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Abstract

A key event in neointima formation and atherogenesis is the migration of vascular smooth muscle cells (VSMCs) into the intima.

This is controlled by cytokines and extracellular matix (ECM) components within the microenvironment of the diseased vessel wall.

At present, these signals have only been partially identified. In this study, we demonstrate that Met, the receptor tyrosine kinase for

hepatocyte growth factor (HGF), is expressed on VSMCs isolated from the intima of atherosclerotic plaques of carotid arteries.

Stimulation with HGF led to activation of Met as well as to activation of PI3-K, PKB/Akt, MEK, and the MAP kinases Erk1 and

-2. Moreover, HGF induced lamellipodia formation, a characteristic feature of motile cells, and promoted VSMC migration across

fibronectin-coated filters. The HGF-induced cell migration was mediated by b1 integrins and required PI3-K activation. Our results

suggest a role for the HGF–Met signaling pathway in the pathogenesis of atherosclerosis and restenosis.

� 2002 Elsevier Science (USA). All rights reserved.
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Atherosclerosis is the most common fatal disease in

Western societies. Early atherosclerotic lesions consist of

subendothelial cholesterol-engorged macrophages [1–4].
These �fatty streak� lesions are the precursors of more

advanced lesions characterized by a core consisting of

lipid-rich necrotic debris and a fibrous cap consisting of

vascular smooth muscle cells (VSMCs) and extracellular

matrix (ECM) [1–4]. Migration of VSMCs from the

arterial media to the intima is a fundamental aspect of

atherosclerotic plaque formation [1–4]. Also, it is critical

to restenosis after balloon angioplasty [1,2]. Environ-
mental signals that can regulate VSMC migration in-

clude growth factors such as platelet-derived growth

factor (PDGF), fibroblast growth factor-2 (FGF-2), and

transforming growth factor (TGF)-b [5]. Furthermore,

components of the ECM, including fibrinogen and fi-

brin, fibronectin, and hyaluronate [6,7], also contribute

to the control of VSMC migration.

Recently, it has been shown that the receptor tyrosine

kinase Met, the receptor for hepatocyte growth factor

(HGF), is expressed on VSMCs after balloon denuda-
tion [8,9] and that HGF can promote migration of

rabbit neointimal SMC in vitro [9]. HGF, also called

scatter factor (SF), is a pleiotropic cytokine that induces

complex responses, including growth, motility, and

morphogenesis, in target cells, which include normal

and malignant epithelia, endothelium, neurons, and B

lymphocytes [10–12]. Knock-out mice deficient in either

Met or HGF die in utero due to placental and liver
defects and, in addition, show a severe defect in the

migration of muscle cell precursors [13].

Upon HGF binding, Met is phosphorylated on ty-

rosine residues at the carboxy-terminus, which creates

docking sites for a number of different cytoplasmic

proteins. This may result in activation of several sig-

naling cascades [12,14,15]: HGF stimulation triggers the

Ras pathway through recruitment of the Grb2–Sos
complex to Met, leading to activation of downstream

effector molecules, including MAP kinases (MAPK)

[12]. HGF-induced Ras activation has been implicated
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in a wide variety of cellular responses, including growth,
cytoskeletal reorganization, and motility [16,17]. A sec-

ond major signaling cascade that has been implicated in

the HGF-induced motogenic effects is the PI3-K path-

way [12]. Interaction of PI3-K with activated Met may

enhance PI3-K activity and/or localize PI3-K in the

proximity of its substrates. PI3-K activity has been im-

plicated in the cytoskeletal reorganization required for

cell motility and the formation of focal adhesions. These
changes in actin organization in motile cells include the

formation of a highly compact meshwork of actin fila-

ments at the leading edge of cells, called lamellipodia

and membrane ruffles, or the formation of short bundles

of actin filaments protruding from the cell surface, called

microspikes and filopodia [18]. Furthermore, PI3-K is

involved in the regulation of integrin-mediated adhe-

sion, a critical component of cell migration.
In this report, we have explored the role of HGF/Met

signaling in VSMCs and show that the HGF–Met sig-

naling pathway is functional in atherosclerotic plaque-

derived VSMCs. We demonstrate that HGF stimulation

of VSMCs induces lamellipodia formation, a charac-

teristic feature of motile cells, and promotes cell mi-

gration. The HGF-induced VSMC migration is PI3-K

dependent.

Materials and methods

Materials. Recombinant human HGF was purchased from R&D

Systems (Abingdon, UK). Foreskin fibronectin was from Sigma

Chemical (Sigma, Bornem, Belgium). Monoclonal antibodies used

were: PY20, anti-phosphotyrosine (Affiniti, Nottingham, United

Kingdom); 4B4, anti-integrin b1 (Coulter Hialeah, FL). The rabbit

polyclonal antibodies used were: anti-hMet (anti-human Met), C-12

(Santa Cruz Biotechnology, Santa Cruz, CA); anti-phospho-p42/44

MAP kinase and anti-phospho-PKB/Akt (New England Biolabs,

Beverly, MA). The pharmacological inhibitors used were: PD-98059,

LY-294002, and Wortmannin (Biomol, Plymouth Meeting, PA).

Cell cultures. VSMCs were isolated from carotid atherosclerotic

plaques by the ‘‘explant outgrowth technique.’’ Carotid endarterec-

tomy specimens were obtained from patients with symptomatic ath-

erosclerotic disease. Fresh intimal plaque tissue was cut in small pieces

(1mm3) and placed in 24-well tissue culture plates that were coated

with 1% gelatin. The explants were cultivated in DMEM (ICN Bio-

medicals, Aurora, OH) containing 10% fetal calf serum (Integro, Za-

andam, The Netherlands), 10% pooled human serum (Biowhittaker,

Walkersville, MD), 100U/ml penicillin, 100lg/ml streptomycin (both

from Life Technologies, Breda, The Netherlands), epidermal growth

factor (10 ng/ml), and basic fibroblast growth factor (bFGF, 10 ng/ml,

Strathmann Biotechnology, Hannover, Germany) in a humidified at-

mosphere at 37 �C with 5% CO2. Cells began to migrate from the ex-

plants within one to two weeks of culture and reached confluence

within another two weeks. Cells were subcultured after trypsinization

in 75 cm2, gelatin-coated culture flasks. Growth factors (bFGF and

EGF) were omitted from the culture medium in the final passage. The

purity of the SMC cultures was determined using immunohistochem-

istry with anti-smooth muscle actin antibody (1A4, Dako, Glostrup,

Denmark) specific for SMC, and anti-von Willebrand factor (vWF)

antibody (Dako), to exclude contamination with endothelial cells.

VSMC cells from four different patients were used in the experiments.

Immunoprecipitation and Western blot analysis. Briefly, 10� 105

cells were lysed in lysis buffer containing 10mM Tris–HCl (pH 8),

150mM NaCl, 1% Nonidet P-40, 10% glycerol, 10 lg/ml aprotinin

(Sigma), 10lg/ml leupeptin (Sigma), 2mM sodium orthovanadate,

5mM EDTA, and 5mM sodium fluoride. The lysates were spun at

104g at 4 �C for 20min and the immunocomplexes were collected by

adding the anti-Met antibodies coupled to protein A–Sepharose for at

least 2 h. The bound proteins were washed three times with lysis buffer,

resolved by SDS–PAGE, and electrotransferred to nitrocellulose

membranes. Detection of proteins by immunoblotting was performed

using enhanced chemiluminescence lighting (ECL).

Immunofluorescence microscopy. To investigate the organization of

the actin cytoskeleton (stress fibers, lamellipodia or filopodia forma-

tion) immunofluorescence microscopy studies were performed as de-

scribed earlier [19].

Cell migration assay. Cell migration was assayed using a transwell

chamber assay. Briefly, second or third passage VSMCs were harvested

with trypsin (0.1mg/ml trypsin), centrifuged, and resuspended in 0.3 %

BSA DMEM. Cells (5� 104) were plated on the upper surface of an

uncoated or fibronectin-coated, polycarbonate membrane (8lm pores)

separating two chambers of a 6.5-mm transwell culture plate (Costar,

Cambridge, MA). In the bottom chamber 20 ng/ml HGF was added.

After the indicated time, cells on the upper face of the membrane were

scraped off using a cotton swab. Cells that had migrated to the lower

surface of the membrane were fixed with 10% formaldehyde and

stained with Giemsa. The number of migrated cells on the lower sur-

face of the membrane was counted in four fields at 100�magnification.

Assays were performed in triplicate.

Results

Human carotid artery VSMCs express Met

To assess the expression of Met on cultured human

VSMCs, cell lysates of second passage carotid artery
VSMCs were immunoblotted with an anti-Met anti-

body. As shown in Fig. 1A, a band of approximately

145 kDa corresponding to the Met b-chain, as well as a
180 kDa band corresponding to the single chain Met

precursor, was detected in the cell lysates. Immunoblots

of the cell lysates of the B cell line Namalwa, non- or

Met-transfected, are shown as positive and negative

controls, respectively.

Stimulation of VSMC with HGF leads to activation of the

PI3-K/PKB and RAS/MAPK pathways

To demonstrate the functionality of the HGF–Met

signaling pathway in VSMC, we assessed the autop-

hosphorylation of Met in response to HGF stimulation.

As shown in Fig. 1B, stimulation of VSMC with HGF

resulted in a strong tyrosine phosphorylation of Met.
This finding prompted us to explore the activation of

two major signaling cascades downstream of Met, i.e.,

the Ras/MAPK pathway and PI3-K/PKB pathway.

These signaling routes have been implicated in the reg-

ulation of cell survival and proliferation, respectively

[12]. Moreover, the Ras/MAPK pathway and PI3-K

have been implicated in cell migration [16,17,20–22].

The MAPKs Erk1 and -2 are activated through phos-
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phorylation of threonine and tyrosine residues in their

regulatory motif. Phosphorylation of this motif can be

assessed with anti-phospho-MAPK antibodies and in-

dicates MAPK activation. Similarly, phosphorylation of

PKB/Akt on threonine/serine can be assessed with anti-

phospho-PKB antibodies and reflects the level of PKB
activation. As shown in Figs. 1C and D, HGF stimu-

lation of VSMCs induces activation of Erk1 and -2 as

well as PKB/Akt. Hence, HGF stimulation leads to the

activation of pathways with a potential role in VSMC

proliferation, survival, and migration.

HGF induces lamellipodia formation and promotes the

integrin-mediated migration of VSMCs

We subsequently explored the role of HGF in VSMC

migration, a process that plays a central role in the

pathogenesis of both atherogenesis and restenosis [1–4].

Since the actin cytoskeleton maintains cellular shape

and plays a pivotal role in cell motility, we initially in-

vestigated the effect of HGF stimulation on the reor-

ganization of the cytoskeleton of VSMCs. Unstimulated

VSMCs showed a well-organized cytoskeleton with
abundant stress fibers organized into bundles (Fig. 2A).

However, upon stimulation with HGF, the cells rapidly

(within minutes) developed typical lamellipodia, which

are characteristic of a motile and migratory phenotype

(Figs. 2B and C).

For migration studies, VSMCs were plated on trans-

well filters, which were either uncoated or coated with

fibronectin. HGF was added to the lower compartment
of the system. Migration was quantified by determining

the number of cells that migrated through the filter after

2, 4, and 8 h. As shown in Fig. 3A, VSMC did not mi-

grate through uncoated filters, neither in the presence

nor absence of HGF. In the presence of a fibronectin

coating, VSMCs showed a baseline migration rate re-

sulting in the accumulation of VSMC on the lower
surface of the filter. However, in the presence of HGF

this migration was enhanced 2–3-fold after 8 h (Fig. 3A).

This increase is comparable to the migration induced by

other established stimulants of VSMC motility [23,24].

The effect of HGF on VSMC migration was due to

chemotaxis rather than chemokinesis, since addition of

HGF to the upper compartment of the transwell system

Fig. 1. Activation of Met on VSMCs induces MAP kinase and PKB/Akt activation. (A) Expression of Met on VSMCs. VSMCs (lane 1), Met

negative (lane 2), and Met positive (lane 3) B cells were lysed and analyzed for the expression of Met by Western blotting analysis using anti-Met

antibodies. The Met precursor and the Met b-chain are indicated (arrows). (B) Dose kinetics of the tyrosine phosphorylation of Met in VSMCs.

VSMCs were incubated with increasing concentration of HGF for 5min. The immunoprecipitates of c-Met were Western blotted, stained with anti-

phosphotyrosine antibodies (upper panel), and then restained with anti-Met antibodies. (C) HGF induces activation of MAPK. Total cell lysates of

VSMC were stimulated with increasing concentration of HGF and subjected to Western blotting using anti-phospo-MAPK. The phosphorylated

ERK1 and -2 are indicated. (D) HGF induces activation of PKB/Akt. Anti-phospho-PKB staining of VSMCs lysates collected after stimulation with

different concentrations of HGF. The phosphorylated PKB is indicated.

Fig. 2. HGF induces lamellipodia formation. Subconfluent (50–70%)

cultures of VSMCs were stimulated with 100 ng/mL HGF for 10min.

Actin filaments were visualized using phalloidin–FITC. (A) Unstimu-

lated cells show stress fibers but no lamellipodia. (B) Cells stimulated

with HGF show lamellipodia formation and membrane ruffling. (C)

Higher magnification of (B) focussing on lamellipodia and membrane

ruffles.
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did not significantly enhance migration (data not
shown). Noteworthy, no effect of HGF on VSMC pro-

liferation was observed (data not shown).

Since VSMCs express b1 integrins, the major recep-

tors for fibronectin, we investigated their role in the

HGF-mediated VSMC migration. Antibodies against b1
integrins completely inhibited the HGF-induced, as well

as the spontaneous, VSMC migration through fibro-

nectin-coated filters (Fig. 3B).

HGF-mediated VSMC migration is dependent on PI3-

kinase activity

As demonstrated above, HGF stimulation of VSMC

leads to activation of both the Ras/MAPK and the PI3-

K/PKB pathways and enhances VSMC migration in a

b1 integrin-dependent fashion. Since both PI3-K and
Ras have been implicated in the control of integrin-

mediated adhesion as well as cell migration, we studied

the contribution of these pathways to VSMC migration

in response to HGF. To this end, the effect of pharma-

cological inhibitors of either PI3-K, i.e., Wortmannin

and LY294002, or MAPK, i.e., PD98059, on VSMC

migration was studied. HGF-induced activation of PI3-

K could be specifically blocked by Wortmannin and
LY294002, as illustrated by the abolishment of PKB

phosphorylation, whereas PD98059 prevented HGF-

induced phosphorylation of the MAP kinases Erk-1 and

-2 (Fig. 4A). Interestingly, both Wortmannin and

LY completely inhibited the HGF-mediated migratory

response (Fig. 4B). Also, the spontaneous (HGF

independent) migration of VSMC was inhibited by

Fig. 4. HGF-induced VSMC migration is PI3-K dependent. (A) HGF-induced activation of PKB and Erk1 and -2 is blocked by using pharma-

cological inhibitors. Cells were deprived of serum for 3 h and incubated for 30min at 37 �C with the PI3-K inhibitor Wortmannin (WM, 100 nM) and

LY294002 (LY, 20 lM), the MEK inhibitor PD98059 (PD, 50 lM), or control media with DMSO only, prior to incubation with HGF. Activation of

PKB and MAP kinases was determined in total cell lysates by immunoblotting with anti-phospho PKB (top) and anti-phospho Erk1 and -2 (a p-

MAPK) (middle), respectively. Staining with anti-human Met represents loading controls (bottom panel). (B) HGF-induced VSMCs migration was

measured in the absence or presence of WM (100 nM), LY (20lM), or PD (50lM). After 8 h, the number of migrated VSMCs was determined. Data

represent means�SD of triplicates.

Fig. 3. HGF promotes b1 integrin-dependent migration of VSMCs. (A) HGF induces migration of VSMCs. Migration assays were performed in

Transwell chambers either non- or fibronectin (FN)-coated. HGF was added to the lower compartment at a concentrattion of 100 ng/mL for the

indicated time. The number of migrated VSMCs was determined at the indicated time points. (B) HGF-induced migration of VSMCs is b1 integrin

dependent. To assess the role of b1 integrins in HGF-induced VSMC migration, migration was measured on fibronectin-coated membranes in the

absence or presence of anti-b-integrin (4B4) or control antibodies (IgG1). After 8 h, the number of migrated VSMCs was determined. Data represent

means� SD of triplicates.
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approximately 50%. By contrast, PD98059 had little or
no effect on the HGF-induced and spontaneous VSMC

migration (Fig. 4B). Hence, HGF-mediated VSMC

migration is dependent on PI3-K, but not on MAPK,

activity.

Discussion

Migration of VSMCs from the media to the intima of

arteries is one of the major pathological vascular re-

sponses involved in atherosclerotic plaque formation as

well as in the development of restenosis after percutane-

ous transluminal coronary angioplasty (PTCA). The

present study demonstrates that the HGF receptorMet is

involved in the control of the motility of human VSMCs.

TheHGF-induced cellmotility ismediatedbyb1 integrins
and depends on PI3-K activation. Our data suggest that

the HGF/Met signaling pathway plays a role in the

pathogenesis of atherosclerosis and restenosis.

We demonstrated that primary cultured VSMCs ex-

press a functional Met receptor protein (Figs. 1A and

B). Stimulation of VSMCs with HGF resulted in en-

hanced tyrosine phosphorylation of Met (Fig. 1B) as

well as in activation of the MAPKs Erk1 and -2, and
PKB/Akt (Figs. 1C and D), components of the PI3-K/

PKB and the RAS/MAPK pathways, two major sig-

naling routes downstream of Met [12]. Activation of

these pathways in cells other than VSMC has been im-

plicated in the complex biological responses mediated

through Met, including regulation of cell growth and

motility [12]. We observed that Met can control VSMC

motility. Stimulation with HGF resulted in a rapid re-
organization of the actin cytoskeleton of VSMCs,

leading to the formation of membrane ruffles and la-

mellipodia (Fig. 2), characteristics of a motile and mi-

gratory phenotype [18]. Moreover, Met activation by

HGF enhanced migration of VSMCs through fibro-

nectin-coated filters (Fig. 3). HGF has been reported to

be present in the atherosclerotic plaques [25]. In the

diseased arterial wall, macrophages and endothelial cells
represent a potential paracrine source of HGF, since

both cell types have been reported to produce HGF

[9,26,27]. Activated macrophages are not only present in

atherosclerotic plaques but have also been detected at

the site of PTCA-induced injury [28]. Alternatively,

(V)SMCs have been reported to produce HGF [8] and

may thus represent an autocrine source of HGF.

Our studies indicate that at least two distinct mech-
anisms contribute to the HGF-controlled motility

changes of VSMCs. First, HGF-induced reorganization

of the actin cytoskeleton. These changes evidenced by

the rapid induction of membrane ruffles and lamellipo-

dia upon HGF stimulation (Fig. 2) create the cytoskel-

etal flexibility required for cell locomotion. Second,

HGF-controlled regulation of integrin activities. Regu-

lation of the affinity and/or avidity of adhesion mole-
cules of the integrin family, which mediate interactions

with ECM components, is fundamental to the control of

cell migration in many systems [29]. As shown in our

present study (Fig. 3B), integrins, viz., b1 integrins, are

also critical for the HGF-stimulated VSMC migration.

Recent studies from our own and other laboratories

have shown that the HGF/Met signaling pathway is

capable of regulating integrin activity in several cell
types, including B cells, neutrophils, and epithelial cells

[11,21,30,31]. In B cells, HGF-stimulation leads to ac-

tivation of b1 integrins and promotes adhesion to

VCAM-1 and fibronectin [11]. In VSMCs, b1 integrins

are prominent players in adhesion to ECM components,

including fibronectin, and VSMCs produce vast

amounts of fibronectin in response to vascular injury

[7,29].
Upon stimulation of the VSMCs with HGF, we ob-

served activation of the Ras/MAPK, as well as PI3-K/

PKB signal transduction pathways (Figs. 1C and D).

Since a vast amount of evidence supports a role for Ras/

ERK and PI3-K in promoting cell migration through

receptor tyrosine kinases, we investigated the possible

role of these cascades in HGF-induced VSMC migra-

tion. The pharmacological PI3-K inhibitors Wortman-
nin and LY294002 were found to inhibit both

spontaneous and HGF-induced VSMC migration,

whereas the MAPK inhibitor PD98059 had no effect

(Fig. 4B). Previous studies revealed that several stimuli

have the ability to control VSMC migration, including

PDGF, IGF-I, IL-3, NGF, and TNF-a [2–5]. In the

studies addressing the molecular aspects of the under-

lying signaling mechanisms there appears to be some
discrepancy as to the requirement for activation of PI3-

K and MAPK in the migratory response [27,32–37].

PI3-K activation has been implicated in the control of

integrin b1 activity by a variety of stimuli in other cell

types [38], which is in agreement with the critical role of

integrin b1 and activation of PI3-K in HGF-induced

VSMC migration (Fig. 4B). However, activation of Erk,

which has been implicated in integin b1 activation as
well [39,40], does not appear to be involved in the HGF-

mediated stimulation of VSMC migration (Fig. 4B). In

contrast, HGF-induced migration of fibroblasts was

recently reported to occur through activation of both

Erk and PI3-K [41].

By means of either specific pharmacological inhibi-

tors such as Wortmannin and LY294002, or by ex-

pression of dominant negative or constitutively active
mutants, the function of PI3-K in Met signaling has

been extensively studied. These studies revealed a

prominent regulatory role for PI3-K in Met-induced

mitogenesis, motility, and morphogenesis [42–45]. PI3-

K was one of the first molecules that was shown to be-

come associated with Met upon HGF-stimulation

[46,47]. This interaction of PI3-K with Met may enhance
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PI3-K activity and/or localize PI3-K in the proximity of
its substrate [47]. PI3-K is composed of a p85 adapter

subunit, which contains the Met interacting SH2 do-

main, and a p110 catalytic subunit. PI3-K is able to

phosphorylate PIP2 to produce PIP3. PIP3 in its turn

can bind to the PH domain of target proteins, resulting

in their translocation, membrane localization and, in-

directly, in their activation. Besides the ability of PI3-K

to directly interact with Met, two additional mecha-
nisms may account for Met-induced PI3-K activation.

First, the p85 subunit of PI3-K was also found to as-

sociate with the docking protein Gab1 [48]. Second, PI3-

K has been identified as an effector molecule for Ras, as

Ras has the ability to directly interact with the p110

catalytic subunit of PI3-K [49]. To what extent these

three different mechanisms contribute to HGF-induced

PI3-K activation and migration in VSMCs remains to
be established.

In conclusion, our current results indicate that Met is

expressed on VSMCs and that HGF/Met signaling

through PI3-K controls b1 integrin-mediated VSMC

migration. These data indicate that the HGF/Met sig-

naling pathway may play a role in the pathogenesis of

atherosclerosis and restenosis.
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