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SUMMARY Y 

AA key event in neointimal formation and atherogenesis is the migration of vascular 
smoothh muscle cells (VSMCs) into the intima. This migration is controlled by 
complexx signals from cytokines and extracellular matix (ECM) components within 
thee microenvironment of the damaged vessel wall. At present, the nature of these 
signalss has only been partially elucidated. In this study, we have explored the 
possiblee role of hepatocyte growth factor (HGF) and its receptor tyrosine kinase 
Met,, key regulators of cell motility and morphogenesis in several cell types, in the 
controll  of VSMC migration. VSMCs, isolated from the intima of atherosclerotic 
plaquess of carotid arteries, were used to study the expression of Met and its 
biologicall  function. We demonstrate that Met is expressed on these primary 
culturedd VSMCs and that stimulation with HGF leads to activation of Met as well 
ass to activation of PI3-K, PKB/Akt, and the MAP-kinases Erkl and -2, which are 
down-streamm of Met. Moreover, we show that stimulation with HGF induces 
lamellipodiaa formation, a characteristic feature of motile cells, and promotes 
VSMCC migration across fibronectin coated filters. The HGF-induced cell motility 
iss mediated by pi integrins and depends on PI3-K activation. Our results indicate 
thatt the Met is expressed in on VSMCs and that HGF/Met signaling through PI3-K 
controlss pi integrin-mediated VSMC migration. These data suggest that the 
HGF/Mett signaling pathway may play an important role in the pathogenesis of 
atherosclerosiss and restenosis. 

INTRODUCTION N 

Atherosclerosiss is the most common fatal disease in western societies. Early 
atheroscleroticc lesions consist of subendothelial cholesterol-engorged macrophages 
(1-4).. These 'fatty streak' lesions are the precursors of more advanced lesions 
characterizedd by a core consisting of lipid-rich necrotic debris and a fibrous cap 
consistingg of vascular smooth muscle cells (VSMCs) and extracellular matrix 
(ECM)) (1-4). Migration of VSMCs from the arterial media to the intima is a 
fundamentall  aspect of atherosclerotic plaque formation (1-4). Also, it is critical to 
restenosiss after balloon angioplasty (1, 2). Environmental signals that can regulate 
VSMCC migration include growth factors such as platelet-derived growth factor 
(PDGF),, fibroblast growth factor-2 (FGF-2), and transforming growth factor 
(TGF)-pp (5) Furthermore, components of the ECM, including fibrinogen and 
fibrin,, fibronectin, and hyaluronate (6, 7), also contribute to the control of VSMC 
migration.. Recently, it has been shown that Met, the receptor tyrosine kinase for 
hepatocytee growth factor (HGF) is expressed on VSMCs (8, 9). However, its 
biologicall  function has remained unexplored. 
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Interactionn of HGF, also called scatter factor (SF), with its receptor Met 
regulatess the growth, motility, and morphogenesis of many different cell types. The 
receptorr protein tyrosine kinase Met, the product of the proto-oncogene c-met, is 
prominentlyy expressed on most normal and malignant epithelia and, in addition, is 
presentt on several other cell types including endothelium, neurons, and B 
lymphocytess (10-12). Knock-out mice deficient in either Met or HGF die in utero 
duee to placental and liver defects. In addition, they show a severe defect in the 
migrationn of muscle cells precursors, leading to the absence of skeletal muscles 
fromm the limbs and diaphragm (13). Upon HGF binding, Met is phosphorylated on 
tyrosinee residues at the carboxy-terminus, which creates docking sites for a number 
off  different cytoplasmic proteins. This may result in activation of several signaling 
cascadess (10, 14-16): HGF stimulation triggers the Ras pathway through 
recruitmentt of the Grb2-Sos complex to Met (10), leading to activation of down 
streamm effector molecules, including MAP kinases (MAPK) (10). HGF-induced 
Rass activation has been implicated in a wide variety of cellular responses, 
includingg growth, cytoskeletal reorganization, and motility (17, 18). A second 
majorr signaling cascade that has been implicated in the HGF-induced motogenic 
effectss is the PI3-K pathway (10). Interaction of PI3-K with activated Met may 
enhancee PI3-K activity and/or localize PI3-K in the proximity of its substrates. PI3-
KK activity has been implicated in the cytoskeletal reorganization required for cell 
motilityy and the formation of focal adhesions. These changes in actin organization 
inn motile cells include the formation of a highly compact meshwork of actin 
filamentss at the leading edge of cells, called lamellipodia and membrane ruffles, or 
thee formation of short bundles of actin filaments protruding from the cell surface, 
calledd microspikes and filopodia (19). Furthermore, PI3-K is involved in the 
regulationn of integrin mediated adhesion, a critical component of cell migration. 

Inn this report, we have explored the role of HGF/Met signaling in VSMCs. 
Wee show that HGF-Met signaling pathway is functional in atherosclerotic plaque-
derivedd VSMCs. In addition, we demonstrate that HGF induces lamellipodia 
formationn (a characteristic feature of motile cells) as well as cell migration in 
VSMCs,, and show that this HGF-induced migration is PI3-K dependent. 

MATERIALSS AND METHODS 

Materials.Materials. Recombinant human HGF was purchased from R&D Systems 
(Abingdon,, UK). Foreskin fibronectin from Sigma Chemical Co. (Sigma, Bornem, 
Belgium).. Monoclonal antibodies used were: PY20, anti- phosphotyrosine 
(Affiniti ,, Nottingham, United Kingdom); 4B4, anti-integrin (31 (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 
MAPP kinase and anti-phospho-PKB/Akt (New England biolabs, Beverly, MA). 
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Thee pharmacological inhibitors used were: PD-98059, LY-294002 and 
Wortmanninn (Biomol, Plymouth Meeting, PA). 

CellCell cultures. VSMCs were isolated from carotid atherosclerotic plaque by 
thee "explant outgrowth technique". Carotid endartherectomy specimens were 
obtainedd from patients with symptomatic atherosclerotic disease. Fresh intimal 
plaquee tissue was cut in small pieces (1mm3) and placed in 24 well tissue culture 
platess that were coated with 1% gelatin. The explants were cultivated in DMEM 
(ICNN Biomedicals, Aurora, OH, USA) containing 10% fetal calf serum (Integra, 
Zaandam,, the Netherlands), 10% pooled human serum (Biowhittaker, Walkersville, 
MD,, USA), 100 u/ml Penicillin, 100 jig/ml Streptomycin (both from Life 
Technologies,, Breda. The Netherlands), epidermal growth factor (10 ng/ml) and 
basicc fibroblast growth factor (bFGF, 10 ng/ml, Strathmann Biotechnology, 
Hannover,, Germany) in a humidified atmosphere at 37°C with 5% CO:. Cells 
begann to migrate from the explants within one to two weeks of culture, and reached 
confluencee within another two weeks. Cells were subcultured after trypsinization 
inn 75 cm2, gelatin coated culture flasks. Growth factors (bFGF and EGF) were 
omittedd from the culture medium in the final passage. The purity of the SMC 
culturess were determined using immunohistochemistry with anti-smooth muscle 
actinn antibody (1A4, Dako, Glostrup, Denmark) specific for SMC, and anti-von 
Willebrandd factor (vWF) antibody (Dako), to identify possible contamination with 
endotheliall  cells. VSMC cell lines from 4 different patients were used in the 
experiments.. All gave informed consent for the use of their tissue for investigation. 

ImmunoprecipitationImmunoprecipitation and western blot analysis. Briefly, cells to be 
immunoprecipitatedd were lysed in lysis buffer containing lOmM Tris-HCl (pH 8), 
1500 mM NaCl, 1% Nonidet P-40, 10% glycerol, 10 ng/ml aprotenin (Sigma), 10 
|ig/mll  leupeptin (sigma), 2 mM sodium orthovanadate, 5 mM EDTA, and 5mM 
sodiumm floride. The lysates were spun at 104g at 4°C for 20 min and the 
immunocomplexess were collected by adding the anti-Met antibodies coupled to 
Proteinn A-Sepharose for at least 2 hours. The bound proteins were washed three 
timess with lysis buffer and the immunoprecipitated proteins were resolved by SDS-
polyacrylamidee gel electrophoresis. The resolved proteins were electrotransferred 
too nitrocellulose membranes. Detection of proteins by immunoblotting was 
performedd using the enhanced chemiluminescence lighting (ECL). 

ImmunofluorescenceImmunofluorescence Microscopy. To investigate the organization of the 
actinn cytoskeleton (stress fibers, lamellipodia or filopodia formation) 
immunofluorescencee microscopy studies were performed as described earlier (20) 

CellCell Migration assay. Cell migration was assayed using a transwell 
chamberr assay. Briefly, second or third passage VSMCs were harvested with 
trypsinn (0.1 mg/ml trypsin), centrifuged, and resuspended in 0.3 % BSA DMEM. 5 
xx 10 cells were plated on the upper surface of an uncoated or fibronectin-coated, 
polycarbonatee membrane (S\im pores) separating two chambers of a 6.5-mm 
transwelll  culture plate (coster, Cambridge, MA). In the bottom chamber 20 ng/ml 
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HGFF was added. After the indicated time, cells on the upper face of the membrane 
weree scraped of using a cotton swab. Cells that had migrated to the lower surface 
off  the membrane were fixed with 10% formaldehyde and stained with Giemsa. The 
numberr of migrated cells on the lower surface of the filter was counted in four 
fieldss under lOx magnification. Assays were performed in triplicate. 

RESULTS S 

HumanHuman carotid artery VSMCs express Met. To assess the expression of Met on 
culturedd human VSMCs, cell lysates of second passage carotid artery VSMCs were 
immunoblottedd with anti-Met antibody. As shown in Figure 1: lane 1, a band of 
approximatelyy 145 kD corresponding to the Met beta-chain, as well as a 180 kD 
bandd corresponding to the single chain Met precursor, was detected in the cell 
lysatess (see also Fig. 2A). Immunoblots of the cell lysates of the B cell line 
Namalwa,, either or not transfected with Met, are shown as positive and negative 
control,, respectively. 

kDD 1 2 3 

116--

1B:: ac-Met 

Figur ee 1. Expression of Met on VSMCs. VSMCs (lane 1), Met negative (lane 2), and Met 
positivee (lane 3) B cells were lysed and analysed for the expression of Met by western 
blottingg using anti-Met antibodies. The Met precursor and the Z-chain of Met are indicated 
(arrows). . 

StimulationStimulation of VSMC with HGF leads to activation of the PI3-K/PKB and 
RAS/MAPKRAS/MAPK pathways. To demonstrate the functionality of the HGF-Met 
signalingg pathway in VSMC, we assessed the autophosphorylation of Met in 
responsee to HGF stimulation. As shown in Figure 2A, stimulation of VSMC with 
HGFF resulted in a strong tyrosine phosphorylation of Met. This finding prompted 
uss to explore the activation of two major signaling cascades down-stream of Met, 
i.e.,, the Ras/MAPK pathway and PI3-K/PKB pathway. These signaling routes have 
beenn implicated in the regulation of cell survival and proliferation, respectively 
(10). . 
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Figur ee 2. HGF induces Met as well as MAP kinase and PKB/Akt activation. A) Dose kinetics 
off the tyrosine phosphorylation of Met in VSMCs. VSMCs were incubated with increasing 
concentrationn of HGF for 5 minutes. The immunoprecipitates of c-Met were subjected to 
westernn blotting and stained with anti-phosphotyrosine antibodies (upper panel) and then 
restainedd with anti-Met antibodies.B) HGF induces activation of MAPK . Total cell lysates of 
VSMCC stimulated with increasing concentration of HGF were subjected to western blotting 
usingg anti-phospo-MAPK. The phosphorylated ERK1 and -2 are indicated C) HGF induces 
activationn of PKB/Akt. Anti-phospho-PKB staining of VSMCs lysates collected after 
stimulationn with different concentration of HGF. The phosphorylated PKB is indicated. 
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Moreover,, the Ras/MAPK pathway and PI3-K have been implicated in cell 
migrationn (17, 18, 21-23). The MAPKs ERK1 and -2 are activated through 
phosphorylationn of threonine and tyrosine residues in their regulatory motif. 
Phosphorylationn of this motif can be assessed with anti-phospho-MAPK antibodies 
andd indicates MAPK activation. Similarly, phosphorylation of PKB/Akt on 
threonine/serinethreonine/serine can be assessed with anti-phospho-PKB antibodies and reflects the 
levell  of PKB activation. As is shown in Figure 2B and 2C, HGF stimulation of 
VSMCss induces activation of ERK1 and -2 as well as PKB/Akt. Hence, HGF 
stimulationn leads to the activation of pathways with a potential role in VSMC 
proliferation,, survival, and migration. 

HGFHGF induces lamellipodia formation and promotes the integrin-
mediatedmediated migration of VSMCs. We subsequently explored the role of HGF in 
VSMCC migration, a process that plays a central role in the pathogenesis of both 
atherogenesiss and restenosis (1-4). Since the actin cytoskeleton maintains cellular 
shapee and plays a pivotal role in cell motility, we initially investigated the effect of 
HGFF stimulation on the reorganization of the cytoskeleton of VSMCs. 
Unstimulatedd VSMCs showed a well-organized cytoskeleton with abundant stress 
fiberss organized into bundles (Fig. 3A). However, upon stimulation with HGF, the 
cellss rapidly (within minutes) developed typical lamellipodia, which are 
characteristicc of a motile and migratory phenotype (Fig. 3B, C) 
Forr migration studies, VSMCs were plated on transwell filters, which were either 
uncoatedd or coated with fibronectin. HGF was added to the lower compartment of 
thee system. Migration was quantified by determining the number of cells that 
migratedd through the filter after 2, 4 and 8 hours. As shown in Figure 4, VSMC did 
nott migrate through uncoated filters, neither in the presence nor absence of HGF. 
Inn the presence of a fibronectin coating, VSMCs showed a baseline migration rate 
resultingg in the accumulation of VSMC on the lower surface of the filter. However, 
inn the presence of HGF this migration was enhanced 2-3 fold after 8 hours. This 
increasee is comparable to the migration induced by other established stimulants of 
VSMCC motility (24, 25). The effect of HGF on VSMC migration was due to 
chemotaxiss rather than chemokinesis, since addition of HGF to the upper 
compartmentt of the transwell system did not significantly enhance migration (data 
nott shown). 
Sincee VSMCs express pi integrins, the major receptors for fibronectin, we 
investigatedd their role in the HGF-mediated VSMC migration. Antibodies against 
pii  integrins completely inhibited the HGF-induced, as well as the spontaneous, 
VSMCC migration through fibronectin coated filters (Fig. 5). 
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Figur ee 3. HGF induces lamellipodia formation. Subconfluent (50-70%) cultures of VSMCs 
weree stimulated with 100 ng/ml HGF for 10 min. Actin filaments were visualized using FITC-
phalloidin.. A) Unstimulated cells show stress fibers but no lamellipodia. B) Cells stimulated 
withh HGF show lamellipodia formation and membrane ruffling. C) Higher magnification of (B) 
focussingg on lamellipodia and membrane ruffles. 

HGF-mediatedHGF-mediated VSMC migration is dependent on PI3-kinase-activity. As 
demonstratedd above, HGF stimulation of VSMC leads to activation of both the 
Ras/MAPKK and the PI3-K/PKB pathways and enhances VSMC migration in a p 1 
integrin-dependentt fashion. Since both PI3-K and Ras have been implicated in the 
controll  of integrin-mediated adhesion as well as cell migration, we studied the 
contributionn of these pathways to VSMC migration in response to HGF. To this 
end,, the effect of pharmacological inhibitors of either PI3-K, i.e. Wortmannin and 
LY294002,, or MEK, i.e. PD98059, on VSMC migration was studied. Interestingly, 
bothh Wortmannin and LY completely inhibited the HGF-mediated migratory 
responsee (Fig. 6). Also, the spontaneous (HGF-independent) migration of VSMC 
wass inhibited by approximately 50%. By contrast, PD had littl e or no effect on the 
HGF-inducedd and spontaneous VSMC migration (Fig. 6). Hence, HGF-mediated 
VSMCC migration is dependant on PI3-K, but not on MAPK, activity. 
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Figur ee 4. HGF promotes migration of VSMCs. Migration assays were performed in 
Transwelll chambers. HGF was added to the lower compartment for the indicated time. The 
numberr of migrated VSMCs was determined at the indicated time points. Data represent the 
meann +/- SD of triplicates. 

DISCUSSION N 

Migrationn of VSMCs from the media to the intima of arteries is one of the major 
pathologicall  vascular responses involved in atherosclerotic plaque formation and 
developmentt of restenosis after percutaneous transluminal coronary angioplasty 
(PTCA).. The present study demonstrates that the HGF receptor Met is involved in 
thee control of the motility of human VSMCs. The HGF-induced cell motility is 
mediatedd by pi integrins and depends on PI3-K activation. Our data suggest that 
thee HGF/Met signaling pathway plays an important role in the pathogenesis of 
atherosclerosiss and restenosis. 

Wee observed that primary cultured VSMCs express the Met receptor 
proteinn (Fig. 1 and 2A). This finding confirms and extends previous studies by 
Nakamuraa et al, who demonstrated expression of Met mRNA in VSMCs (8). 
Moreover,, we demonstrated that the Met signaling pathway in VSMCs is 
functional:: Stimulation of VSMCs with HGF resulted in enhanced tyrosine 
phosphorylationn of Met (Fig. 2A) as well as in activation of PKB/Akt and the 
MAPKss Erkl and -2 (Fig. 2B). Hence, signaling via Met in VSMCs leads to 
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activationn of the PI3-K/PKB as well as the RAS/MAPK pathways, two major 
signalingg routes down stream of Met (10), which become activated as a result of 
interactionss with phosphotyrosine rescidues in the multifunctional docking site of 
Mett (10). Activation of these pathways in cells other than VSMC has been 
implicatedd in the complex biological responses mediated through Met, including 
regulationn of cell growth and motility (10). 
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Figur ee 5. HGF-stimulated VSMC migration is (31 integrin dependent. To assess the role of 
(311 integrins in HGF-induced VSMC migration, migration was measured in the absence or 
presencee of anti-pi-integrin or control antibodies. At 8 hours, the number of migrated VSMCs 
wass determined. Data represents the mean +/- SD of triplicates. 

Thee key finding of our present study is that signaling through Met controls 
VSMCC motility. Stimulation with HGF resulted in a rapid reorganization of the 
actinn cytoskeleton leading to the formation of membrane ruffles and lamellipodia 
(Fig.. 3), which are characteristics of a motile and migratory phenotype (19) 
Moreover,, Met activation by HGF resulted in a 2-3 fold enhanced migration of 
VSMCss over fibronectin coated filters (Fig. 4). This migation was (31 integrin 
dependentt (Fig. 5). In the diseased arterial wall, macrophages and endothelial cells 
couldd represent a potential paracrine source of HGF, since in vitro studies have 
shownn that both cell types have the capacity to produce HGF (9, 26, 27). Activated 
macrophagess are present in many atherosclerotic plaques, and moreover, have been 
detectedd at the site of PTCA induced injury (28). Furthermore, (V)SMCs 
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Figur ee 6. HGF-induced VSMC migration is PI3-K dependent. HGF-induced VSMCs 
migrationn was measured in the absence or presence of the PI3-K inhibitors wortmannin 
(WM)) or LY294002, or the MEK inhibitor PD98059. After 8 hours, the number of migrated 
VSMCss was determined. Data represents the mean +/- SD of triplicates. 

themselvess have been reported produce HGF (8) and may thus represent an 
autocrinee source of HGF. Indeed, HGF has been reported to be present in the 
atheroscleroticc plaques (29). 

Ourr studies indicate that at least two distinct mechanisms contribute to the 
HGF-controlledd motility changes of VSMCs. Firstly, HGF-induced reorganization 
off  the actin cytoskeleton. Cytoskeletal changes, which are evidenced by the rapid 
inductionn of membrane ruffles and lamellipodia upon HGF stimulation (Fig. 3), 
createe the cytoskeletal flexibilit y required for cell locomotion. Secondly, HGF-
controlledd integrin-mediated cell adhesion. Regulation of the affinity and/or avidity 
off  adhesion molecules of the integrin family, which mediate interactions with ECM 
components,, is fundamental to the control of cell migration in many systems (30). 
Ass is shown in our present study (Fig. 5), integrins, viz. pi integrins, arc critical for 
thee HGF-stimulated VSMC migration, suggesting a role for HGF in the regulation 
off  the activity of VSMC integrins. Recent studies from our own and other 
laboratoriess have shown that the HGF/Met signaling pathway indeed is capable of 
regulatingregulating integrin activity in several cell types, including B cells, neutrophils, and 
epitheliall  cells (11, 22, 31, 32). In B cells, HGF-stimulation leads to activation of 
pii  integrins and promotes adhesion to VCAM-1 and fibronectin (11). Interestingly, 
pii  integrins on VSMCs are considered to be prominent players in adhesion to 
ECMM components, including fibronectin, and VSMCs produce vast amounts of 
fibronectinn in response to vascular injury (7, 30). 
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Uponn stimulation of the VSMCs with HGF, we observed activation of the 
Ras-MAPKK pathway, as well as PI3-K/PKB signal transduction pathways (Fig. 2). 
Sincee a vast amount of evidence supports a role for Ras/ERK and PI3-K in 
promotingg cell migration through receptor tyrosine kinases, we investigated the 
possiblee role of these cascades in HGF-induced VSMC migration. The 
pharmacologicall  PI3-K inhibitors Wortmannin and LY294002 were found to 
inhibitt both spontaneous and HGF-induced VSMC migration, whereas the MEK 
inhibitorr PD98059 had no effect (Fig. 6). Previous studies revealed that several 
stimulii  have the ability to control VSMC migration, including PDGF, IGF-I, IL-3, 
NGFF and TNF-a (2-5). In the studies addressing the molecular aspects of the 
underlyingg signaling mechanisms there appears to be some discrepancy as to the 
requirementt for activation of P13-Kand MEK/ERK in the migratory response (28, 
33-38).. PI3-K activation has been implicated in the control of integrin pi activity 
byy a variety of stimuli in other cell types (39), which is in agreement with the 
criticall  role of integrin (31 and activation of PI3-K in HGF-induced VSMC 
migrationn (Fig. 6). However, activation of MEK and ERK, which has been 
implicatedd in integin pi activation as well (40, 41), does not appear to be involved 
inn the HGF-mediated stimulation of VSMC migration (Fig. 6). In contrast, 
however,, HGF-induced migration of fibroblasts was recently reported to occur 
throughh activation of both ERK and PI3-K (42). 

Byy means of either specific pharmacological inhibitors such as 
Wortmanninn and LY294002, or by expression of dominant negative or 
constitutivelyy active mutants, the function of PI3-K in Met signaling has been 
extensivelyy studied. These studies revealed a prominent regulatory role for PI3-K 
inn Met-induced mitogenesis, motility and morphogenesis. (43-47). PI3-K was one 
off  the first molecules that was shown to become associated with Met upon HGF-
stimulationn (48, 49). This interaction of PI3-K with Met may enhance PI3-K 
activityy and/or localize PI3-K in the proximity of its substrate (49). PI3-K is 
composedd of a p85 adapter subunit, which contains the Met interacting SH2 
domain,, and a pi 10 catalytic subunit. PI3-K is able to phosphorylate PIP2 in order 
too produce PIP3. PIP3 in its turn can bind to the PH domain of target proteins, 
resultingg in their translocation, membrane localization and, indirectly, in their 
activation.. Besides the ability of PI3-K to directly interact with Met, two additional 
mechanismss may account for Met-induced PI3-K activation. Firstly, the p85 
subunitt of PI3-K was also found to associate with the docking protein Gabl (50). 
Secondly,, PI3-K has been identified as an effector molecule for Ras, as Ras has the 
abilityy to directly interact with the pi 10 catalytic subunit of PI3-K (51). To what 
extentt these three different mechanisms contribute to HGF-induced PI3-K 
activationn and migration in VSMCs remains to be established. 

Inn conclusion, our current results indicate that Met is expressed on 
VSMCss and that HGF/Met signaling through PI3-K controls pi integrin-mediated 
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VSMCC migration. These data suggest that the HGF/Met signaling pathway may 
playy an important role in the pathogenesis of atherosclerosis and restenosis. 
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