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Because hepatocyte growth factor (HGF) is a potent
mitogen for normal human exocrine pancreas cells
(NPCs) in vitro , we have analyzed the expression of
HGF and its receptor, Met, in NPC and pancreas can-
cer cells and studied its effects in vitro. Using immu-
nohistochemistry, Northern blotting, and reverse
transcription-polymerase chain reaction, we exam-
ined the expression of HGF and Met in normal pan-
creas and pancreas cancer. Scatter assays, wound-
healing assays, and migration through transwell
filters were used to study HGF-stimulated motility of
IMIM-PC-2 cancer cells. In tumors, HGF is mainly de-
tected in stromal cells, whereas Met is overexpressed
in cancer cells with an unpolarized distribution. In
vitro , HGF stimulates motogenesis but not prolifera-
tion in cancer cells. Cell motility is accompanied by a
rapid decrease in the cytoskeleton-bound E-cadherin,
an acceleration of cellular adhesion to the substrate,
an up-regulation of urokinase plasminogen activator
(u-PA) RNA and protein, and a change in the solubility
and proteolysis of the u-PA receptor. Cell motility is
significantly reduced by inhibitors of u-PA proteolytic
activity such as antibodies neutralizing u-PA activity,
plasminogen activator inhibitor 1, and amiloride.
These results show that a paracrine loop of HGF acti-
vation may participate in the development or pro-
gression of pancreas cancer. In vitro , the HGF-stimu-
lated motogenesis of pancreas cancer cells involves
the activation of the u-PA/u-PA receptor proteolytic sys-
tem, suggesting its role in the invasive stages of tumor
progression. (Am J Pathol 1998, 153:201–212)

Hepatocyte growth factor (HGF), identified also as scat-
ter factor,1 is a potent mitogen for primary hepatocyte
cultures and a variety of other epithelial cell types, includ-
ing normal exocrine pancreas, an inducer of tubular net-
works and a scatter factor for epithelial cells.2–7 There-
fore, HGF has mitogenic, morphogenetic, and motogenic
activity. The receptor for HGF, Met, is a heterodimeric
membrane tyrosine kinase synthesized as a 170-kd pre-
cursor that is proteolytically cleaved to 50-kd and 145-kd
subunits, and it was initially identified because of its
transforming activity as part of a translocation in HOS
cells treated with N-methyl-N-nitro-N-nitrosoguanidine.8

Experimental evidence has led to the proposal that
HGF and Met are involved in development, tissue regen-
eration, and tumor progression through autocrine, para-
crine, and endocrine mechanisms. First, HGF is mainly
produced by mesenchymal cells, whereas Met is mainly
expressed in epithelial cells.4,8 During mouse develop-
ment, HGF is detected in mesenchymal cells in the vicin-
ity of Met-expressing epithelia.9 In addition, mice in which
the HGF gene has been inactivated by homologous re-
combination fail to develop a normal liver and placen-
ta.10,11 Second, after partial hepatectomy, HGF produc-
tion is induced in sinusoidal endothelial cells in the
remnant liver as well as in other organs.5 Third, numerous
reports have described the overexpression of Met in a
variety of tumor types.12,13 Transfection of NIH 3T3 cells
with the murine met cDNA leads to increased invasive-
ness in vitro and metastatic capacity in vivo14; similarly,
the establishment of an autocrine HGF/Met loop by trans-
fection of HGF cDNA in human leiomyosarcoma cells
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increases tumorigenesis and confers metastatic capaci-
ty.15 In addition, high HGF levels have been associated
with more aggressive bladder cancers.16 Altogether,
these findings suggest a role for HGF/Met in tumor pro-
gression.

The mechanisms through which HGF exerts its pleio-
tropic effects have been only partially elucidated. The
HGF-induced scatter response is dependent on phos-
phatidylinositol-3-OH kinase and Rac activation,17,18 the
mitogenic effect requires stimulation of the Ras-mitogen-
activated protein kinase cascade,19 while tubulogenesis
is dependent on stimulation of the signal transducers and
activators of transcription pathway.20 Downstream of
these effects, a role for the plasmin proteolytic system
has been proposed. In vitro, HGF increases the expres-
sion of urokinase plasminogen activator (u-PA) and its
receptor (u-PAR),15,21,22 and pro-HGF, secreted as a
single-chain peptide, can be activated by u-PA23 and by
tissue plasminogen activator (t-PA).24

We have described that HGF is a potent mitogen for
normal human exocrine pancreas cells (NPCs).6 Be-
cause a strong desmoplastic reaction is a hallmark of
pancreas cancer,25 we and others have proposed that
the HGF/Met autocrine/paracrine loop might be involved
in pancreas cancer development or progression.6,26–28

The availability of cultures of normal and neoplastic pan-
creatic epithelial cells provides a unique opportunity to
study in a systematic way the differential effects of HGF
on the proliferation, migration, and cell-cell interactions of
both normal and neoplastic epithelia.

In this work, we have first compared the expression
and distribution of Met and HGF in normal and neoplastic
pancreas and show that the receptor is overexpressed in
tumor cells and HGF is present mainly in mesenchymal
cells. Second, we have examined the effects of HGF in
vitro on proliferation and motility of NPCs and pancreas
cancer cells. NPCs display mainly a proliferative re-
sponse, whereas pancreas cancers respond predomi-
nantly with scattering. Because the plasmin proteolytic
system, activated by t-PA and u-PA, is involved in normal
and pathological forms of cell invasiveness,29,30 we in-
vestigated its role in the HGF-stimulated motility of IMIM-
PC-2 using a variety of motility assays and found that
u-PA plays a major role in migration. In addition, we have
found that the HGF-stimulated motility is accompanied by
changes in cell-cell and cell-substrate interactions.

Materials and Methods

Cell Culture and Reagents

The phenotypical properties of NPC and IMIM-PC-1,
IMIM-PC-2, SK-PC-1, and SK-PC-3 pancreas cancer cell
lines have been reported.31,32 AsPC-1, RWP 1, and RWP
2 pancreas cancer cell lines were obtained from the
American Type Culture Collection (Manassas, VA). MZ-
PC-2, MZ-PC-3, and MZ-PC-4 were obtained from A.
Knuth (Nordwest Krankenhaus, Frankfurt, Germany).
MKN-45, a gastric carcinoma cell line in which met is
amplified, was provided by J. Sakamoto (Aichi Cancer

Center, Nagoya, Japan). Tumor cell cultures were main-
tained in 10% Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with fetal bovine serum (FBS), as
described.32 Collagen type IV and laminin were obtained
from Collaborative Biomedical Products (Bedford, MA).
Recombinant human HGF was purified from transformed
Chinese hamster ovary cells. The HGF preparation used
was greater than 90% pure, and its biological activity was
determined in a hepatocyte proliferation assay. Unless
stated otherwise, HGF was used at 10 ng/ml. Amiloride
and e-amino caproic acid (EACA) were purchased from
Sigma Chemical Co. (St. Louis, MO). Plasminogen acti-
vator inhibitor 1 (PAI-1) was kindly provided by Dr. N.
Booth (University of Aberdeen, Aberdeen, UK). Plasmin-
ogen was purchased from Boehringer-Mannheim (Mann-
heim, Germany).

Antibodies

Mouse monoclonal antibody (mAb) 19S, raised against
the bacterially expressed p50 form of human Met, and
C28 rabbit polyclonal serum, raised against a 28-amino
acid synthetic peptide corresponding to the C-terminal
domain of human Met, were kindly provided by Dr. G. F.
Vande Woude (National Cancer Institute-Frederick Can-
cer Research and Development Center, Frederick, MD).
met-3, met-6, and met-7 polyclonal antisera were gener-
ated by immunizing rabbits with synthetic peptides en-
compassing residues 468 to 485, 1449 to 1467, and 1308
to 1324 of human Met deduced sequence, respectively.6

Mouse mAb 10C11, detecting human HGF, was kindly
provided by Dr. E. M. Rosen (Long Island Jewish Medical
Center, New York, NY),33 and anti-E-cadherin antibody
was obtained from Dr. A Cano (Instituto de Investigacio-
nes Biomédicas, Madrid, Spain). Polyclonal rabbit anti-
cytokeratin antiserum was a kind gift of Dr. S. Vilaró
(Universitat de Barcelona, Barcelona, Spain). Neutraliz-
ing goat antibodies to u-PA (reference 398) and to t-PA
(reference 387) and or rabbit anti u-PA antibodies (refer-
ence 389) were purchased from American Diagnostica
(Greenwich, CT). Anti-u-PAR antibody was a kind gift of
Dr. D Talarico (Ospedale San Raffaele, Milano, Italy).
Peroxidase-coupled anti-rabbit immunoglobulin was pur-
chased from Dakopatts (Glostrup, Denmark). Preimmune
sera from rabbits immunized with C28 and met-7 and
isotype-matched irrelevant mAbs were used as negative
controls.

Cell Adhesion Assays

Assays were performed by plating 35S-labeled cells on
collagen (10 mg/ml), laminin (10 mg/ml), or bovine serum
albumin as described.34

Scatter, Wound-Healing, and Cell
Migration Assays

IMIM-PC-2 cells were seeded at approximately 2.5 3
103/cm2 in complete medium and cultured for 24 to 48 h.
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Cells were washed twice with serum-free medium and
serum starved for 24 h, and HGF (10 ng/ml) was added in
medium without FBS. Scattering was evaluated 24 h later.

Confluent monolayers were serum starved for 24 h and
washed with phosphate-buffered saline, and wounds
were made with a pipette tip. After washing to remove cell
debris, cultures were incubated in DMEM alone or in the
presence of HGF. Healing was evaluated 24 h later.

In some experiments, cells cultured for four passages
in medium containing plasminogen-depleted FBS were
used. FBS was depleted of plasminogen by two consec-
utive passages on lysine-Sepharose columns and elution
with 50 mmol/L benzamidine. Soluble u-PA and t-PA pro-
teins were subsequently removed by chromatography on
immobilized p-aminobenzamidine (Pierce, oud-Beijer-
land, the Netherlands).

Cell migration was assessed using 8 mm-pore Trans-
well culture chambers (Costar, Cambridge, MA). Quanti-
tative determinations were obtained using overnight
[3H]thymidine-labeled cells (1 mCi/2.5 3 105 cells/ml)
seeded in medium with or without HGF placed in the
bottom chamber. Forty-eight hours later, cells in the up-
per part of the filters were removed with a cotton swab,
and filters were extensively washed with phosphate-buff-
ered saline and cut, and radioactivity was quantitated in
a b-scintillation counter. All experiments were performed
in triplicate and repeated twice.

[ 3H]Thymidine Uptake Assays

Cells (2 3 104) were seeded in 24-well plates (Nunc) in
complete medium supplemented with 1% FBS. Forty-
eight hours later, HGF was added (10 ng/ml) for 12 h, and
cultures were then labeled with 1 mCi/ml [3H]thymidine
for an additional 18 hours. Cells were processed as de-
scribed by Hiraki et al.35 All measurements were carried
out in triplicate, and all experiments were performed at
least twice independently.

Western Blotting

Membrane fractions were prepared from preconfluent
and 10-day postconfluent cells. Briefly, cells were soni-
cated in scraping buffer (0.1 mol/L sodium phosphate,
pH 7.4, 5 mmol/L EDTA, 0.25 mol/L sucrose, 50 mmol/L
NaF, 1 mmol/L phenylmethylsulfonyl fluoride, aprotinin
(10 mg/ml), and leupeptin (50 mg/ml)) and centrifuged at
650 3 g for 10 minutes. Membranes were isolated by
ultracentrifugation at 100,000 3 g for 1 h at 4°C and
resuspended in lysis buffer (5 mmol/L sodium phosphate,
pH 7.4, 1 mmol/L EDTA, and 1% Triton X-100) supple-
mented with phenylmethylsulfonyl fluoride and aprotinin.
Membrane protein samples (50 mg) were fractionated by
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis and transferred to nitrocellulose filters. An even load-
ing of all lanes was demonstrated by Western blotting
with biotinylated wheat germ agglutinin (Vector Labora-
tories, Burlingame, CA) (10 mg/ml).

Triton X-100-soluble and -insoluble cell protein frac-
tionation and immunoblotting were performed as de-

scribed elsewhere.36 Reacting antigens were visualized
using a peroxidase-labeled secondary antibody and en-
hanced chemoluminiscence detection reagents (Amer-
sham). Rabbit sera were used at a 1/200 dilution.

Zymography

The conditioned medium of cells cultured in the absence
of FBS was centrifuged at 13,000 3 g for 15 minutes at
4°C. Sample volumes were adjusted on the basis of
protein concentration in the cell lysates, and proteins
were separated by 10% sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis in plasminogen- and gela-
tin-containing gels, as described elsewhere.37 The pro-
teolytic activity was evidenced by incubating the gels in
2.5% Triton X-100 and transferring them to 0.1 mol/L
glycine, pH 8.3, overnight at 37°C. After fixation, gels
were stained with 0.1% amido black.

Domain-Selective Biotinylation Assays

Selective biotinylation of IMIM-PC-2 and SK-PC-1 cells
was performed as described.38

Northern Blotting

Total RNA was isolated using guanidine thiocyanate as
described elsewhere.39 Samples containing 15 mg of
total cellular RNA were denatured, size fractionated using
1% formaldehyde agarose gel electrophoresis, trans-
ferred to nitrocellulose filters, and hybridized with the
pMT2 human met cDNA probe (provided by Dr. PM Co-
moglio, University of Torino, Torino, Italy) labeled by the
random priming method.40

Reverse Transcription-Polymerase
Chain Reaction

To detect HGF transcripts, RNA was isolated as de-
scribed above. The following oligonucleotides were used
for amplification of cDNA: forward, ATCAGACACCA
CACCGGCACAAAT; reverse, GAAATAGGGCAATAATC
CCAAGGAA. A total of 35 cycles of amplification were
performed: 1 minute at 94°C, 30 seconds at 55°C, and
1.5 minutes at 72°C. The reverse transcription-polymer-
ase chain reaction products were analyzed by ethidium
bromide staining after electrophoresis in 1% agarose
gels.

Immunohistochemical and
Immunocytochemical Methods

Normal pancreas tissue was obtained from organ donors,
and tumor samples were obtained from surgical speci-
mens. The indirect immunoperoxidase method was used,
as described elsewhere.31 Reactions were developed
with 3,39-diaminobenzidine and nitroblue tetrazolium/5-
bromo-4-chloro-3-indolyl phosphate, respectively. Reac-
tions were scored as “111” when reactions were clearly
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seen at the 3100 magnification, “11” when they were
clearly seen at the 3200 magnification, and “1” when
definite reactions could only be seen at the 3400 mag-
nification. In all assays, control preimmune antiserum or
irrelevant mouse mAb was used and found to be unre-
active. Inhibition assays with synthetic peptides or with
HGF were performed to establish the specificity of reac-
tions of anti-Met rabbit sera and anti-HGF mAb 10C11,
respectively.

Confocal immunofluorescence analysis was per-
formed on cells cultured on sterile SonicSeal plastic
slides (Nunc). Cells were fixed with 4% paraformalde-
hyde for 20 minutes at 4°C, incubated with anti E-cad-

herin antibody, washed, and incubated with rhodamine-
coupled rabbit anti-mouse immunoglobulin (Pierce).
Reactions were visualized using a Leica TCS 4D confocal
microscope.

Results

Met and HGF Expression in Pancreas
Tumor Tissues

As previously described,6 antibodies detecting Met were
weakly reactive with the apical membrane of ductal cells

Figure 1. Met expression in normal pancreas and pancreas cancer tissues. In normal pancreas ducts, Met is apically distributed (A and B). In pancreas cancers,
Met is mainly distributed in the cytoplasm and is overexpressed (C and D). A and C: Preimmune rabbit serum; B and D: met-7 serum. Original magnification:
3400.
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in normal pancreas (Figure 1, A and B). In contrast,
stronger reactivity with the cytoplasm of neoplastic cells
in 20 of 20 pancreas adenocarcinomas was observed
(Figure 1, C and D), although there were slight differ-
ences in the proportion and intensity of reactive cells
depending on the antiserum used. Met expression was
similar in primary and metastatic tumors.

HGF expression was examined using mAb 10C11.33 In
normal pancreas, HGF was detected in mesenchymal or
mesenchyme-derived cells (Figure 2, A and B). In 11 of
13 tumors, immunoreactive HGF was detected in non-
neoplastic cells with a mesenchymal morphology sur-
rounding tumor glands (Figure 2, C and D). Double im-
munostaining for HGF and cytokeratins showed that in

most tumors HGF-producing cells lacked cytokeratin ex-
pression (not shown). In two cases, co-expression of
HGF and cytokeratins in the same cells suggests that
tumor cells produce HGF. Expression of HGF in connec-
tive tissue cells was observed both in areas of tumor and
in tumor-associated obstructive pancreatitis. The speci-
ficity of the reactions obtained with this antibody was
determined by preincubation with HGF or nerve growth
factor. HGF completely blocked antibody binding,
whereas nerve growth factor had no effect.

Thus, a high Met expression in tumor cells and the
detection of HGF in the peritumoral mesenchyme sug-
gest the establishment of a paracrine, and perhaps au-
tocrine, loop of Met activation in pancreatic tumors.

Figure 2. HGF expression in normal pancreas and pancreas cancer tissues. In normal pancreas, few HGF-expressing cells are present in the mesenchyme
surrounding the ducts (A and B). In pancreas cancer tissues, strong HGF expression is detected in stromal areas (C and D). A and C: Anti-HGF mouse mAb 10C11
preincubated with HGF (100 mg/ml); A through D: mAb 10C11. Original magnification: 3200.

HGF Effects on Pancreatic Tumor Cells in Vitro 205
AJP July 1998, Vol. 153, No. 1



Met and HGF Expression in Normal and
Neoplastic Exocrine Pancreas Cultures

To study the effects of HGF, we used a series of well-
characterized normal and neoplastic cells and examined
Met expression in vitro. When the normal exocrine fraction
of the pancreas is cultured in vitro, NPCs rapidly lose
acinar features and acquire phenotypic and functional
properties characteristic of ductal cells.31 The pancreas
cancer cell lines selected for this study display a wide
spectrum of ductal differentiated properties: postconflu-
ent IMIM-PC-2 and SK-PC-1 cells form a polarized mono-
layer with domes and develop transmonolayer resis-
tance; in contrast, IMIM-PC-1, SK-PC-3, and AsPC-1 cells
are not polarized and display a less differentiated phe-
notype.32

Using Northern blotting with total RNA, met transcripts
were undetectable in normal pancreas tissue and in the
exocrine fraction before culture (Figure 3A). In contrast, a
7-kb transcript was detected in samples from NPCs and
cultured tumor cells. Met protein levels were compara-
tively higher in four of five pancreas cancer cell lines than
in normal cultures, but they were lower than in MKN45
gastric cancer cells, which harbor c-met gene amplifica-
tion41 (Figure 3B). The predominant component detected
in normal pancreas was the 170-kd precursor, whereas in
tumor cells the 145-kd b-chain was relatively more abun-
dant. In IMIM-PC-2 and SK-PC-1 cells, the two lines grow-
ing as a polarized monolayer, met RNA and protein levels
were lower in postconfluence than in exponentially grow-
ing cells (Figure 3). These results indicate that met RNA
and protein are down-regulated in quiescent, differenti-
ated cells.

In polarized IMIM-PC-2 and SK-PC-1 cells, Met protein
was localized in both the apical and basolateral mem-
brane compartments, as determined by domain-selective
biotinylation (not shown).

None of these cell lines produced HGF RNA or protein,
as determined by reverse transcription-polymerase chain
reaction and by testing concentrated supernatants for
scatter activity on IMIM-PC-2 cells, respectively (results
not shown).

Mitogenic and Scattering Effects of HGF on
Cultured Exocrine Pancreatic Cells

The effect of HGF on the proliferation of normal and tumor
cells in vitro was examined under a variety of experimen-
tal conditions using [3H]thymidine uptake assays (Figure
4) or total protein determination (not shown). HGF
strongly stimulated NPC proliferation6 but did not signif-
icantly affect [3H]thymidine uptake in any of the five tumor
cell lines studied. Similar results were obtained when
HGF was added to cells cultured in medium supple-
mented with 10% or 1% serum (not shown). There was no
association between the growth pattern of cells on plastic
and in collagen gels, nor between the HGF-induced scat-
ter effects on plastic and the tubulogenic effect in collagen.

HGF induced scattering of IMIM-PC-2 (Figure 5A) and
AR-42J rat pancreas cancer cells but not of the other
cells studied (data not shown). Similarly, HGF stimulated
healing in wounded monolayers of IMIM-PC-2 cells (Fig-
ure 5B) and cell migration through polycarbonate porous
filters (Figure 5C).

Mechanisms Involved in HGF-Induced
Cell Motility

One characteristic of tumor cells is their ability to move
and invade tissues. For this reason, we examined in more
detail the molecular mechanisms involved in HGF-stimu-
lated motogenesis of IMIM-PC-2 pancreas tumor cells in
vitro. Antibodies neutralizing u-PA activity (150 mg/ml), as
well as the physiological inhibitor of plasminogen activa-
tors, PAI-1 (50 mg/ml), significantly inhibited the HGF-
stimulated motility of IMIM-PC-2 cells (P , 0.049) (Figure
5C), whereas anti t-PA antibodies had no effect. In addi-

Figure 3. Met expression in pancreas cancer cell lines. A: met transcript
levels in normal pancreatic tissue (NPT), NPCs, and pancreas cancer cell
lines. In IMIM-PC-2 cells, expression was analyzed in preconfluent (p), 2
days postconfluent (2), and 10 days postconfluent cultures (10). Photographs
of 28 S ribosomal RNA in ethidium bromide-stained gels are shown below
each autoradiograph to normalize RNA deposits. B: Western blotting analysis
of met using membrane fractions from preconfluent (p) and 10 days post-
confluent (10) pancreas cancer cells. MKN45 and AsPC-1 cell membranes
were obtained from preconfluent cultures. Equal amounts of protein were
loaded in each lane (50 mg), and met was detected with mAb 19S. Two bands
corresponding to 145 kd and 170 kd are detected. Normalization of protein
deposits was performed by Ponceau red staining and wheat germ agglutinin
lectin blotting (not shown).

Figure 4. Effect of HGF on proliferation of NPC and pancreas cancer cells.
Cells were plated in the absence (C) or in the presence (H) of HGF (10
ng/ml), and [3H]thymidine incorporation was determined as described in
Materials and Methods. Results are expressed as the mean 6 SD of triplicate
cultures. Data are from one representative experiment of several performed.
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tion, migration was prevented by EACA (50 mmol/L) and
amiloride (0.2 mmol/L), a drug that inhibits u-PA but does
not affect t-PA.42 At the concentrations used, these
agents did not have toxic effects on the cells, as demon-
strated by measuring lactate dehydrogenase released to
the medium. These results indicate that u-PA is likely the
serine protease involved.

To analyze the role of plasmin in the HGF-induced
scatter, cells cultured for four passages in plasminogen-

depleted serum were used. Using both scatter and
wound-healing assays, a reduced motility response of
IMIM-PC-2 cells to HGF was observed in the absence of
plasminogen (Figure 5, A and B; compare b with e).
Similar results were obtained in three independent as-
says. The addition of plasminogen (2 mg/ml) to the cells in
the course of these assays restored full motility response
to HGF (Figure 5A, f). As control, addition of plasminogen
(Figure 5A, d) or plasmin (not shown) in the absence of

Figure 5. HGF stimulates IMIM-PC-2 pancreas tumor cell motility through activation of u-PA.
Motogenesis was evaluated by scattering assays (A), wound-healing assays (B), and migra-
tion through polycarbonate transwell filters (C), performed as described in Materials and
Methods. Cells grown in DMEM supplemented with normal FBS (a, b, and c) or in DMEM
containing plasminogen-depleted FBS (d, e, and f) were serum starved for 24 h and
incubated with HGF (20 ng/ml) (HGF1) overnight (A and B) or for 48 h (C). Control cells
were incubated in DMEM alone (HGF2) or DMEM supplemented with other compounds
(Plg1; plasminogen was added at 2 mg/ml). Inhibition of the HGF-stimulated motility was
evaluated by incubating cells with neutralizing rabbit anti-u-PA antibodies (150 mg/ml) (a
u-PA1), PAI-1 (50 mg/ml) (PAI-11), amiloride (0.2 mmol/L) (Am.), and EACA (50 mmol/L).
A and B show an experiment representative of several performed with similar results; C, data
from one of two independent experiments (in triplicate samples). Original magnifications: A,
frames a through c, 3200; A, frames d through f, and B, 3100.
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HGF failed to induce motility, suggesting that the pro-
tease by itself is not able to trigger motility in these cells.
These results support that both active u-PA and plasmin
participate in the motogenic response to HGF.

To confirm the involvement of u-PA in HGF-stimulated
motility of IMIM-PC-2 cells, we analyzed the expression of
u-PA, u-PAR and t-PA by Northern blotting, Western blot-
ting, and gelatin zymography (Figure 6). Although these
cells constitutively express u-PA, HGF selectively in-
duced a 5-fold increase in u-PA transcript levels at 6
hours of treatment, which decreased to 1.7-fold after
24 h. However, in NPCs, the levels of u-PA transcripts did
not change on HGF treatment; in these experiments,
levels of thymosin b4 mRNA were examined for compar-

ison, because they are not affected by proliferation in
these cells.43

u-PA protein in cell lysates from IMIM-PC-2 cells also
showed a slight increase (1.6-fold) on HGF treatment
(Figure 6B). The lower induction of u-PA at the protein
level may result from its rapid secretion. The levels of
other proteases such as t-PA, gelatinases A and B, and
stromelysin in the conditioned medium from HGF-treated
cells were unaffected, as examined by gelatin zymogra-
phy (not shown). However, a broad band of approxi-
mately 54 kd corresponding to u-PA and a minor band of
35 kd, corresponding to the low molecular weight form of
active u-PA (LMW u-PA) generated on pro-u-PA activa-
tion, were observed in plasminogen/gelatin substrates

Figure 6. HGF affects the levels of expression of u-PA and the localization of u-PAR in pancreas cells. Cells were serum starved for 24 h and treated with HGF
(20 ng/ml) for the time periods shown, in the absence or in the presence of amiloride (Am) (0.2 mmol/L) or EACA (50 mmol/L), conditions not permissive for
scatter. A: Northern blotting with total RNA (15 mg) from NPCs and IMIM-PC-2 pancreas cancer cells was hybridized to u-PA cDNA probe and subsequently to
a thymosin b4 cDNA probe to normalize for RNA deposits. Filters were exposed for 48 h to autoradiography. B: Equal amounts of protein (50 mg) from cell lysates
were analyzed by Western blotting with anti-u-PA antibody. C: Twenty-four hour conditioned medium (20 ml) from the same experiment shown in B was analyzed
by gelatin zymography in the presence of plasminogen as a substrate. D: Equal amounts of 1% Triton X-100-soluble proteins (s) (50 mg) and equivalent amounts
of the insoluble fractions (i) were analyzed by Western blotting using anti-u-PAR antibody. Mobility markers correspond to ovalbumin (53 kd) and carbonic
anhydrase (35 kd).
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(Figure 6C). Cells treated with HGF and amiloride, con-
ditions not permissive for scatter, showed a decrease in
the level of the LMW u-PA, suggesting that inhibition of
u-PA prevented plasmin generation and further proteo-
lytic activation of pro-u-PA. However, in cells treated with
HGF and EACA, the LMW u-PA is produced, although
scatter is still inhibited. This was expected, because
EACA acts by competing for plasminogen/plasmin-bind-
ing sites at the cell membrane but does not inhibit plas-
min proteolytic activation of soluble pro-u-PA. These re-
sults indirectly suggest that it is the presence of active
u-PA and/or plasmin at the cell membrane that is impor-
tant for the HGF-induced scattering.

Because u-PAR is essential to focus u-PA activity at the
cell surface, we analyzed HGF effects on this protein.
This receptor is anchored to the membrane through a
glycosylphosphatidylinositol (GPI) bond, and it has been
localized in caveolae.44 Because GPI-linked proteins in
caveolae distribute to the 1% Triton X-100-insoluble
phase,45 we used Triton X-100 fractionation to examine
receptor levels and distribution. Both in untreated and in
HGF-treated IMIM-PC-2 cells, u-PAR was predominantly
detected in the insoluble fraction (Figure 6D). However,
HGF induced an increase of u-PAR in the soluble phase,
which was unaffected by the presence of amiloride or
EACA. In this fraction, u-PAR was detected as a doublet:
in the presence of plasminogen activator inhibitors, the
lower mobility form was predominant; in contrast, in the
absence of inhibitors, the higher mobility form was more
abundant (Figure 6D), indicating that the inhibition of
u-PA activity affects the electrophoretic mobility of u-PAR.
The two forms of u-PAR observed may correspond to the
conformational receptor variants resulting from proteoly-
sis already described.46,47

These results suggest that, in pancreatic tumor cells,
an active u-PA/u-PAR complex is necessary, although not
sufficient, to mediate the effects of HGF on cellular mo-
tility.

The Scatter Effect Induced by HGF Is
Associated with Changes in Cell-Cell Contacts
and Cell-Substrate Adhesion

Because E-cadherin is involved in homotypic interactions
in epithelial cells and HGF induces a loss of cell-cell
contacts, the effect of HGF on the levels and distribution
of E-cadherin in IMIM-PC-2 cells was examined using
confocal microscopy and Western blotting (Figure 7). In
serum-starved IMIM-PC-2 cells, E-cadherin was mem-
brane associated and distributed to both the Triton
X-100-soluble and -insoluble fractions. HGF induced a
decrease in the levels of membrane-associated E-cad-
herin, as indicated by immunofluorescence assays using
nonpermeabilized cells and by a redistribution from the
insoluble to the soluble fraction. Although the total levels
of the protein were unchanged, E-cadherin was no longer
detected in the insoluble fraction after 3 hours of treat-
ment with HGF (Figure 7B). In contrast, no changes in the
pattern of expression of E-cadherin were detected on
HGF treatment of NPC (not shown). These results indi-

cate that HGF-induced scatter is associated with a rapid
dissociation of E-cadherin from the cytoskeleton, which
has been shown to correlate with a loss of functionality of
the protein.48

In cells undergoing scatter, one of the early events
observed is the switch to a flattened morphology with
increased attachment to the substrate.17,34 To determine
whether the effects induced by HGF are also mediated
by changes in cell-substrate adhesion, NPCs and IMIM-
PC-2 cells were treated with HGF, labeled, and seeded
on plastic plates coated with collagen type IV, laminin, or
bovine serum albumin. Adhesion of NPCs to substrate
was unaffected by HGF treatment, whereas pretreatment
of IMIM-PC-2 cells with HGF resulted in a 25% increase in
adhesion to plates coated with bovine serum albumin 30
minutes after seeding, but not at later time points (results
not shown). Thus, IMIM-PC-2 cell scattering is preceded
by a faster adhesion to the substrate.

Discussion

A detailed comparison of the effects of HGF on cultured
normal cells and tumor cells displaying a similar differen-
tiation phenotype has seldom been reported; our results
indicate that normal and neoplastic pancreatic cells re-
spond to HGF differently in terms of both motility and
proliferation. In pancreas cancer tissues, all of the com-
ponents necessary for a paracrine Met/HGF activation
loop can be detected and, in pancreatic tumor cells, HGF
induces motogenesis in vitro first by down-regulating the

Figure 7. HGF affects the subcellular distribution of E-cadherin. Twenty-four
hour serum-starved IMIM-PC-2 cells were treated with HGF (20 ng/ml) for
different time periods. A: Unpermeabilized, 4% paraformaldehyde-fixed cells
were incubated with anti-E-cadherin antibody. Rhodamine-coupled second-
ary antibody was used to reveal immunoreactivity, and photographs were
taken by confocal microscopy. CTL, control cells; HGF, cells treated with
HGF for 24 hours. B: Equal amounts of 1% Triton X-100-soluble (s) (50 mg)
proteins and equivalent amounts of the insoluble (i) fractions from untreated
or HGF-treated cells for the indicated time points were analyzed by Western
blotting using anti-E-cadherin antibody.
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functional E-cadherin and later by activating the plasmin
proteolytic system.

In agreement with prior studies,26–28 we find that Met is
overexpressed in ductal-type adenocarcinomas of the
pancreas; however, we also observe that its subcellular
distribution in normal ducts and in tumor cells is different.
In the former, Met is mainly detected in the apical mem-
brane using a panel of antibodies raised against three
different synthetic peptides of the Met sequence (this
work and Ref. 6). Similarly, Tsarfaty et al. have reported
apical expression in the fetal gastrointestinal epithelium
in mice.49 In contrast, in pancreatic tumor tissues, Met
protein is mainly found in the cytoplasm of cancer cells
and, in polarized cultured tumor cells, it is present both in
the apical and basolateral membranes. A basolateral
distribution has been reported for Met in T84 and MDCK
cells.50,51 The abnormal subcellular distribution of Met in
tumor with respect to normal pancreatic cells may in-
crease the availability of mesenchyme-derived HGF to
tumor cells. Clearly, more work is necessary to establish
the mechanisms leading to the variable membrane dis-
tribution of Met as well as the functional implications
derived from it.

HGF was detected in mesenchymal cells of pancreas
cancer tissues and, in a few cases, in tumor cells as well,
although not in cultured tumor cell lines. Recently, the
production of HGF by some neoplastic epithelial cells has
been reported.52 Because HGF and c-met mRNA expres-
sion can be regulated by inflammatory cytokines (ie,
interleukin 1 and tumor necrosis factor),53,54 production
of HGF by fibroblasts, macrophages, or neoplastic cells
in the tumor may require complex molecular interactions
that are lost on selective culture of pancreas cancer cells.

In vitro, HGF induced different effects on NPC and
pancreas cancer cells; while the former respond with
proliferation, the latter respond mainly with increased
motility. The distinct mitogenic and motogenic responses
observed in normal and neoplastic cells may be a reflec-
tion of the constitutive K-ras activation resulting from
codon 12 mutations present in the pancreas cancer
cells.32 This observation may support previous findings
indicating that when Ras is constitutively activated, fur-
ther stimulation of mitogenic signal transduction path-
ways is ineffective.19,55 In HPAF cells, a modest increase
of cell proliferation induced by HGF has been reported.27

We have shown that the full motogenic response of
IMIM-PC-2 cells to HGF is dependent on the activation of
the u-PA/u-PAR system and on plasmin generation. Cell
migration was reduced in the absence of plasminogen
and significantly decreased by specific inhibitors of u-PA
proteolytic activity, including neutralizing anti-u-PA anti-
bodies, PAI-1, and amiloride. In agreement with these
findings, plasminogen-deficient mice show severe im-
pairment of keratinocyte migration in wounded areas.56

Similarly, HGF-induced tubulogenesis of MDCK cells in
fibrin gels is reduced in the presence of inhibitors of
serine proteases, suggesting a role for plasminogen ac-
tivators in the matrix remodeling required for tubulogen-
esis.57 However, to our knowledge the present study is
the first description of the inhibition of the HGF-stimulated
cell scatter by inhibitors of urokinase activity. These ob-

servations suggest that protease activation is not only
important for extracellular matrix degradation but also for
the degradation of other cellular components, eg, cell
surface adhesion molecules. Recently, the proteolytic
degradation of the ectodomain of membrane molecules
has been implicated in the response to phorbol esters
and growth factors.58

Relevant to the effect of HGF on motogenesis may also
be the redistribution and cleavage of the u-PAR. HGF
increased the levels of u-PAR present in the Triton X-100-
soluble fraction, whereas no major changes were ob-
served in the insoluble phase enriched in GPI-linked
proteins. Caveolin and GPI-linked proteins are particu-
larly abundant in caveolae, membrane invaginations im-
plicated in potocytosis and transcytosis of macromole-
cules,45 and u-PAR has been localized in caveolae.44

Thus, in IMIM-PC-2 cells u-PAR is in the fraction of pro-
teins corresponding to caveolae, whereas, in HGF-stim-
ulated cells, it also localizes in another compartment,
soluble in Triton X-100. This situation is reminiscent of the
receptor for the protease tissue factor, which is active at
the cell surface in a compartment different from caveolae.
Redistribution to caveolae is concomitant with the down-
regulation of its function by formation of a complex with
the inhibitor.59 HGF treatment of IMIM-PC-2 cells resulted
in a decrease in the electrophoretic mobility of the u-PAR,
and this change was inhibited by amiloride and EACA,
supporting the role of u-PA in the proteolytic processing
of the receptor.60 Recently, it has been shown that only
the proteolysed soluble form of u-PAR is active in signal
transduction during the chemotactic response.61 There-
fore, we propose that the active u-PAR complexed to
u-PA that participates in the motility response is repre-
sented by the proteolysed Triton X-100-soluble form of
the receptor.

In agreement with recent reports,62,63 the inhibition of
the HGF-mediated IMIM-PC-2 cell motility by PAI-1 would
point to a role for PAI-1 in blocking cell-substrate adhe-
sion and migration mediated by u-PAR and/or integrin
complex. In those reports, it is proposed that u-PA re-
leases this inhibition by physically sequestering PAI-1,
thus uncovering vitronectin attachment sites that become
available for interaction with integrin/u-PAR complex on
the cell membrane. Our data support those findings and,
in addition, indicate that proteolytic activity of u-PA is also
determinant for cell movement, conceivably affecting the
conformation of the u-PAR, which increases its affinity for
the substrate (vitronectin).63

HGF-induced scattering was also accompanied by a
decrease in the Triton X-100-insoluble, cytoskeleton-as-
sociated E-cadherin, which has been defined as the
functional form of the protein. This novel finding would be
in agreement with the observation that epithelial cells that
display a disperse growth pattern do not express func-
tional E-cadherin, unlike epithelial cells growing as com-
pact colonies,36,64 and with more recent observations
showing that E-cadherin-mediated cell-cell adhesion de-
pends on Tiam and Rac signaling.65 Ectopic expression
of these proteins increases cell adhesion mediated by
E-cadherin and blocks the HGF-induced scatter of
MDCK cells. Thus, HGF acts by reducing the functionality
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of E-cadherin, although expression levels are not
changed, as also described by other investiga-
tors.50,64,66 The change in solubilization of E-cadherin is
paralleled by a modest but rapid and transient increase
in cell adhesion to the substrate. In addition, we observed
that the chronic treatment of IMIM-PC-2 cells with HGF is
accompanied by a flattened, scattered morphology and
increased cell-substrate adhesion (unpublished data).
These observations are common to other scatter-induc-
ing factors: scattering induced by TPA on HT-29 M6 cells
is accompanied by a decreased homotypic aggregation,
enhanced attachment to the substrate, and changes in
the functionality of E-cadherin.34 In contrast to the effects
observed in pancreas tumor cells, HGF stimulates mito-
genesis but does not affect cell motility, E-cadherin func-
tionality, and the induction of u-PA in NPCs. These ob-
servations support the notion that proliferative and
motogenic signals go through different pathways that, as
mentioned above, may be mutually exclusive.

The redistribution of E-cadherin to a nonfunctional
compartment, the activation of the u-PA proteolytic sys-
tem,21,67 and the increased expression of u-PA and u-
PAR in invasive cells15 are mechanisms through which
HGF is able to confer cells with properties that lead to
tumor progression and invasion.
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