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The coordinated interplay of substrate adhesion and deadhesion is necessary for cell motility. Using MCF-7
cells, we found that insulin-like growth factor I (IGF-I) induces the adhesion of MCF-7 to vitronectin and
collagen in a dose- and time-dependent manner, suggesting that IGF-I triggers the activation of different inte-
grins. On the other hand, IGF-I promotes the association of insulin receptor substrate 1 with the focal adhesion
kinase (FAK), paxillin, and the tyrosine phosphatase SHP-2, resulting in FAK and paxillin dephosphorylation.
Abrogation of SHP-2 catalytic activity with a dominant-negative mutant (SHP2-C>S) abolishes IGF-I-induced
FAK dephosphorylation, and cells expressing SHP2-C>S show reduced IGF-I-stimulated chemotaxis com-
pared with either mock- or SHP-2 wild-type-transfected cells. This impairment of cell migration is recovered
by reintroduction of a catalytically active SHP-2. Interestingly, SHP-2-C>S cells show a larger number of focal
adhesion contacts than wild-type cells, suggesting that SHP-2 activity participates in the integrin deactivation
process. Although SHP-2 regulates mitogen-activated protein kinase activity, the mitogen-activated protein
kinase kinase inhibitor PD-98059 has only a marginal effect on MCF-7 cell migration. The role of SHP-2 as a

general regulator of cell chemotaxis induced by other chemotactic agents and integrins is discussed.

Cell migration is one of the most important events contrib-
uting to tumor dissemination, and its prevention may arrest
malignant evolution (23). Little is known, however, about the
molecular events that regulate cell motility and invasion. The
molecular characterization of invasion has led to the identifi-
cation of two categories of checkpoints. The first category
encompasses cell surface and secreted proteins; molecules fall-
ing into this group include cell adhesion receptors, degradative
enzymes and their inhibitors, and motility-stimulating cyto-
kines. The second checkpoint category involves regulatory pro-
teins and pathways within the cell; molecules identified in this
group regulate calcium-mediated signaling, G-protein activa-
tion, and tyrosine phosphorylation events.

Adhesion receptors, such as integrins, promote cellular mi-
gration and invasion (2, 13). Although integrin-mediated ad-
hesion is necessary for tumor motility, it is not sufficient in
itself. Cells expressing o35 integrin require a tyrosine kinase-
mediated signaling event for motility on vitronectin (21). In
fact, several cytokines, such as insulin-like growth factor I
(IGF-I), cooperate with integrins to promote tumor cell mi-
gration in vitro (12, 31, 48) and in vivo (5).

A functional link must therefore exist between chemotactic
receptors and integrins. Taking the type 1 IGF receptor (IGF-
1R) as an example, it has been shown that the insulin receptor
substrate 1 (IRS-1), a pivotal molecule in insulin and IGF-1R
signaling pathways, associates to a5 integrin (54) and to the
focal adhesion kinase (FAK). Functional cooperation is con-
firmed, since IGF-I-induced chemotaxis is achieved only when
the integrin receptor is activated (12, 20); the mechanisms
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involved in this cooperation nonetheless remain confusing.
The tyrosine kinase FAK is thought to coordinate integrin and
growth factor signaling pathways (17). FAK is autophosphory-
lated immediately after integrin clustering and associates with
different signaling proteins, including phosphatidylinositol-3-
kinase, Grb2-Sos, p130cas, and paxillin (17). FAK-mediated
signaling promotes cell migration; indeed, FAK ™/~ cells have
a reduced migration rate compared to their FAK-expressing
counterparts (19). Whereas other chemoattractants, such as
platelet-derived growth factor (PDGF) or hepatocyte growth
factor (scatter factor), induce FAK phosphorylation (10, 29),
insulin and IGF-I promote either FAK phosphorylation (3, 26)
or dephosphorylation (22, 40).

Although much research has focused on identifying the sub-
strates whose phosphorylation is crucial for chemotaxis, pro-
tein tyrosine phosphorylation is a reversible, dynamic process
in which the net level of phosphate observed in a substrate
reflects the balance between the activity of a kinase enzyme
and the phosphatase that catalyzes the dephosphorylation re-
action. Tyrosine phosphatases may thus have a role in chemo-
tactic and/or motility processes. In accordance with this view,
inhibition of tyrosine phosphatases with orthovanadate was
reported to suppress cell spreading and migration of lung car-
cinoma cells (49). More recently, it has been shown that fibro-
blasts derived from tyrosine phosphatase SHP-2~/~ mice have
lower levels of motility and spread more slowly than the wild-
type cells (60). SHP-2 (previously called SH-PTP2, PTP2C,
PTP1D, SHPTP3, and Syp) is widely expressed (1, 15) and
participates in signaling events proximal to receptor protein
tyrosine kinases, such as PDGF (14, 53), epidermal growth
factor (14, 53), insulin (24), and IGF-I (46) receptors, as well
as to hematopoietic receptors (reviewed in reference 34).

In this report, we attempt to elucidate the signaling pathways
leading to cooperation between integrins and chemotactic re-
ceptors in cell migration. We used the human breast adeno-
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carcinoma MCEF-7 cell line as a model system, as these cells
migrate in response to IGF-I but not in the absence of a
stimulus, and integrin activation is required for this IGF-I-
mediated chemotaxis (12). Here we show that IGF-I stimula-
tion increases MCF-7 cell adhesion on vitronectin and collagen
in a dose- and time-dependent manner and that it concurrently
promotes the tyrosine dephosphorylation of FAK and paxillin
through the recruitment of SHP-2 phosphatase. The neutral-
ization of SHP-2 catalytic activity results in a diminished mi-
gration capability, which correlates with the absence of IGF-
I-induced FAK dephosphorylation and with an increase in the
number of focal adhesion contacts. Finally, our data support
the view of SHP-2 as a general regulator of cell migration
induced by different chemotactic agents and integrins.

MATERIALS AND METHODS

Materials. Vitronectin and type IV collagen were purchased from Collabora-
tive Biomedical (Bedford, Mass.). Human recombinant IGF-I was from Phar-
macia and Upjohn (Stockholm, Sweden), transwell chambers (pore size, 8 pm)
were from Corning Costar (Cambridge, Mass.), and polyclonal antisera to FAK
and the type 1 IGF receptor B subunit, as well as peroxidase-labelled anti-
phosphotyrosine monoclonal antibody (MAb) PY20, were from Santa Cruz
Biochemicals (Santa Cruz, Calif.). Antibodies to IRS-1, SHP-2, and agarose-
coupled anti-phosphotyrosine antibody 4G10 were from Upstate Biotechnology
(Lake Placid, N.Y.) and the anti-integrin «,85 MAb was from Boehringer In-
gelheim (Heidelberg, Germany). The anti-integrin «,, chain MAb was made in
our laboratory, and the anti-IGF-I MAb KM5A1 has been previously described
(27). Cycloheximide (CHx) was from Sigma Chemicals (St. Louis, Mo.); PD-
98059 and the anti-IGF-1R aIR3 MAb were from Calbiochem (San Diego,
Calif.).

Cell transfections. The human breast adenocarcinoma MCF-7 and the human
prostatic adenocarcinoma DU-145 cells (ATCC HTB-81) were obtained from
the American Type Culture Collection (Manassas, Va.) and cultured in Dulbec-
co’s modified Eagle medium (DMEM) (Gibco-BRL, Gaithersburg, Md.) supple-
mented with 10% fetal calf serum, L-glutamine, sodium pyruvate, and antibiotics.

Both cell lines were transfected with a catalytically inactive SHP-2-C>S dom-
inant-negative mutant (61), the wild-type SHP-2 form, or the empty pRC vector
(Invitrogen, San Diego, Calif.) using Lipofectamine reagent (Gibco-BRL) ac-
cording to the manufacturer’s instructions and were selected with G418 (Gibco-
BRL) used at 1.5 mg/ml. For MCF-7-transfected cells, cell clones were isolated;
all transfected cells were maintained in DMEM containing G418 (0.5 mg/ml).

Cell migration assays. MCF-7 and DU-145 cells were trypsinized and resus-
pended in serum-free DMEM with 0.01% bovine serum albumin (BSA)
(DMEM-BSA), then seeded in the upper chamber of either type IV collagen- or
vitronectin-coated transwells. The lower chamber was loaded with DMEM-BSA
alone or with IGF-I (1 ng/ml) or RANTES (10 ng/ml; Peprotech, London,
United Kingdom). In some experiments, the cells were incubated with inhibitory
antibodies, PD-98059, or CHx for 30 min before seeding in the transwell. After
18 h of incubation at 37°C, the chamber was disassembled, and cells in the upper
surface were removed. Filters were stained and cell numbers were calculated as
described previously (12).

Cell proliferation assays. For proliferation experiments, serum-starved
MCEF-7 cells were stimulated for 24 h with IGF-I in the presence or absence of
the inhibitor PD-98059 or CHx and then pulsed for 8 h at 0.5 pnCi/well with
[*H]thymidine ([*H]TdR) (Amersham, Aylesbury, United Kingdom). Nuclei
were harvested using a cell harvester (LKB-Wallac, Turku, Finland), and
[’H]TdR incorporation was determined on a liquid scintillation counter.

Western blot analysis. Subconfluent MCF-7 cells were cultured overnight in
DMEM-BSA and then pulsed with IGF-I (1 nM/10° cells) for the times indicated
at 37°C. After washing with ice-cold phosphate-buffered saline (PBS), cells were
lysed (4°C, 20 min) using radioimmunoprecipitation assay buffer containing a
proteinase inhibitor cocktail, 1 mM sodium orthovanadate, and 10 mM NaF.
Lysates were centrifuged (12,000 X g, 25 min, 4°C), and their protein concen-
trations were determined by using the micro-bicinchoninic acid assay kit (Pierce,
Rockford, Tl1.). Cell lysates (50 to 100 pg) were immunoprecipitated and blotted
with the indicated antibodies by following the manufacturer’s instructions.

Adhesion experiments. Serum-starved MCF-7 cells were allowed to adhere to
type IV collagen- or vitronectin-coated 96-well plates, alone or with IGF-I at
different concentrations. After 10 min, nonadhered cells were removed by wash-
ing with PBS, and the cells were fixed with methanol and stained with crystal
violet. Cell attachment to vitronectin was determined by measurement of the
optical density at 570 nm. In time course experiments, nonattached cells were
stimulated with IGF-I (10 ng/ml, 37°C). At the times indicated, cells were washed
twice in ice-cold PBS, resuspended in DMEM-BSA, and added to plates as
described above. An aliquot of nonattached cells was pelleted for each IGF-I
treatment condition, and cell lysates were analyzed by immunoprecipitation with
FAK antibodies.
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Immunofluorescence analysis. Cells were cultured on vitronectin-coated
chamber slides, fixed in 3.7% formaldehyde, permeabilized in 0.5% Triton X-100
for 10 min, and stained with anti-paxillin antibody (Transduction Laboratories,
Lexington, Ky.). The cells were further incubated with a Cy3-conjugated goat
anti-mouse immunoglobulin G (Amersham) and visualized under a Leica fluo-
rescence microscope (Leitz DMRD) at a X1,000 magnification.

Determination of ectopic SHP-2 expression by reverse transcriptase PCR.
Total RNA was isolated by ultracentrifugation through a cesium chloride cush-
ion. Cells were derived from cells transfected with the empty pRCvector, the
wild-type SHP-2, mutant SHP-2-C>S, or wild-type retransfected SHP-2-C>S.
This material (5 pg) was then reverse transcribed using the First-Strand cDNA
Synthesis kit (Pharmacia AB, Stockholm, Sweden), and one-tenth of the tran-
scription product was amplified for 20 PCR cycles with the SHP-2 specific primers
for (5'-CGAGTGATTGTCATGACAACG-3') and back (5'-TGCTTCTGTCTG
GACCATCC-3'), rendering a 477-bp fragment. Finally, part (20 pl) of the PCR
product was analyzed by digestion with the restriction enzyme PstI, which cleaves
the endogenous and the ectopically expressed wild-type SHP-2 forms, but not the
SHP-2-C>S mutant, rendering two fragments of 329 and 148 bp.

RESULTS

IGF-I induces adhesion of MCF-7 cells. MCF-7 cells are
known to migrate in response to IGF-I (12). We previously
showed that the mechanism of IGF-I-triggered chemotaxis in
MCF-7 involved «, 5 interaction with an appropriate extracel-
lular matrix (ECM) substrate, such as vitronectin, as well as the
enzymatic activity of specific matrix metalloproteinases, such
as MMP-9 (31). Cycloheximide treatment of MCF-7 does not
block IGF-I-induced chemotaxis on vitronectin (Fig. 1A), al-
though as expected, incubation of MCF-7 with antagonist an-
tibodies to the IGF-1R or to 35 integrin results in decreased
cell migration. Cycloheximide nevertheless effectively blocks
IGF-I-induced DNA synthesis in MCF-7 cells (Fig. 1B). The
IGF-I- and integrin o, Bs-triggered signals for the induced in-
vasion in MCF-7 cells thus do not require de novo protein
synthesis.

In vitronectin-attached, serum-starved MCF-7 cells, anti-
phosphotyrosine antibody reveals five principal tyrosine-phos-
phorylated proteins: pp160; pp125, which has been identified
as FAK; pp105; pp80; and pp68, which has been identified as
paxillin (Fig. 2). In addition to rapid autophosphorylation of
the IGF-1R B subunit and the IRS-1 substrate, IGF-I-stimu-
lation of MCF-7 promotes dephosphorylation of FAK, paxillin,
and pp80.

It is generally accepted that FAK is autophosphorylated
following its interaction with the engaged integrins and that
this phosphorylation helps to stabilize the focal adhesion con-
tacts through integrin-cytoskeletal interaction (33). Since IGF-
I promotes FAK dephosphorylation, IGF-I interference in
MCF-7 cell adhesion to ECM substrates such as vitronectin
and type IV collagen was therefore tested. IGF-I significantly
increases MCF-7 cell adhesion to vitronectin in a dose-depen-
dent manner (Fig. 3A). Subsequently, the effect of the IGF-I
stimulation time on increased MCF-7 attachment to vitronec-
tin was examined. IGF-I enhancement of MCF-7 cell adhesion
shows a maximum effect after 10 min of IGF-I stimulation and
a slight but consistent decline in MCF-7 adhesivity at longer
times (Fig. 3B). Since similar results were obtained using type
IV collagen (data not shown), these data suggest that signals
provided by the IGF-1R promote the activation of integrins
o,Bs and a,B,, increasing cell adhesion to ECM substrates.

It has been reported that IGF-1R may phosphorylate FAK
in nonadhered cells (3). The analysis of FAK immunoprecipi-
tates with anti-phosphotyrosine antibodies shows that IGF-I
stimulation of nonadhered MCF-7 cells does not promote
FAK phosphorylation, independent of the incubation time,
although FAK is tyrosine phosphorylated upon cell attachment
to vitronectin (Fig. 3C) or collagen (data not shown). These



VoL. 19, 1999

A

6000

B al
< <
(=] =]
(=] (=]

W
[l
=]
=]
Loaaedlea gy lov ool enealosaad el

1000

Number of cells migrating

alR3 IgG
Inhibiting agent

- CHx oayfs oy

=

450

[BHITR Incorporation(%)

= - N N W W

g o WU, <o < g @

o O o O o ©O oo O O

T T T T T T T T T umnm sy |

01 1 10 100 1000

IGF-I (ng/ml)

FIG. 1. IGF-I induces MCF-7 cell migration in the absence of de novo
protein synthesis. (A) MCF-7 cells were incubated with «IR3 (0.2 pg/ml), anti-
a,Bs, anti-a,, or immunoglobulin G as control (20 wg/ml in all cases) or CHx (5
pg/ml) and seeded in vitronectin-coated transwells, and IGF-I (1 ng/ml) was
added to the lower chamber. The number of migrating cells represented is the
mean * standard deviation counted per filter. (B) Serum-starved MCF-7 cells
were incubated with the indicated amounts of IGF-I in the presence (@) or
absence (@) of CHx. [PH|TdR incorporation was determined after 24 h. The
proliferation observed in the absence of IGF-I was considered 100%.

data indicate that IGF-I increases integrin-mediated MCF-7
cell adhesion independent of the FAK activation state.
IGF-1R activation induces FAK association with the phos-
phatase SHP-2. To analyze whether the FAK dephosphor-
ylation observed in attached cells is a direct consequence of
IGF-1R activation, we analyzed FAK association to the
IGF-1R and the result of this association on FAK phosphor-
ylation status. IGF-I-stimulated cell lysates were immunopre-
cipitated using the KM5A1 anti-IGF-I MAb that recognizes
the IGF-I ligand when it is bound to the IGF-1R (27); this
antibody thus enables specific analysis of proteins associated to
the activated IGF-1R. IGF-I stimulation of MCF-7 cells trig-
gers FAK and paxillin association to the IGF-1R, but this as-
sociation results in a net dephosphorylation of FAK and pax-
illin (Fig. 4). Coprecipitation of the tyrosine phosphatase SHP-
2 with the IGF-1R was also observed. After IGF-I stimulation,
FAK and SHP-2 were also coprecipitated in experiments using
anti-SHP-2 antibodies (data not shown). IGF-I may induce
formation of a SHP-2, FAK, and paxillin complex; FAK de-
phosphorylation coincides with loss of this association.

SHP-2 REGULATES CELL MOTILITY 3127

SHP-2 catalytic activity is required for IGF-I-induced FAK
dephosphorylation. To show that SHP-2 catalytic activity is
required for IGF-I-induced FAK dephosphorylation, MCF-7
cells were transfected with a dominant-negative SHP-2 (SHP2-
C>9) catalytically inactive mutant. SHP-2 functions as part of
a positive signaling pathway mediating insulin and IGF-I acti-
vation of mitogen-activated protein kinase (MAPK) (61). To
analyze whether SHP2-C>S-MCF-7-transfected cells are in
fact deficient in SHP-2 activity, we measured the MAPK phos-
phorylation level in response to IGF-I (Fig. SA). MCF-7 cells
transfected with either the empty vector or wild-type SHP-2
(SHP2-wt) show normal MAPK activation in response to IGF-
I. Indeed, MAPK phosphorylation is also observed in the ab-
sence of IGF-I stimulation, probably as a consequence of cell
attachment to the substrate (17). SHP2-C>S-MCF-7-transfect-
ed cells show, however, a substantial decrease in IGF-I-triggered
MAPK phosphorylation. Moreover, the MAPK activation at-
tributable to cell attachment disappeared completely in MCF-7
cells transfected with catalytically inactive SHP-2. Ectopic ex-
pression was also demonstrated by an increase in SHP-2 pro-
tein levels in total lysates from SHP-2-transfected cells (Fig.
5B), as well as by RT-PCR amplification and subsequent PstI
restriction analysis (Fig. 5C).

Although MAPK activation is clearly affected in SHP2-C>
S-MCEF-7 cells, the o,B5 integrin level remains similar in all
MCEF-7 cell clones independently of the SHP-2 construction
transfected, as analyzed by fluorescence-activated cell sorter
(Fig. 5D) or Western blot (data not shown) analysis. Concur-
rent to MAPK activity, SHP2-C>S transfection also affects
MCEF-7 cell spreading (data not shown), as has recently been
reported (60).

After establishing MCF-7 cell lines with decreased SHP-2
activity, we analyzed the consequences for FAK phosphoryla-
tion status (Fig. 6). IGF-I-induced FAK dephosphorylation is
abolished in SHP2-C>S-MCF-7-transfected cells, whereas
dephosphorylation occurs in cells transfected with wild-type
SHP-2. This indicates that SHP-2 activity is required for IGF-
I-induced FAK dephosphorylation.

FAK phosphorylation status regulates MCF-7 invasivity.
Using a transwell cell motility assay, we tested the relevance of
FAK dephosphorylation to IGF-I-triggered MCF-7 invasivity.
Compared with SHP2-wt- or mock-transfected cells, the ability
of SHP2-C>S-MCEF-7 cells to migrate on vitronectin is signif-
icantly reduced (Fig. 7A). In addition, SHP2-C>S-MCF-7
cells show a larger number of focal adhesion contacts than do
MCEF-7 cells transfected with empty vector or wild-type SHP-2
(Fig. 8), concurring with data obtained with SHP-2~/~ mouse
fibroblasts (60). To ensure that the reduced migration ob-
served in SHP2-C>S-MCF-7-transfected cells is an effect of
the catalytic inactivation of SHP-2, we transiently retransfected
these cells with wild-type SHP-2 (Fig. 7C and D). Upon rein-
troduction of catalytically active SHP-2, the IGF-I-triggered
chemotactic response of SHP2-C>S-MCF-7 cells was recov-
ered in a manner dependent on the amount of retransfected
SHP2-wt cDNA (Fig. 7B).

Since SHP-2 affects IGF-I-induced MAPK activation, we
examined whether the effect of SHP-2 on cell motility is me-
diated through this signaling pathway. The migration of un-
transfected MCF-7 cells in response to IGF-I was unaffected by
the MAPK inhibitor PD-98059 (Fig. 9A), although PD-98059
effectively blocks IGF-I-induced proliferation of MCF-7 cells
(Fig. 9B). These results show that the role of SHP-2 on MCF-7
cell motility is independent of IGF-I-induced MAPK activation
in these cells.

SHP-2 catalytic activity is a general requirement for cell
chemotaxis. To test whether the role of SHP-2 in IGF-I-in-
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FIG. 2. IGF-I induces tyrosine dephosphorylation of FAK and paxillin. Cell lysates from unstimulated (time 0) or IGF-I-stimulated MCF-7 cells seeded on
vitronectin were immunoprecipitated with anti-phosphotyrosine antibody (PY) and resolved on polyacrylamide gels. The membranes were blotted with the indicated
antibodies, and blotting was followed by enhanced chemiluminescence analysis. w.b., Western blot; i.p., immunoprecipitation.
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incubated with the indicated doses of IGF-I in DMEM-BSA for 10 min. The mixture was then added to vitronectin-coated 96-well plates and incubated for an additional
10 min. After two washes, attached cells were assessed by crystal violet staining. (B) MCF-7 cells were detached and incubated in DMEM without BSA (30 min, 37°C). IGF-
I (10 ng/ml) was added, and the cells were then incubated for the indicated times under the same conditions. IGF-I was removed by pelleting the cells and washing twice with
PBS. Finally, cells were resuspended in DMEM-BSA and added to the vitronectin-coated plates. After washing with PBS, the attached cells were assessed by crystal violet
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stimulation) at 37°C. Cells were then washed twice in PBS to remove unbound IGF-I, and cell lysates were immunoprecipitated (i.p.) with the anti-IGF-I antibody
KM5AL. The resolved proteins were Western immunoblotted (w.b.) sequentially with the indicated antibodies.

tion on vitronectin-coated transwells compared to that in cells
transfected with the empty vector or the SHP-2 wild-type form
(Fig. 10B). These results thus show that catalytically active SHP-
2 is required for the IGF-I-triggered invasivity in two different
human cell lines, independent of the integrin activated.

We further explored whether SHP-2 specifically affects
IGF-I-induced MCF-7 migration or if it is also involved in
other types of signals that trigger chemotaxis. The chemokines
are a family of low-molecular-weight proteins implicated in
leukocyte activation and migration that exert their effects by
interaction with seven-transmembrane, G protein-coupled re-
ceptors (GPCR) present in the membrane of the target cell
(55). Chemokines also trigger tyrosine phosphorylation and
FAK association to the integrins (36). MCF-7 is reported to
express receptors for and respond chemotactically to B-chemo-
kines such as RANTES (59). Our data indicate that RANTES
promotes migration of MCF-7 cells to a lesser extent than does
IGF-I (Table 1). The ability of the dominant-negative SHP-2
mutant to affect the response to RANTES was therefore test-
ed. The abrogation of SHP-2 catalytic activity results in a sig-
nificant decrease in RANTES-induced chemotaxis (Table 1),
thus indicating that SHP-2 is involved in the MCF-7 chemo-
tactic response mediated by GPCR.

DISCUSSION

These data constitute the first direct demonstration that
SHP-2 catalytic activity is involved in the crosstalk between the

signals triggered by chemotactic factors and integrin receptors,
leading to a cell motility response. Yu et al. (60) recently report-
ed impaired cell spreading and migration in fibroblasts from
SHP-2"/~ mice, indicating that SHP-2 plays a role in cell mo-
tility. Since a hyperphosphorylated state of FAK is observed in
SHP-2~/~ compared with wild-type fibroblasts, these authors
hypothesized that this phosphatase may mediate FAK turn-
over, thus affecting cell motility and spreading. Our results
concur with this view and provide biochemical evidence of
the manner in which SHP-2 is involved in the chemoattractant-
induced turnover of focal adhesions, regulating the phosphor-
ylation state of FAK, and probably of other focal adhesion-
associated proteins, such as paxillin.

Cell movement across a two-dimensional substrate is gener-
ally viewed as a continuous, dynamic interplay of adhesions at
the leading edge and deadhesions at the rear portion of the
cells, combined with cell traction machinery (32). Indeed, “freez-
ing” integrins in an activated state inhibits cell migration (25).
A certain degree of cell attachment to ECM substrates is nev-
ertheless necessary for cell motility. IGF-I-triggered MCF-7
chemotaxis requires cell adhesion through integrins to a spe-
cific ECM substrate. Incubation of MCF-7 cells with antibodies
that block integrin binding to the ECM substrate results in
inhibition of the IGF-I chemotactic response (12). IGF-I-stim-
ulated MCF-7 chemotaxis involves this two-step process. IGF-
1R activation initially promotes rapid cell adhesion to the
substrate; activated IGF-1R then recruits and activates SHP-2,
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antibodies recognize both Erk-1 and Erk-2. (B and C) Determination of ectopically expressed SHP-2. In panel B, equal amounts of cell lysates (30 wg) were resolved
by SDS-PAGE and immunoblotted with an anti-SHP-2 antibody. In panel C, total RNA was isolated from mock-, SHP2-wt-, and SHP2-C>S-transfected cells, and
reverse transcriptase PCR was performed using specific primers for either SHP-2 (upper left panel) or B-actin (lower left panel). The primers used do not amplify
nonreverse transcribed RNA (data not shown). Finally, a part of the PCR products was incubated with Ps¢I (right panel), which digests the endogenous and the
ectopically expressed SHP2-wt forms, but not the SHP2-C>S form. (D) Determination of integrin levels. MCF-7 cells, transfected as in panel A, were stained with an
anti-o, B5 antibody followed by a fluorescein-labelled second antibody and were then analyzed by FACS.

leading to FAK dephosphorylation and probably to deactiva-
tion of the focal adhesion formed.

FAK has been shown to be a convergence point between
integrins and chemoattractant signaling pathways (reviewed in
reference 17). FAK phosphorylation in response to IGF-I has
also been reported in the SH-SYS5Y cell line (26). In many

instances, however, insulin and IGF-I have been described to
induce FAK dephosphorylation (22, 40), which appears to be
incompatible with chemotaxis promotion by IGF-I. Indeed,
FAK phosphorylation and kinase activity have been found in
migrating endothelial cells (43). Hepatocyte growth factor
(scatter factor), which promotes migration and invasion of oral

i.p. FAK
w.b. PY
Lt . .. — ol o — ._l
w.b. FAK
— - — — — — -
Time (min): 0 1 5 10 15 0 1 10 15
SHP2-wt SHP2-C>S

FIG. 6. IGF-I-induced FAK dephosphorylation is dependent on SHP-2 catalytic activity. MCF-7 cells transfected with wild-type SHP-2 (SHP2-wt) or the
catalytically inactive mutant SHP-2-C>S were stimulated with IGF-I at the times indicated (time 0 represents the absence of stimulus). After a washing step, cell lysates
were prepared and the proteins were immunoprecipitated (i.p.) with an anti-FAK antibody and resolved by SDS-PAGE. Western immunoblotting (w.b.) was performed
sequentially with anti-phosphotyrosine (PY, upper panel) and, as a protein loading control, anti-FAK (lower panel) antibodies.
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FIG. 7. SHP-2 catalytic activity is required for IGF-I-triggered MCF-7 invasion. (A) MCF-7 transfected with empty vector (mock), wild-type SHP-2, or the mutant
SHP-2-C>S were seeded on vitronectin-coated transwells, and IGF-I (1 ng/ml) was added to the lower chamber. The number of migrating mock-transfected cells was
designated 100%. Two representative SHP-2-C>S-transfected cell clones are shown (#3 and #14). (B) The SHP2-C>S-MCF-7 clone #3 cell line was untransfected
(untransf.) or transfected with the empty vector (vector) or with the vector coding for wild-type SHP-2 (SHP2-wt) at the indicated doses and then assayed for IGF-
I-triggered invasion through vitronectin as in panel A. The number of migrating mock-transfected cells was designated 100%. (C) SHP2-wt mRNA expression in
retransfected SHP2-C>S cells. As described in the legend to Fig. 5, total RNA was amplified by reverse transcriptase PCR using specific SHP-2 primers, and PCR
products were digested with PstI. The figure shows the restriction analysis for mock-transfected cells (lane 1) and for SHP2-C>S cells alone (lane 2) transfected with
empty vector (lane 3) or with SHP2-wt plasmid (5 pg) (lane 4). (D) Western blot analysis of SHP-2 levels in the cells used in panel C. Equal amounts of cell lysate
were resolved by SDS-PAGE and blotted with an SHP-2-specific antibody. Data represent one of three similar independent experiments.

squamous carcinoma cells, initially induces FAK phosphoryla-
tion (29). Finally, mutation of the FAK autophosphorylation
site Y397 was critical for the ability of FAK to stimulate cell
migration (7, 8). Analysis of tyrosine-phosphorylated proteins
in IGF-I-stimulated MCF-7 cells reveals that IGF-I induces
dephosphorylation of FAK and paxillin.

Based on the observation that FAK autophosphorylates in
tyrosine in response to integrin engagement (6), it has been
proposed that FAK plays a role in integrin-mediated cell ad-
hesion. In support of this view, the inhibition of FAK phos-
phorylation by different agents reduces cell adhesion (45). In
addition, it has been proposed that FAK phosphorylation con-
tributes to the stabilization of cell adhesion (33). Since IGF-I
induces FAK dephosphorylation, we reasoned that IGF-I
should negatively regulate MCF-7 cell adhesion. Nonetheless,
IGF-I increases the adhesion of MCF-7 cells to vitronectin and
type IV collagen, mediated by integrins o, 85 and a,(3,, respec-
tively. Certain integrins are known to modulate their affinity
for extracellular ligands in response to intracellular signals, a
process termed activation or inside-out signaling (reviewed in
reference 57). The time course experiments performed here

suggest that activated IGF-1R provides a transient intracellu-
lar signal responsible for the enhanced adhesion.

Evidence suggesting that cell adhesion regulates the effect of
insulin and IGF-I on FAK phosphorylation has been present-
ed. FAK is dephosphorylated in insulin-stimulated attached
cells but is cross-phosphorylated by the insulin and IGF-I re-
ceptors in nonattached cells (3). We thus analyzed whether
IGF-1R could activate integrins by phosphorylating FAK. In
vitronectin-attached MCF-7 cells, IGF-1R and IRS-1 associate
to FAK rapidly following IGF-I activation, but the IGF-1R-
associated FAK becomes dephosphorylated in time course ex-
periments. Analysis of FAK immunoprecipitates from non-
attached cells showed that IGF-1R does not promote FAK
phosphorylation directly, although this phosphorylation occurs
upon cell attachment to the ECM substrate. The enhancement
of IGF-I-promoted cell adhesion therefore proceeds through a
mechanism independent of FAK activation, concurring with
previous data (19). It has been proposed that inside-out sig-
naling involves the propagation of conformational changes in
the cytoplasmic domains of integrins (38, 57). These changes
may be mediated by integrin interaction with cytoskeletal pro-
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FIG. 8. SHP-2 catalytic activity regulates the number of focal adhesions.
MCEF-7 cells transfected with wild-type (SHP2-wt) or inactive mutant (SHP2-
C>S) constructs of SHP-2 were seeded on vitronectin-coated chamber slides,
fixed, permeabilized with Triton X-100, and examined for focal adhesion plaques
by using a paxillin antibody followed by a Cy3-conjugated secondary antibody.
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FIG. 9. Effect of SHP-2 on MCF-7 cell invasion is independent of MAPK
activation. (A) MCF-7 cells were incubated with the MEK inhibitor PD-98059 at
the indicated concentrations for 30 min before seeding on vitronectin-coated
transwells. The migration induced by IGF-I (1 ng/ml) added to the lower cham-
ber was examined. The numbers of migrating cells are the means * standard
deviations of cells per filter. (B) Serum-starved MCF-7 cells were incubated with
IGF-I (100 ng/ml) in the presence of the indicated amounts of PD-98059. [*H]
TdR incorporation was determined after 24 h. The proliferation obtained in the
absence of PD-98059 was considered 100%.

teins that serve to anchor and cluster integrins, thereby en-
hancing receptor avidity. Specific mutations in the IGF-1R
carboxyl terminus have been reported to disrupt the actin cy-
toskeleton and the cellular localization of vinculin, a protein
implicated in the control of adhesion in fibroblasts (42, 56),
without affecting other known IGF-1R substrates (4).

As mentioned above, FAK associated to the activated
IGF-1R is dephosphorylated over time. It has been proposed
that FAK dephosphorylation in response to insulin occurs in
two different ways, involving an indirect mechanism through
the C-terminal Src kinase (51), which inhibits Src-mediated
FAK phosphorylation (11), or through direct activity of the
tyrosine phosphatase SHP-2 (39, 58). We found that the IGF-
1R associates to SHP-2 with kinetics compatible with the FAK
and paxillin dephosphorylation we observed. The overexpres-
sion of a catalytically inactive dominant-negative SHP-2 mu-
tant in MCF-7 cells abolished IGF-I-induced FAK dephos-
phorylation, suggesting that SHP-2 may catalyze this reaction,
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FIG. 10. SHP-2 catalytic activity is a general requirement for cell motility.
(A) MCF-7 cells transfected with empty vector (mock), wild-type SHP-2, or the
mutant SHP-2-C>S were seeded on type IV collagen-coated transwells and
assayed for migration in response to IGF-I (1 ng/ml). The number of migrating
mock-transfected cells was designated 100%. (B) DU-145 cells transfected with
empty vector (mock), wild-type SHP-2 (SHP2-wt), or inactive SHP-2-C>S
(SHP2-C>S) were seeded on vitronectin-coated transwells and assayed for mi-
gration in response to IGF-I. As for panel A, the number of migrating mock-
transfected cells was designated 100%.

although this point has not been formally demonstrated.
The abrogation of IGF-I-induced FAK dephosphorylation
in SHP2-C>S-MCF-7 cells correlates with decreased migra-
tion in response to IGF-I, compared to mock- or SHP2-wt-
transfected cells; this phenotype is reversed by reintroducing
catalytically active wild-type SHP-2. The reduced chemotaxis
in cells overexpressing mutant SHP-2 correlates with an in-
crease in the number of focal adhesion contacts per cell com-

TABLE 1. Chemotactic effect of RANTES on
SHP-2 transfected cells

Stimulation of migration®

Stimulus
Mock transfection SHP2-C>S SHP2-wt
IGF-1 13.83 £ 1.72 7.83 + 0.94° 16.22 = 1.67
RANTES 244 £0.33 1.72 £ 0.28° 2.94 = 0.17

“ Fold stimulation of migration induced by IGF-I and RANTES over a neg-
ative control (absence of stimulus) in the different SHP-2-transfected cells.
b P = 0.05, as calculated by Mann-Whitney statistical analysis.
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FIG. 11. Model for IGF-I-induced motility in MCF-7 cells. Schematic rep-
resentation of the IGF-I-triggered signalling pathways leading to adhesion and de-
adhesion in MCF-7 cells. For details, see Discussion. PAX, paxillin; IRS, IRS-1;
P, phosphotyrosine.

pared with wild-type counterparts, suggesting that SHP-2 cat-
alytic activity contributes to the integrin deactivation process.

Recent reports suggest that integrin suppression could be
mediated by transcription-independent signaling through the
MAPK pathway (18). SHP-2 is generally a positive regulator of
signals for proliferation, and expression of a catalytically inac-
tive SHP-2 mutant, in fact, blocks MAPK activation in re-
sponse to insulin (30), PDGF (41), epidermal growth factor
(61), fibroblast growth factor (50), and IGF-I (47). An SHP-2
integrin suppression mechanism could thus be the stimulation
of MAPK activity. In accordance with this view, SHP2-C>S-
transfected cells have lower integrin-induced MAPK activity
than the wild-type- or the SHP2-wt-transfected cells, and they
show reduced cell spreading (reference 60 and our own re-
sults). It has been shown that SHP-2 associates to integrins
(52). MCF-7 cell migration is not affected by the MAPK kinase
(MEK) inhibitor PD-98059, however, which in fact diminishes
IGF-I-induced MCF-7 cell proliferation. These results concur
with those previously reported by Cary et al. (9) showing that
FAK-promoted cell migration does not require MAPK activa-
tion and suggest that SHP-2 effects on cell motility are exerted
mainly by regulating FAK dephosphorylation.

Together, our results suggest the following straightforward
sequence of events that explains how IGF-I stimulates MCF-7
cell migration (Fig. 11). (i) Phosphorylated IGF-1R activates
integrin o5 at the leading cell edge, probably acting through
cytoskeletal proteins such as vinculin. (ii) As a consequence of
cell adhesion, FAK autophosphorylation takes place and focal
adhesions are assembled, involving other proteins, such as pax-
illin and Src. (iii) Activated IGF-1R associates to integrins at
the focal adhesion contacts, as reported for the insulin receptor
(44), and then recruits the phosphatase SHP-2 (and probably
C-terminal Src kinase as well). (iv) SHP-2 catalyzes the de-
phosphorylation of FAK, which could be a signal to turn off
that particular focal adhesion contact, and the cell is locally
detached. The fact that the SHP2-C>S mutant also diminishes
IGF-I-triggered DU-145 cell invasion suggests that the mech-
anism described for MCF-7 cells may operate in other cell
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types. Since an IGF autocrine loop is operative in DU-145 cells
(28), the results shown here may provide a valid hypothesis for
the integration of signals in the control of cell growth and
migration in highly invasive tumor cell lines.

Since it has been demonstrated that FAK-mediated signal
transduction plays a crucial role in cell migration (8, 16, 19), we
further reasoned that SHP-2 activity may be a general require-
ment for cell chemotaxis promoted by integrins and chemotac-
tic agents other than IGF-I and o, 85. SHP2-C>S MCF-7 shows
reduced IGF-I-triggered chemotaxis on type IV collagen, in-
volving the integrin a,B, (12). We also tested the effect of the
SHP-2 mutant on B-chemokine-mediated MCF-7 invasivity.
Chemokines are clearly implicated in the regulation of leuko-
cyte motility and recruitment into inflamed tissue, acting
through seven-transmembrane GPCR (55). A new surge of in-
terest in chemokine research arose from the observation that
many tumors produce a wide array of and respond chemotac-
tically to chemokines (35, 37, 59). As in the case of IGF-I, the
expression of the dominant-negative SHP-2 results in a de-
crease in RANTES-induced MCF-7 chemotaxis, suggesting that
SHP-2 activity is also involved in the intracellular signals triggered
by this chemokine. The mechanism by which RANTES induces
SHP-2 activation requires further study, but SHP-2 phosphatase
has been reported to be involved in GPCR-induced cell prolifer-
ation (41).

The initial process in the metastatic spread of tumor cells
involves the invasion of malignant cells through the ECM of a
basement membrane followed by their intravasation to lymph
or blood vessels. Using MCF-7 as a model, we recently report-
ed (31) that chemotactic agents such as IGF-I regulate matrix
metalloprotease MMP-9 activity associated to the cell surface,
as well as integrin levels. Evidence is provided here that che-
motactic agents regulate FAK turnover through tyrosine phos-
phatase SHP-2 activity. Here we found that IGF-1R activation
may trigger the attachment-detachment signaling pathways
necessary for cell motility. On the one hand, IGF-I increases
o,Bs and a,B, integrin-mediated cell adhesion which, in turn,
results in FAK phosphorylation; on the other hand, IGF-I
promotes FAK dephosphorylation, which requires an active
SHP-2 tyrosine phosphatase. Furthermore, and perhaps more
importantly, (i) SHP-2 catalytic activity is a general require-
ment for cell motility mediated through different integrins and
induced by diverse chemotactic factors, and (ii) the SHP-2
effect on cell motility correlates with the control of FAK phos-
phorylation, which may in turn regulate the assembly and deas-
sembly of focal adhesions, using a MAPK-independent mech-
anism. Our data therefore suggest that SHP-2 is at the
crossroads of various signaling pathways triggered by growth
factors, B-chemokines, and integrins to induce a chemotactic
response, and they provide new objectives in the prevention of
tumor dissemination.
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