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Abstract
We have previously reported that tissue inhibitor of metalloproteinases-2 (TIMP-2), an endogenous
inhibitor of matrix metalloproteinase, modulates angiogenic responses through the MMP inhibition-
independent activity. In this study, we investigate the molecular mechanisms of TIMP-2-mediated
growth inhibition in response to fibroblast growth factor-2 (FGF-2). Pretreatment with a protein
tyrosine phosphatase inhibitor orthovanadate or expression of a dominant negative Shp-1 mutant
fails to induce TIMP-2 inactivation of FGF-2 signaling pathways in human microvascular endothelial
cells. We also show that TIMP-2 inhibition of FGF-2-induced p42/44MAPK activation and cell
proliferation is associated with TIMP-2 binding to integrin α3β1 on endothelial cell surfaces, as
demonstrated by use of anti-integrin α3 or β1 blocking antibodies, or disruption of integrin α3
experssion by siRNA.

Collectively, our results indicate that TIMP-2 inhibits FGF-2 signaling pathways through association
with integrin α3β1 and Shp-1-dependent inhibition of p42/44MAPK signaling, which in turn, results
in suppression of FGF-2-stimulated endothelial cell mitogenesis.
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Introduction
Angiogenesis, the development of new blood capillaries from the pre-existing vessels, is
important for a variety of processes such as embryonic development, wound healing, and organ
repair, and also contributes to various pathological processes including primary tumor growth,
and initial progression from a pre-malignant tumor into an invasive cancer, as well as a variety
of chronic inflammatory diseases (Carmeliet, 2005; Ferrara and Kerbel, 2005; Folkman,
2006). A growing list of growth factors and cytokines are commonly associated with a series
of cellular events leading to endothelial cell proliferation during these angiogenic responses.
The angiogenic response to these factors is efficiently controlled directly by a variety of
endogenous angiogenesis inhibitors such as angiostatin, endostatin, tumstatin or
thrombospondin. Alternatively the anti-angiogenic activity of some agents is indirect in that
they block the action of mitogen-associated receptor on endothelial cells or production of pro-
angiogenic proteins. The balance of matrix metalloproteinases (MMPs) and endogenous tissue
inhibitors of metalloproteinases (TIMPs) activities plays a pivotal role in these angiogenic
processes by altering biological functions of extracellular matrix (ECM) macromolecules
through specific proteolysis and/or release of membrane- or matrix-anchored pro-angiogenic
growth factors (Sternlicht and Werb, 2001; Stetler-Stevenson, 1999).

Many investigations demonstrate that TIMPs can inhibit cellular proliferation, invasion, and
metastasis through inhibition of MMP activity (Baker et al., 2002; Sternlicht and Werb,
2001). In addition to their MMP-inhibitory activity, several laboratories propose that TIMPs
also function to directly modulate cell fate through MMP-independent mechanisms (Corcoran
and Stetler-Stevenson, 1995; Fernandez et al., 2003; Guedez et al., 1998; Hoegy et al., 2001;
Oh et al., 2004; Perez-Martinez and Jaworski, 2005; Qi et al., 2003; Seo et al., 2003; Seo et
al., 2006; Wingfield et al., 1999).

In previous studies, we have reported that TIMP-2 suppresses the effects of mitogenic growth
factors such as fibroblast growth factor-2 (FGF-2), vascular endothelial growth factor-A
(VEGF-A), platelet derived growth factor (PDGF), or epidermal growth factor (EGF)-induced
cell proliferation in vitro as well as angiogenesis in vivo (Hoegy et al., 2001; Seo et al., 2003;
Wingfield et al., 1999). TIMP-2 ligation of integrin α3β1 and subsequent induction of SH2-
containing protein tyrosine phosphatase-1 (PTP Shp-1) activity mediates TIMP-2 anti-
angiogenic activity, and this effect is entirely independent of anti-MMP activity, as
demonstrated by the use of Ala+TIMP-2, a form of TIMP-2 that is essentially devoid of MMP-
inhibitory activity (Oh et al., 2004; Seo et al., 2003; Seo et al., 2006). However, details of the
cellular signaling mechanisms involving TIMP-2 regulation of cell proliferation are
incompletely understood.

Intracellular signaling pathways that involve receptor tyrosine kinases (RTKs) play an
important role in the control of most cellular processes such as cell proliferation, differentiation,
survival, migration, and cell cycle. Binding of a ligand to its cognate RTKs induces
dimerization and autophosphorylation of multiple tyrosine residues in the RTK cytoplasmic
domain (Schlessinger, 2000; Schlessinger, 2004; Schlessinger and Lemmon, 2003). In the case
of the fibroblast growth factor receptor (FGFR) family of RTKs, FGFR activation requires the
binding of heparin as well as FGF ligand, which results in the recruitment of FGFR substrate-2
(FRS-2), growth factor receptor-bound protein 2 (Grb2), son of sevenless nucleotide exchange
factor (Sos1), Src homology 2 phosphatase-2 (Shp-2). These initial events promote the
activation of Ras and mitogen-activated protein kinase (p42/44MAPK) signaling pathways,
leading to a broad spectrum of downstream cellular signaling events and responses
(Schlessinger and Lemmon, 2003). RTK activation is also controlled by protein tyrosine
phosphatases (PTPs). Although some PTPs, including Shp-2, positively regulate the signaling
of RTKs, it has widely been appreciated that PTPs can inhibit RTK activation and function as
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tumor suppressors (Ostman et al., 2006). Understanding the regulatory mechanisms and
specific targets of TIMP-2 that inhibits FGF-2-stimulated signaling pathways represents
important new insights and potentially novel therapeutic strategies for the treatment of
pathophysiologic states such as cancer, cardiovascular diseases, and inflammatory disorders.

Here we investigate the biochemical and molecular mechanisms of TIMP-2 in the regulation
of FGF-2-induced mitogenic responses, specifically focusing on the early events in the FGF-2/
FGFR-1 signaling cascade in human microvascular endothelial cells and lung carcinoma cells.
Using the null-MMP inhibitor form of TIMP-2, referred to as Ala+TIMP-2, dominant negative
(dn) Shp-1 mutant, and the integrin α3 siRNA-technology, we demonstrate that the suppressive
effect of TIMP-2 on FGF-2-induced signaling pathway and cell proliferation requires induction
of Shp-1 activity through TIMP-2 binding to integrin α3β1, and that these effects are
independent of MMP-inhibitory activity.

Materials and methods
Reagents

Recombinant human fibroblast growth factor-2 (FGF-2) was obtained from BD biosciences
(Bedford, MA). The following antibodies were purchased from commercial sources:
monoclonal anti-phosphotyrosine (PY20), anti-Sos1, and anti-integrin β1 (18) (BD
transduction laboratories, Lexington, KY); monoclonal anti-FRS-2 (Upstate Biotechnology,
Lake Placid, NY); polyclonal anti-phosphor-Raf-1 (S259) and anti-phospho-p44/42MAPK

(T202/Y204) (Cell Signaling, Beverly, MA); monoclonal anti-integrin α3 (P1B5), anti-integrin
α3 (ASC-1), anti-integrin α5 (P1D6), anti-integrin β1 (P5D2), and anti-integrin β1 (LM534)
(Chemicon International Inc., Temecula, CA); monoclonal anti-Raf-1, polyclonal anti-
p44/42MAPK, anti-Shp-2, anti-integrin α3 (I-19), and mouse, rabbit and goat IgG-horseradish
peroxidase conjugates (Santa Cruz Biotechnology, Santa Cruz, CA). TIMP-2 and Ala+TIMP-2
were prepared and characterized as described previously (Wingfield et al., 1999).

Cell culture conditions
Primary cultures of human microvascular endothelial cells (hMVECs), prepared from lung,
were purchased from Cambrex (Walkersville, MD) and used between passages 4 or 5. Cells
were cultured in EGM®-2 MV BulletKit media, according to the manufacturer’s instructions.
Human lung carcinoma cells (A549, CCL-185) from American Tissue Culture Collection
(Manassas, VA) were grown in 10% fetal bovine serum (FBS)-Dulbecco’s Modified Eagle’s
Media (DMEM, Invitrogen, Carlsbad, CA).

Immunoprecipitation and Western blot analysis
Subconfluent cells in gelatin-coated 100 mm dishes (BD biosciences) were serum-starved for
24 h in endothelial cell basal medium-2 (EBM-2) and replaced with fresh media, followed by
treatments for different time periods, as indicated, at 37 °C. Endothelial cells were rinsed twice
with ice-cold phosphate-buffered saline (PBS) and lysed by incubation in 50 mM Tris-HCl,
pH 7.4, 150 mM NaCl, 10% glycerol, 1% Nonidet P-40, 1 mM EDTA, 100 μg/ml 4-(2-
aminoethyl)benzenesulfonyl fluoride, 10 μg/ml aprotinin, 1 μg/ml pepstatin A, 0.5 μg/ml
leupeptin, 80 mM β-glycerophosphate, 25 mM NaF and 1 mM sodium orthovanadate for 30
min at 4 °C. Cell lysates were clarified at 13,000 × g for 20 min at 4 °C, and the supernatants
were subjected to immunoprecipitation and Western blot as described previously (Seo et al.,
2006; Wingfield et al., 1999). All immunoprecipitations and Western blots were performed at
least duplicate or triplicate experiments and representative gels are shown.
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Dominant negative Shp-1 preparation
The role of Shp-1 on TIMP-2-mediated inhibition of FGF-2-stimulated signaling pathways
was investigated using dominant negative mutant Shp-1 as previously described (Seo et al.,
2003; Seo et al., 2006). Expression and loss of activity of dominant negative Shp-1 in
endothelial cells was verified by Western blot analysis using anti-Shp-1 antibody (BD
biosciences) and PTP assay (Upstate Biotechnology) of whole cell lysates, respectively.

Cell growth assays
hMVECs, plated on gelatin-coated 96-well plates (5×103 cells/well, Costar, Corning, NY),
were grown in basal medium EBM-2 without serum or growth factors for 24 h to synchronize
cells in G1/G0 phase of the cell cycle prior to treatment with TIMP-2 (50 nM) or orthovanadate
(1 μM) alone for 24 h. Where indicated, cells were pretreated with Ala+TIMP-2 (50 nM) for
15 min in the presence or absence of anti-integrin antibodies (10-25 μg/ml). Following
subsequent FGF-2 (50 ng/ml) stimulation and culture for 24 h, the cell numbers were quantified
using CellTiter 96® AQueous One Solution reagent (Promega, Madison, WI)(Seo et al.,
2003). Subconfluent A549 lung carcinoma cells, plated on 96-well plates (5×103 cells/well),
were serum-starved for 24 h before treatment with Ala+TIMP-2. After subsequent FGF-2
stimulation for 24 h, the cell numbers were determined as described previously (Seo et al.,
2006). The results from triplicate determinations (mean ± standard deviation) are presented as
the percentage of maximal TIMP-2 inhibition of FGF-2-stimulated cell growth and maximal
FGF-2-stimulated cell growth, or the fold-increase of non-treated growth.

Integrin α3 siRNA preparation and transfection
For design of siRNA inserts, a cDNA sequence of integrin α3
AGCAACACAGACTACCTGGAG was selected according to the InvivoGen siRNAWizard
program based on a BLAST search. As a control we used the scrambled oligonucleotide
sequence AGCATATGTGCGTACCTAGCT, available prepackaged in the psiRNA-hH1zeo
vector (InvivoGen, San Diego, CA). The siRNA-targeting integrin α3 gene and scrambled
sequences cloned into psiRNA-hH1zeo vector were transfected into A549 cells. After 48 h,
the cells were selected with zeocin in 10% FBS-DMEM for 1-2 weeks until positive colonies
formed (Seo et al., 2006). For transfection of hMVECs, synthetic integrin α3 and control siRNA
duplexes were purchased from Santa Cruz Biotechnology. Subconfluent hMVECs in gelatin-
coated 100 mm dishes were transfected with siRNA (integrin α3 siRNA (sc-35684): 50 nM;
control siRNA (sc-37007): 50 nM) using Lipofectamine RNAiMAX (Invitrogen) and OPTI-
MEM I reduced serum medium (Invitrogen), according to the manufacturer’s instructions. The
concentrations of siRNAs were chosen based on dose-response studies.

Results
Down-regulation of FGFR signaling pathway by TIMP-2 is associated with enhanced protein
tyrosine phosphatase activity

In previous studies, we have demonstrated that TIMP-2 suppresses FGF-2- or VEGF-A-
stimulated human microvascular endothelial cell (hMVEC) proliferation in vitro and
angiogenesis in vivo (Fernandez et al., 2003; Oh et al., 2004; Seo et al., 2003; Seo et al.,
2006), and these TIMP-2 anti-angiogenic effects are mainly mediated through integrin α3β1
and protein tyrosine phosphatase (PTP) activity-dependent induction of cell cycle inhibitor
p27Kip1 levels (Seo et al., 2006). To further examine the mechanism by which TIMP-2 inhibits
FGF-2-stimulated endothelial cell proliferation in vitro, we searched for the changes in down-
stream events of FGFR-1 in the presence or absence of 50 nM TIMP-2. FGF-2 binding to
FGFR enhances intrinsic tyrosine kinase activity and generates docking sites for SH2 or
phosphotyrosine binding (PTB) domain-containing proteins, such as FRS-2, phospholipase C-

Seo et al. Page 4

Microvasc Res. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



γ (PLCγ) and Shc (Kouhara et al., 1997; Rhee, 2001; Schlessinger, 2000). Phosphorylation of
FGF-2-induced FRS-2, a lipid-anchored docking protein, induces recruitment of signaling
molecules such as Grb2, Sos1, and Shp-2, which play pivotal roles in linking FGFR activation
with the Ras/Raf-1/p42/44MAPK signaling pathway. We first examined the ability of TIMP-2
to suppress FGF-2-induced FRS-2 phosphorylation in hMVECs. The amount of
phosphorylated FRS-2 was measured by Western blot analysis of FRS-2 immunoprecipitates
prepared from hMVECs. As shown in Fig. 1A, stimulation of quiescent hMVECs with FGF-2
led to tyrosine phosphorylation of FRS-2, however, pre-treatment with TIMP-2 prior to FGF-2
stimulation significantly reduced FRS-2 phosphorylation to the level of un-treated cells. This
inhibitory effect of TIMP-2 on FRS-2 phosphorylation was completely abrogated by addition
of PTP inhibitor orthovanadate. We next determined the levels of Sos1 and Shp-2 associated
with FRS-2 to confirm the effects of TIMP-2 on FRS-2 phosphorylation. TIMP-2 pre-treatment
dramatically reduced FGF-2-induced association of Sos1 and Shp-2 with FRS-2 (Fig. 1A). The
decrease in amount of Sos1 and Shp-2 associated with FRS-2 correlated with the decreased
FRS-2 phosphorylation following TIMP-2 pre-treatment. However, pretreatment with
orthovanadate (1 μM), followed by TIMP-2 and then FGF-2, completely ablated the
suppressive effect of TIMP-2 on recruitment of Sos1 and Shp-2 to FRS-2. We also examined
the effects of TIMP-2 and orthovanadate on the FRS-2 activation in the absence of FGF-2. As
shown in Fig. 1B, alone orthovanate treatment did not alter the levels of FRS-2 phosphorylation
and association of Sos1 and Shp-2, compared with those in basal hMVECs. Although TIMP-2
treatment resulted in a slight increase in the association of Sos1 and Shp-2 with FRS-2,
orthovanate or TIMP-2 treatment of hMVECs without subsequent FGF-2 stimulation did not
alter the proliferative response of hMVECs under basal conditions (Fig. 2A) (Oh et al., 2004;
Seo et al., 2003). The definitive biological roles and effects of TIMP-2-mediated slight increase
on FRS-2/p42/44MAPK activity in the absence of FGF-2 remain to be addressed, however, these
signaling pathways may contribute to the inhibition of cell migration, promotion of cell
spreading and adhesion, or cell cycle arrest at G1 phase as previously reported (Chang et al.,
2006; Oh et al., 2004; Seo et al., 2006).

To further investigate molecular mechanism of TIMP-2 inhibition of FGF-2-induced FGFR
activation, we next examined the changes in activation of Raf-1 kinase, a key mediator of
FRS-2 to p42/44MAPK signaling pathway. Raf-1 activation involves phosphorylation on serine
338 and tyrosine 341 residues. However, in resting cells Raf-1 is phosphorylated on serine 43,
259, and 621. In particular, phosphorylation of serine 259 residue in Raf-1 is the principal site
mediating cAMP-regulated protein kinase (PKA)-induced inhibition of cellular responses
(Dhillon et al., 2002). Previously we have reported the growth modulating effects of TIMP-2
on Hs68 fibroblasts, HT1080 fibrosarcoma or A549 lung carcinoma cells through a
heterotrimeric G protein-dependent mechanism involves adenylate cyclase and PKA activity
(Corcoran and Stetler-Stevenson, 1995; Hoegy et al., 2001). These events are also associated
with a decrease in Grb-2 association with the epidermal growth factor receptor. To examine
whether TIMP-2-mediated down-regulation of FGFR signaling is associated with the
phosphorylation of Raf-1 on serine 259 residue, we first tested the ability of TIMP-2 to increase
intracellular cyclic AMP (cAMP) in quiescent hMVECs. TIMP-2 treatment induced a transient
increase in cAMP levels that peaked (an approximately 3-4-fold compared to un-treated cells)
at 1 min and returned to basal levels by 5 min (data not shown). As shown in Fig. 1B, the levels
of phosphorylated Raf-1 on serine 259 site in FGF-2-stimulated hMVECs were significantly
reduced, compared with those in un-treated cells. However, TIMP-2 pre-treatment completely
reversed the phosphorylation status of Raf-1 at serine 259 to levels observed in the basal state.
This effect was completely blocked by addition of orthovanadate. These findings suggest that
TIMP-2 inhibitory effect on FGF-2 signaling transduction is exerted at the receptor levels
through PTP activity and is PKA-dependent, consistent with previous findings on TIMP-2-
induced association of Shp-1 with FGFR-1 (Seo et al., 2003) and inhibition of FRS-2 activation
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(Fig. 1A). However, a definitive molecular mechanism demonstrating the association of cAMP
or PKA with orthovanadate-sensitive PTPases remains to be demonstrated.

We have previously demonstrated that the potent anti-proliferative activity of Ala+TIMP-2, a
form of TIMP-2 that lacks MMP-inhibitory activity, and lack of inhibition by other MMP
inhibitors in hMVEC cultures are independent of MMP-inhibitory activity (Seo et al., 2003;
Seo et al., 2006). To investigate the activation of p42/44MAPK, downstream kinase of Ras/Raf
pathway in FGF-2-stimulated hMVECs, we first examined the effect of TIMP-2 and
orthovanadate on the phosphorylation/activation of p42/44MAPK. TIMP-2 or orthovanadate
treatment of non-stimulated hMVECs resulted in a slight increase in phosphorylation of
p42/44MAPK when compared with untreated controls, but did not alter the proliferative
responses of hMVECs under basal conditions (Fig. 2A), as we have previously reported (Oh
et al., 2004; Seo et al., 2003).

Utilizing Ala+TIMP-2, we next examined the changes of p42/44MAPK phosphorylation in
FGF-2-stimulated hMVECs. The experiment presented in Fig. 2B shows that TIMP-2 or Ala
+TIMP-2 significantly blocks p42/44MAPK phosphorylation (∼70% decrease), compared to
activation induced by FGF-2 in these cells. Pre-treatment with orthovanadate completely
reversed the TIMP-2-mediated reduction of p42/44MAPK phosphorylation to levels observed
in FGF-2-stimulated cells. Shp-1, a Src homology 2 (SH2)-containing PTP, has been shown
to be recruited to the multiple receptor complexes as a negative regulator of signaling pathways
in many hematopoietic and non-hematopoietic cells (Ostman et al., 2006). Based on our
previous report that TIMP-2 anti-angiogenic activity is Shp-1-dependent (Seo et al., 2003;Seo
et al., 2006), we analyzed the phosphorylation status of p42/44MAPK, using the wild type (wt)
and dominant negative (dn) Shp-1 mutant-transduced hMVECs, in order to directly assess the
requirement of PTP Shp-1 activity in TIMP-2 inhibition of p42/44MAPK phosphorylation.
Comparison of the Ala+TIMP-2 effects on FGF-2-stimulated p42/44MAPK phosphorylation
demonstrated that in vector control and wt Shp-1 expressing hMVECs p42/44MAPK was
dramatically inhibited by Ala+TIMP-2 (Fig. 2C). However, dn Shp-1 cells were resistant to
Ala+TIMP-2 suppression of FGF-2-induced p42/44MAPK phosphorylation. These findings
demonstrate that PTP Shp-1 activity is specifically required for the TIMP-2-mediated
inhibition of FGF-2-induced activation of p42/44MAPK, and are consistent with our previous
observations that the suppressive effects of TIMP-2 on the early events in FGFR signaling
pathway and cell proliferation are abrogated by the PTP inhibitor orthovanadate (Fig. 1) (Seo
et al., 2003). In addition, FGF-2-induced p42/44MAPK activation was sustainedly blocked by
pretreatment with Ala+TIMP-2 (Fig. 3).

TIMP-2 interaction with integrin α3β1 is required for TIMP-2 inhibition of FGF-2-induced cell
proliferation and p42/44MAPK phosphorylation

Coordinated interactions of integrin and growth factor signaling pathways have been
demonstrated to regulate angiogenesis (ffrench-Constant and Colognato, 2004; Stupack et al.,
2004). We have previously reported that interaction of TIMP-2 with integrin α3β1 mediates
TIMP-2 anti-angiogenic activity (Seo et al., 2003). To investigate whether integrin α3β1 is
required for TIMP-2 inhibition of FGF-2-induced mitogenic responses, we examined the
effects of TIMP-2 on cell proliferation and p42/44MAPK activation by pretreatment with anti-
integrin antibodies or integrin α3 siRNA. Using function-blocking α3- and β1-integrin
antibodies, we first confirmed that TIMP-2 inhibition of FGF-2-induced endothelial cell
proliferation was mediated by integrin α3β1 (Fig. 4). A function-blocking anti-integrin α5
(P1D6) or non-blocking anti-integrin β1 (LM534), however, did not affect the suppressive
effect of TIMP-2 on hMVEC proliferation (Fig. 4). To specifically silence the integrin α3 gene,
hMVECs were transfected with siRNA-targeting integrin α3 mRNA. Western blot analysis
demonstrated that integrin α3 siRNA successfully reduced expression of α3 subunit (>90%
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decrease) as compared with the controls (Fig. 5A). As shown in Fig. 5, TIMP-2 pre-treatment
dramatically reduced FGF-2-induced association of Sos1/Shp-2 with FRS-2 and
p42/44MAPK phosphorylation in control siRNA-transfected hMVECs, identical to our previous
observations (Fig. 1 and 2). However, integrin α3 siRNA-transfected cells were unresponsive
to the suppressive effect of TIMP-2 on FRS-2/p42/44MAPK activation and cell proliferation in
response to FGF-2. Similar results were observed with integrin α3 siRNA transfection of A549
tumor cells. This reduction in integrin α3 expression was sufficient to completely ablate the
ability of TIMP-2 to reduce FGF-2-stimulated association of Shp-2 with FRS-2,
p42/44MAPK phosphorylation and proliferation of A549 cells (Fig. 6).

Collectively, these findings from the integrin function-blocking antibodies-treated and integrin
α3 siRNA-transfected cells clearly demonstrate that integrin α3β1 is specifically required for
TIMP-2-mediated inhibition of FRS-2/Raf-1/p42/44MAPK signaling pathway and cell growth.

Discussion
The degradation of the extracellular matrix (ECM) is likely to release and generate active
molecules in the matrix components which influence diverse and pathologic processes,
including embryonic development, tissue morphogenesis, wound repair, inflammation
diseases, tumor invasion and angiogenesis (Sternlicht and Werb, 2001). Matrix
metalloproteinases (MMPs) can degrade all components of the ECM, cell surface molecules,
and other pericellular non-matrix proteins, resulting in the regulation of cell behavior, tissue
development and remodeling. Tissue inhibitors of metalloproteinases (TIMPs) are
physiological inhibitors, which can control MMP functions. It has long been presumed that the
regulatory effect of TIMPs on tumorigenic and angiogenic phenotypes in vitro and in vivo
models is mediated by MMP-inhibitory activity of TIMPs, which led to the development of
synthetic MMP inhibitors for therapeutic application. However, synthetic MMP inhibitors have
proved disappointing in clinical trials of cancer patients (Coussens et al., 2002). The lack of a
clinically significant effect of these synthetic MMP inhibitors suggests that further
understanding of the precise roles and regulation of MMPs is necessary prior to the
development of therapeutic agents for diseases associated with dysregulation of ECM
degradation. In addition to MMP-inhibitory activity of TIMPs, many investigations have
demonstrated that TIMPs have pluripotential effects on cell fates including growth,
differentiation, apoptosis, and migration through MMP-independent mechanisms (Baker et al.,
2002; Nyberg et al., 2005; Stetler-Stevenson and Seo, 2005). These MMP-independent TIMP
functions in modulating cellular responses appears to be mediated via a mechanism involving
direct binding to cell surface receptors (i.e. CD63 for TIMP-1; integrin α3β1 for TIMP-2;
VEGFR-2 for TIMP-3) (Jung et al., 2006; Qi et al., 2003; Seo et al., 2003).

Cell fate is the result of integration of cellular signaling pathways from multiple signals
including soluble factors, cell-to-cell, and/or cell-to-matrix interactions in the tissue
microenvironment. Receptor tyrosine kinases (RTKs) on cell surfaces activate the diverse array
of signaling pathways in response to multiple extracellular stimuli such as their cognate ligands,
cell adhesion via integrin receptors, or agonists of G protein-coupled receptors, resulting in the
control of the biochemical processes that regulate cell fate (ffrench-Constant and Colognato,
2004; Hanahan and Weinberg, 2000; Stupack et al., 2004).

We have previously reported that TIMP-2 has suppressive effects on mitogenic growth factors
such as FGF-2, VEGF-A, PDGF, or EGF-induced cell proliferation in vitro and angiogenesis
in vivo (Hoegy et al., 2001; Seo et al., 2003; Wingfield et al., 1999). In the present study, we
report the intracellular signaling mechanisms by which TIMP-2 controls cell growth in
response to mitogenic stimuli. Our focus in this report is on the down-stream signaling events
after activation of PTP Shp-1 through the binding of TIMP-2 to integrin α3β1. TIMP-2
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effectively inhibits the phosphorylation and association of FRS-2 with Sos1/Shp-2, and the
activation of Raf-1/p42/44MAPK, the down-stream targets in FGFR-1 signaling pathway in
response to FGF-2, however, inclusion of orthovanadate, expression of dn Shp-1, or disruption
of integrin α3 completely abrogates the inhibitory activity of TIMP-2 on p42/44MAPK

activation and cell proliferation. These findings confirm a model that TIMP-2 ligation to
integrin α3β1 suppresses mitogenic growth factors-mediated cell growth through orthovanate-
sensitive Shp-1-dependent inactivation of mitogenic signaling pathway, and suggest that
regulation of PTP Shp-1 function is an important target for the treatments of pathophysiologic
states as well as control of normal cellular homeostasis.
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Fig. 1. TIMP-2 suppression of FGF-2-induced signaling pathway is dependent on protein tyrosine
phosphatase activity
Quiescent hMVECs were pre-treated with or without orthovanadate (1 μM) for 15 min,
followed by TIMP-2 (50 nM) for 15 min prior to FGF-2 (50 ng/ml) stimulation for 5 min.
Quiescent cells were also treated with TIMP-2 or orthovanadate alone for 15 min. (A) TIMP-2
treatment reduces FRS-2 phosphorylation and recruitment of Sos1 and Shp-2 to FRS-2. (B)
TIMP-2 slightly induces the association of Sos1 and Shp-2 with FRS-2. Cell lysates (1 mg)
were immunoprecipitated with anti-FRS-2 monoclonal antibodies. Immunoprecipitates were
resolved by SDS-PAGE and Western-blotted with anti-phosphotyrosine, anti-Sos1, anti-Shp-2
or anti-FRS-2 antibodies. Integrated density values for the blots were normalized to total FRS-2
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levels. The results are representative of two independent experiments. (C) Inhibitory effect of
TIMP-2 on FGF-2-stimulated Raf-1 activity. Lysates were Western-blotted with anti-phopho-
Raf-1 (S259) or anti-Raf-1 antibodies. Values are normalized to total Raf-1 levels and represent
the mean ± S.D. of triplicate determinations.
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Fig. 2. Shp-1 mediates TIMP-2 inhibition of p42/44MAPK activity
(A) TIMP-2 slightly induces p42/44MAPK activation, but does not alter the proliferative
responses of hMVECs in the absence of FGF-2. Quiescent cells were treated with TIMP-2 or
orthovanadate alone for 15 min (upper panel) or 24 h (lower panel). Cell proliferation results
from triplicate determinations (mean ± S.D.) are presented as the fold-increase of non-treated
growth. (B) Orthovanadate reverses TIMP-2 inhibitory effect on FGF-2-stimulated
p42/44MAPK activation. Quiescent hMVECs were pre-treated with or without orthovanadate
(1 μM) for 15 min, followed by TIMP-2 or Ala+TIMP-2 (50 nM) for 15 min prior to FGF-2
(50 ng/ml) stimulation for 15 min, and were lysed and Western-blotted with anti-phospho-
p42/44MAPK (T202/Y204) or anti-p42/44MAPK antibodies. Values are normalized to total
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p42/44MAPK levels and represent the mean ± S.D. of triplicate determinations. (C) Dominant
negative (dn) Shp-1-transduced hMVECs are resistant to TIMP-2 inhibition of FGF-2-
stimulated p42/44MAPK activation. hMVECs were transduced with vector control, wild type
(wt) Shp-1 or dn Shp-1 mutant as previously reported (Seo et al., 2003; Seo et al., 2006), and
were treated and Western-blotted as described in (A).
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Fig. 3. TIMP-2 inhibits FGF-2-stimulated p42/44MAPK phosphorylation
Quiescent hMVECs were pre-treated with Ala+TIMP-2 (50 nM) for 15 min, and further
incubated for the indicated time points with or without FGF-2 (50 ng/ml) stimulation. Cell
lysates were separated by SDS-PAGE and Western-blotted for phospho-p42/44MAPK and
p42/44MAPK.
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Fig. 4. Integrin α3β1 is required for TIMP-2 inhibition of FGF-2-stimulated cell proliferation
Quiescent hMVECs were pre-treated with or without function-blocking anti-integrin
antibodies (except for β1 (LM534), 10-25 μg/ml) for 20 min, followed by Ala+TIMP-2 (50
nM) for 15 min prior to FGF-2 (50 ng/ml) stimulation for 24 h. Results shown are the percentage
of maximal inhibition of cell proliferation obtained by Ala+TIMP-2 and FGF-2 treatment.
Values represent the mean ± S.D. of triplicate determinations.
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Fig. 5. Down-regulation of integrin α3 expression abrogates the suppressive effects of TIMP-2 on
FGF-2-induced p42/44MAPK and cell proliferation
Subconfluent hMVECs in gelatin-coated 100 mm dishes were transfected with integrin α3
siRNA or control siRNA as described in materials and methods. Quiescent cells were pre-
treated with Ala+TIMP-2 (50 nM) for 15 min prior to FGF-2 (50 ng/ml) stimulation for 5 min
(A), 15 min (B) or 24 h (C). (A) Cell lysates were Western-blotted with anti-integrin α3 (I-19)
antibody. Immunoprecipitates (1mg) with anti-FRS-2 monoclonal antibodies were resolved
by SDS-PAGE and Western-blotted with anti-Sos1, anti-Shp-2 or anti-FRS-2 antibodies. The
results are representative of two independent experiments. (B) Cell lysates were Western-
blotted with anti-phospho-p42/44MAPK or anti-p42/44MAPK antibodies. The results are
representative of three independent experiments. (C) Cell proliferation results from triplicate
determinations (mean ± S.D.) are presented as the fold-increase of non-treated growth.
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Fig. 6. Effect of TIMP-2 on FGF-2/FGFR signaling pathways and cell proliferation in integrin α3
siRNA-transfected A549 cancer cells
A549 lung carcinoma cells were transfected with integrin α3 siRNA or control (scrambled)
siRNA as described in materials and methods. Quiescent cells were pre-treated with Ala
+TIMP-2 (50 nM) for 15 min prior to FGF-2 (50 ng/ml) stimulation for 5 min (A), 15 min (B)
or 24 h (C). (A) Cell lysates were Western-blotted with anti-integrin α3 or anti-integrin β1
antibodies. Anti-FRS-2 immunoprecipitates (1mg) were resolved by SDS-PAGE and Western-
blotted with anti-Shp-2 or anti-FRS-2 antibodies. The results are representative of two
independent experiments. (B) Cell lysates were Western-blotted with anti-phospho-
p42/44MAPK or anti-p42/44MAPK antibodies. The results are representative of three
independent experiments. (C) Integrin α3 siRNA abrogates TIMP-2 inhibition of cell
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proliferation in response to FGF-2. Values represent the mean ± S.D. of triplicate
determinations.
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