for SHP-2 and PTP�. The
association between SHP-2 and PTP� was dependent on the
catalytic activity of PTP� because in cells expressing the cat-
alytically defective PTP� (C433S/C723S mutant), SHP-2
did not coprecipitate with PTP�, even after IL-1 treatment
(Fig. 5C).

FIGURE 4. Functional PTP� is required for IL-1 induced SHP-2 accumula-
tion in focal adhesions. A, PTP�-null cells transfected with or without wild-
type PTP� (PTP�Rescue or PTP��/�, respectively) treated with IL-1 (20 ng/ml)
or vehicle control for 30 min at 37 °C. Focal adhesion (FA)-associated proteins
and whole cell lysates were prepared, separated by SDS-polyacrylamide gels,
and immunoblotted (WB) for PTP�, SHP-2, and �5�1 integrin. B, same exper-
iment as in A, repeated using NIH3T3 cells overexpressing either wild-type
PTP� (NIH3T3PTP�) or catalytically inert mutant, CCSS (NIH3T3CCSS).

FIGURE 5. IL-1 induced association between PTP� and SHP-2 requires
intact phosphatase domains of PTP�. A, SHP-2 immunoprecipitates were
prepared from focal adhesion (FA)-associated proteins derived from human
gingival fibroblasts that had been treated with IL-1 for indicated times. Immu-
noprecipitates (IP) were immunoblotted (WB) for SHP-2 and PTP�. For Lat B
sample, cells were pretreated with latrunculin B (1 �M) for 15 min prior to IL-1
treatment to dissipate focal adhesions. B and C, PTP� was purified by immu-
noprecipitation (IP) from whole cell lysates (WCL) and focal adhesion frac-
tions, prepared from genetically modified NIH3T3 cells lines expressing either
wild-type PTP� (NIH3T3PTP�; B) or catalytically inert PTP� (NIH3T3CCSS; C) that
were stimulated with IL-1 (20 ng/ml) or vehicle for 30 min at 37 °C. PTP�
immunoprecipitates were immunoblotted for PTP�, SHP-2, and GAPDH.
GAPDH was used to assess the purity of the immunoprecipitates.
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Potential associations between SHP-2 and PTP� were
examined in pulldown assays using purified, GST-tagged
PTP� proteins. These bacterially expressed mutant proteins
included either the entire cytosolic domain (GST-cPTP�) or
the catalytic domain D1 alone (GST-PTP�D1) or D2 alone
(GST-PTP�D2). The bead-bound proteins were incubated
with focal adhesion preparations that had been prepared
from cells expressing wild-type SHP-2. The PTP�-associ-
ated proteins were isolated and immunoblotted for SHP-2
(Fig. 6A; left panel) after loading equal amounts of proteins.
Equal loading was assessed by BCA protein assay, as indi-
cated by the immunoblots for PTP� and GST. We note that
the PTP� antibody used here was directed against the mem-
brane distal catalytic (D2) domain; thus, it failed to recognize
the GST-PTP�D1 in the immunoblots of the GST pulldown
assay (Fig. 6, A, left panel, and C). The data from these exper-
iments demonstrated that SHP-2 in focal adhesion prepara-

tions bound to the cytosolic
domain of PTP� and in particular
with the D1 catalytic domain of
PTP�.

Previously, we have reported that
interactions between PTP� and
the Ca2� release channel IP3R1,
required the membrane proximal
domain (D1) of PTP� (28). In con-
trast, the membrane distal domain
has been implicated in interac-
tions between PTP� and other
receptor phosphatases (39). How-
ever, the associations between Fyn
(a Src family kinase) and PTP� is
apparently independent of the cat-
alytic activity of PTP� (40). Hence,
we examined the interactions
between PTP� and c-Src in genet-
ically modified NIH3T3 cell lines
expressing either wild-type PTP�
(NIH3T3PTP�) or phosphatase-
dead mutant PTP� (NIH3T3CCSS)
to determine whether or not cata-
lytic activity was required for their
interaction (Fig. 6A, right panel).

We performed the converse
experiments using purified GST-
SHP-2 (wild-type) or GST beads
that were incubated with cell lysates
from NIH3T3 cells overexpress-
ing either the PTP� wild-type
(NIH3T3PTP�) or catalytically inert
CCSS mutant (NIH3T3CCSS). When
theGST-SHP-2-associated proteins
were immunoblotted for PTP�, we
noted that SHP-2 associated with
PTP� only in cells expressing wild-
type PTP� (Fig. 6B).
The experiments described above

used cell lysates to examine poten-
tial associations between SHP-2 and PTP�. These experiments
preclude the ability to assess direct interactions between these
proteins and complicate the interpretation of data because of
the possibility ofmultiple interacting proteins. Accordingly, the
various PTP� domain constructs (cPTP�, cytosolic; PTP�D1,
catalytic domain D1 only; PTP�D2, catalytic domain D2 only)
conjugated to GST were incubated in a cell-free system with
bacterially expressed SHP-2 and GST-associated proteins were
immunoblotted for SHP-2. These data showed that purified
SHP-2 interacted with the whole cytosolic domain of PTP� as
well as theD1 catalytic domain but barelywith catalytic domain
D2 (Fig. 6C).
Functional Regulation of SHP-2 by PTP�—The requirement

for the D1 catalytic domain of PTP� to mediate interactions
with SHP-2 suggested that SHP-2 may be dephosphorylated by
PTP� and that this process in turn may affect their interaction.
We examined this possibility using c-Src kinase to phosphory-

FIGURE 6. Pulldown assays of PTP� and SHP-2. A, left panel, association between PTP� and SHP-2 was
assessed by pulldown assays using glutathione-Sepharose bead-bound bacterial fusion proteins: GST-cPTP�,
GST-PTP� D1, and GST-PTP� D2 or GST control. GST proteins were incubated with focal adhesion (FA) fractions
prepared from PTP�Rescue cells, PTP�-null cells transfected with wild-type PTP�. Proteins bound to beads were
immunoblotted (WB) for SHP-2, PTP�, and GST. Right panel, PTP� was immunoprecipated (IP) from NIH3T3 cell
lines that have been genetically modified to express wild-type PTP� (NIH3T3PTP�) or catalytically inert PTP�
(NIH3T3CCSS) and immunoblotted for SHP-2 and PTP�. B, glutathione-Sepharose bead-bound bacterial GST-
SHP-2 wild-type fusion protein or bead-bound GST alone were incubated with lysates of genetically modified
NIH3T3 cells lines that express wild-type PTP� (NIH3T3PTP�) or double mutant PTP� (NIH3T3CCSS). The bead-
bound materials were analyzed by immunoblotting for PTP�. C, glutathione-Sepharose bead-bound bacterial
GST-cPTP�, GST-PTP� D1, and GST-PTP� D2 fusion proteins or GST control were incubated with purified SHP-2
by removal of GST tag by enzymatic cleavage from GST-SHP-2 bacterial fusion protein. The bead-associated
proteins were analyzed by immunoblotting for SHP-2, PTP�, and GST. As controls, GST-SHP-2, purified SHP-2,
and whole cell lysates were probed with antibodies to SHP-2.
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late purified SHP-2 in vitro. GST-bound, cytosolic PTP� was
incubated with phosphorylated SHP-2 to assess PTP�–
mediated dephosphorylation of SHP-2. Immunoblotting of
phosphotyrosine residues of SHP-2 bound to beads showed
that the presence of cPTP� in the in vitro reactions resulted in

loss of SHP-2 phosphorylation
mediated by c-Src (Fig. 7A, left
panel). In addition, we found that in
the absence of PTP� or its phospha-
tase activity, there was a slight
increase in SHP-2 phosphorylation
at tyrosine 542 (the residue phos-
phorylated with IL-1 treatment;
(12); Fig. 7A, middle and right pan-
els). Next, we examined how the
phosphorylation status of SHP-2
(catalyzed by Src) influenced its
interaction with PTP�, by incubat-
ing purified SHP-2 with the previ-
ously described GST-PTP� mutant
proteins bound to beads. Prior to
incubation SHP-2 was phosphoryl-
ated in vitro by c-Src kinase or with
kinase buffer alone. In the absence
of c-Src-induced phosphorylation
of SHP-2, cPTP�, and the catalytic
domain D1 of PTP� bound to

SHP-2, but there was no binding of SHP-2 to the catalytic
domain D2 of PTP�. In contrast, when SHP-2 was phosphor-
ylated by c-Src kinase, cPTP� interactions were reduced, and
binding to PTP�D1was undetectable (Fig. 7B). These data indi-
cated that the catalytic domain 1 of PTP� is important for inter-
actions with SHP-2 and that this interaction may be regulated
by the phosphorylation status of SHP-2, which, in turn, is
dependent on the catalytic activity of PTP�.
Phosphatase Activity of PTP� Is Important for IL-1-induced

ERK Activation and MMP3 Release—We examined IL-1-in-
duced ERK activation and MMP3 release in NIH3T3 cells
expressing wild-type PTP� (NIH3T3PTP�) or cells expressing
the catalytically inert PTP� mutant (NIH3T3CCSS), which does
not permit interactions of PTP� with SHP-2. In contrast to
wild-type cells, NIH3T3CCSS cells did not exhibit ERK activa-
tion or MMP3 release in response to IL-1 (Fig. 8A). We ascer-
tained whether PTP� regulated transcription of MMP3 in
response to IL-1. NIH3T3 cells and PTP�-null and rescue cells
were treated with IL-1 and mRNA levels were measured by
quantitative real-time-PCR following reverse transcription.
These data showed that in the presence of catalytically active
PTP�, there were 4–5-fold increases of MMP3 mRNA after
IL-1 treatment compared with vehicle controls (p � 0.01).
MMP3 mRNA was detected at very low levels in those cells
expressing the catalytically inert PTP� mutant (NIH3T3CCSS)
or in cells that were null for PTP� (Fig. 8B).

DISCUSSION

IL-1-induced expression and release of MMPs is a crucial
factor in the pathogenesis of rheumatoid arthritis (41), peri-
odontal diseases (42), postmyocardial infarction remodeling
(43), and in the remodeling of normal human endometrium
(44). Furthermore, PTP� is important in cellular transforma-
tion (45). In view of the data described here showing that PTP�
regulates MMP3 expression, there is a potential role of PTP�

FIGURE 7. Functional interaction between PTP� and SHP-2. A, left panel, in vitro tyrosine phosphorylation
was analyzed by first incubating bacterially expressed and purified SHP-2 in the presence or absence of active
Src and then with GST-cPTP�. Materials bound by the GST pulldown assay were immunoblotted (WB) for SHP-2
and phosphotyrosine (pTyr) residues. Middle and right panels, SHP-2 phosphorylation was examined by immu-
noblotting for phosphotyrosine 542 of SHP-2 in the absence of PTP� in wild-type and null cells (middle panel)
as well as in the absence of phosphatase activity of PTP� in cells that overexpress wild-type or catalytically inert
mutant (right panel). B, bacterially expressed SHP-2 was purified and either prephosphorylated by c-Src or not
and incubated with GST-PTP� domain constructs (cPTP�, cytoplasmic; D1, catalytic domain D1 only; D2, cata-
lytic domain D2 only) in buffer (50 mM Tris, 1 mM EDTA, pH 6.8) for 30 min at 37 °C. Proteins eluted by GST
pulldown assay were immunoblotted for SHP-2. Equal loading was assessed by GST immunoblots.

FIGURE 8. MMP3 expression requires intact catalytic domains of PTP�.
A, genetically modified NIH3T3 cells lines expressing wild-type PTP�
(NIH3T3PTP�) or C433S/C723S double mutant (NIH3T3CCSS) were plated on
fibronectin and treated with or without IL-1 (40 ng/ml; overnight). Condi-
tioned media were collected, concentrated 10 times, separated by SDS-PAGE,
and immunoblotted (WB) for MMP3. Whole cell lysates prepared from same
experiment were immunoblotted for GAPDH (upper panels). Whole cell
lysates derived from cells stimulated with vehicle or IL-1 (20 ng/ml; 30 min)
were immunoblotted for phospho-ERK and ERK (lower panels). B, same cells in
A, as well as PTP�-null cells and PTP�-null cells transfected with wild-type
PTP� vector were treated with or without IL-1 (40 ng/ml; 2 h) and analyzed by
quantitative RT-PCR as described under “Experimental Procedures.” Data are
mean 	 S.E. of fold differences relative to the nontreated controls of PTP��/�

or NIH3T3CCSS in MMP3 mRNA levels normalized to GAPDH mRNA levels.

PTP� and IL-1-induced Cell Signals

JULY 16, 2010 • VOLUME 285 • NUMBER 29 JOURNAL OF BIOLOGICAL CHEMISTRY 22315



and its interactions with SHP-2 in oncogenesis as well as in the
regulation of inflammatory lesions.
Here, we screened a limited number of MMPs and TIMPs

and found that IL-1 stimulation of human gingival fibroblasts
appears to selectively promote expression ofMMP3. AsMMP3
expression in response to IL-1 is mediated in part by the ERK
mitogen-activated protein kinases (46), and as IL-1-induced
ERK signaling is critical for expression of AP-1 transcription
factors (32), which are important forMMP3 expression (47), we
examined how PTPs may be involved in this signaling system.
Previously, we described a role for PTP� (28) and for SHP-2 (12,
29) in IL-1 signaling and demonstrated the significance of
PTP� in focal adhesion maturation (21). Our major findings
here are that interactions between SHP-2 and PTP� and IL-1-
induced MMP3 release are dependent on the integrity of the
catalytic domains of PTP�. The interactions betweenPTP� and
SHP-2 required the membrane proximal domain of PTP� (D1)
andmay be important for targeting of SHP-2 and PTP� to focal
adhesions, which is an important requirement for IL-1-induced
signaling in fibroblasts (28, 29).
SHP-2 and PTP� are both classical phosphotyrosine-specific

phosphatases, but the former is a cytosolic PTP, and the latter is
a receptor-like PTP (48–51). In general, the receptor-like PTPs
exhibit a variable extracellular domain, a transmembrane
domain, and a cytosolic domain containing one or two catalytic
domains, only one of which is usually catalytically active (20). In
contrast, the soluble intracellular PTPs, including SHP-2, often
exhibit a multidomain structure containing a conserved cata-
lytic domain and additional regulatory or targeting/binding
modules such as SH2, PDZ, FERM (F ezrin-radixin-moesin
homology), or proline-rich domains. We found that the mem-
brane proximal phosphatase domain of PTP�, in addition to
being essential for catalysis, provides a potential interaction site
for SHP-2. As indicated by our data, dephosphorylated SHP-2
may interact more avidly with PTP� than phosphorylated
SHP-2, suggesting that the catalytic site of PTP� may not be
limited to mediating catalytic activity but may also influence
protein-protein interactions. Because SHP-2 does not contain
focal adhesion or membrane-targeting domains, the localiza-
tion of PTP� to cell membranes, its enrichment in focal adhe-
sions (25) and its binding to SHP-2 may enable the targeting of
SHP-2 to focal adhesions, which is enhanced by IL-1 stimula-
tion (12). Previous data have shown that in substrate-depen-
dent cells, focal adhesions are essential for IL-1-induced ERK
activation and calcium release (4, 32) and that SHP-2 in focal
adhesions is required for the generation of these downstream
signals (12, 29). Therefore, PTP� may provide essential focal
adhesion-dependent anchorage motifs for PTPs such as SHP-2
that are essential for IL-1 signaling through focal adhesions.
Our data on the importance of the integrity of the catalytic

domain of PTP� to permit interactionwith SHP-2 indicate that
the membrane proximal catalytic domain of PTP�, in addition
to mediating phosphatase activity, may provide opportunities
for protein-protein interactions. These interactions are evi-
dently regulated by the phosphorylation status of SHP-2 as
phosphorylated (and purified) SHP-2 has less affinity for PTP�
compared with the nonphosphorylated SHP-2. Conceivably,
IL-1-induced dephosphorylation of SHP-2 by PTP� augments

interactions between these two proteins, which, in turn,
enhance the localization of SHP-2 to focal adhesions (12),
where it is required for signal transduction leading to ERK acti-
vation. Previously, interactions between phosphatase domains
within the samePTP�molecule have been considered to be one
system for regulation of phosphatase activity (3). In this inter-
action, the inhibitory helix-turn-helix wedge motif from one
domain occludes the active site of the partner domain (52).
Conceivably, reciprocal occlusion of the active sites might
dampen catalytic activity. The novelty of our report is that the
catalytic domains of PTP� may also provide docking sites for
other PTPs, like SHP-2, which then provide appropriate intra-
cellular localization to focal adhesions and evidently affect the
phosphorylation status of these proteins.
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47. Mauviel, A., Kähäri, V. M., Kurkinen, M., Evans, C. H., and Uitto, J. (1992)

Journal of cellular biochemistry 50, 53–61
48. Tonks, N. K. (2005) Cell 121, 667–670
49. Alonso, A., Sasin, J., Bottini, N., Friedberg, I., Friedberg, I., Osterman, A.,

Godzik, A., Hunter, T., Dixon, J., and Mustelin, T. (2004) Cell 117,
699–711

50. Jones, M. L., and Poole, A. W. (2004)Methods Mol. Biol. 273, 169–178
51. Tsui, H. W., Siminovitch, K. A., de Souza, L., and Tsui, F. W. (1993) Nat.

Genet. 4, 124–129
52. Bilwes, A.M., denHertog, J., Hunter, T., andNoel, J. P. (1996)Nature 382,

555–559

PTP� and IL-1-induced Cell Signals

JULY 16, 2010 • VOLUME 285 • NUMBER 29 JOURNAL OF BIOLOGICAL CHEMISTRY 22317


