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The scattering of Madin-Darby canine kidney (MDCK) epithelial cells by scatter factor /hepatocyte
growth factor (SF/HGF) is associated with transcriptional induction of the urokinase gene, which
occurs essentially through activation of an EBS/AP1 response element. We have investigated the
signal transduction pathways leading to this transcriptional response. We found that SF/HGF
induces rapid and sustained phosphorylation of the extracellular signal-regulated kinase (ERK)
MAPK while stimulating weakly and then repressing phosphorylation of the JUN N-terminal
kinase (JNK) MAPK for several hours. This delayed repression of JNK was preceded by phos-
phorylation of the MKP2 phosphatase, and both MKP2 induction and JNK dephosphorylation
were under the control of MEK, the upstream kinase of ERK. ERK and MKP2 stimulate the
EBS/AP1-dependent transcriptional response to SF/HGF, but not JNK, which inhibits this re-
sponse. We further demonstrated that depending on cell density, the RAS-ERK-MKP2 pathway
controls this transrepressing effect of JNK. Together, these data demonstrate that in a sequential
manner SF/HGF activates ERK and MKP2, which in turn dephosphorylates JNK. This sequence

of events provides a model for efficient cell scattering by SF/HGF at low cell density.

INTRODUCTION

MAPKSs are regulated via evolutionarily conserved kinase
cascades. In mammalian cells, the best characterized MAPKs
are extracellular signal-regulated kinases (ERK1,2), JUN N-
terminal kinases (JNK1,2), and p38 MAPK. Most growth
factors activate the ERK kinases, primarily through the small
GTP-binding protein RAS. Upon stimulation, activated RAS
binds the MAPK kinase kinase RAF, which in turn phos-
phorylates and activates the MAPK kinase MEK1,2
(MKKT1,2) and ERK (ERK1,2). This cascade of kinases is often
called the RAF-MEK1,2-ERK1,2 kinase module. Similarly,
exposure of cells to cytokines and cellular stresses activates
the JNK and p38 MAPKSs. Through the activation of inter-
mediary kinases, the RHO family small G proteins RAC and
CDC42 can regulate the activation of JNKI1,2 and p38
MAPKSs (Bagrodia et al., 1995; Coso et al., 1995). The pro-
posed corresponding kinase modules are MAPKKK-
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MKK4,7-JNK1,2 and MAPKKK-MKK3,6-p38 (Su and Karin,
1996; see Dhanasekaran and PremKumar Reddy, 1998). Ac-
cumulating evidence also suggests that these kinase mod-
ules can be activated by overlapping sets of extracellular
stimuli. Indeed, EGF or NGF, through RAS activation and
independent of the RAF-MEK-ERK module, can activate
JNK in PC12 cells, albeit to a lesser extent than ERK (Minden
et al., 1994). Furthermore, some components of these kinase
modules can participate in more than one signaling pathway
(Fanger et al., 1997). An important goal, therefore, is to
understand the mechanisms that allow a single factor to
induce specific biological responses while implicating sev-
eral MAPK modules.

The scatter factor /hepatocyte growth factor (SF/HGF) is a
multifunctional growth factor capable of inducing scatter-
ing, proliferation, and branching morphogenesis of various
epithelial cells (Weidner et al., 1993). The initial event in
SF/HGF signaling involves its binding to the ¢-MET ty-
rosine kinase receptor. This triggers dimerization and auto-
phosphorylation of the receptor and the recruitment of in-
tracellular proteins (Ponzetto et al., 1994; Weidner et al.,
1996), which initiate different signaling pathways. In partic-
ular, several lines of evidence suggest that activation of the
RAS protein and its downstream effectors, the ERK MAPKSs,
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is triggered by several of these proteins and is essential in
mediating the biological effects of SF/HGF (Hartmann et al.,
1994; Pelicci et al., 1995; Weidner et al., 1996; Nguyen et al.,
1997; Potempa and Ridley, 1998; Tanimura et al., 1998; Tu-
lasne et al., 1999). Therefore, like other factors that bind
tyrosine kinase receptors, SF/HGF is capable of activating a
RAS-RAF-MEK-ERK pathway that promotes biological re-
sponses to this factor. Recently, it was also found that JNK is
activated by SF/HGF in primary cultures of rat hepatocytes
and that it plays a role in mediating their proliferation (Auer
et al., 1998). In a human keratinocyte cell line, JNK was also
found to be activated by SF/HGF, but it was demonstrated
that sustained activation of ERK by SF/HGEF is involved in
matrix metalloproteinase-9 induction and colony dispersion
(McCawley et al., 1999). In addition, it was found that the
oncogenic form of c-MET, TPR-MET, activates JNK in FR3T3
fibroblast cells, an activation that seemed to be required for
their transformation (Rodrigues et al., 1997). These data sug-
gest that SF/HGF can activate distinct MAPKs that appear
to be involved in various biological responses to SF/HGEF.

We previously demonstrated that SF/HGF induces tran-
scriptional activation of the urokinase plasminogen activator
(uPA) and collagenase gene promoters (Fafeur et al., 1997).
These matrix-degrading enzymes belong to complex en-
zyme cascades that catalyze degradation of extracellular
matrix components and facilitate cell scattering. In agree-
ment with this, increased expression of these genes corre-
lates with progressive cell scattering induced by SF/HGF in
Madin-Darby canine kidney (MDCK) epithelial cells (Pep-
per et al., 1992; Fafeur et al., 1997). These transcriptional
activations implicate a functional EBS/AP1 response ele-
ment and led us to further demonstrate that the scattering
signal of SF/HGEF involves activation of the RAS-ERK path-
way (Tulasne et al., 1999). In the present study, we examined
whether the MAPK JNK is also implicated in transmitting
SF/HGF action.

MATERIALS AND METHODS

Cell Culture and Reagents

MDCK epithelial cells (kindly provided by Dr. Jacqueline Jouan-
neau, Ecole Nationale Supérieure, Paris) were cultured in DMEM
(Life Technologies, Grand Island, NY) supplemented with 10% FCS
and antibiotics at 37°C. Human recombinant forms of SF/HGF and
tumor necrosis factor-a (TNF-a) were purchased from R&D Sys-
tems (Minneapolis, MN). The MEK inhibitor U0126 was purchased
from Promega (Madison, WI). Okadaic acid and sodium vanadate
were purchased from Sigma Chemical (St. Louis, MO). Pervanadate
treatment of the cells was performed by incubating the cells in
DMEM at 37°C with a 10 mM H,0,, 3 uM sodium vanadate solution
(Beauchemin et al., 1997). Calf intestine alkaline phosphatase was
purchased from Boehringer Mannheim (Indianapolis, IN).

Antibodies

Anti-phospho-ERK1 (anti-ACTIVE MAPK) rabbit polyclonal anti-
body was purchased from Promega, and anti-phospho-p38 MAPK
(Thr 180/Tyr 182) rabbit polyclonal antibody was purchased from
New England Biolabs (Beverly, MA). Anti-phospho-]JNK (anti-AC-
TIVE JNK) rabbit polyclonal antibody purchased from Promega and
anti-phospho-JNK rabbit polyclonal antibody purchased from New
England Biolabs gave similar results. According to the manufactur-
ers’ indications, these antibodies were developed with the use of
synthetic peptides phosphorylated on both the Thr and Tyr residues
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within the enzyme’s catalytic core. The rather high conservation of
these sequences between ERK and JNK led us to further identify the
phosphorylated form of these kinases be means of rehybridization
with their respective antibodies. Anti-ERK1 (C16), anti-JNK1 (C17),
and anti-p38 (C20) rabbit polyclonal antibodies and anti-MKP1
(C19) and anti-MKP2 (S18) affinity-purified rabbit polyclonal anti-
bodies were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA).

Plasmids

The pcDNA-neo expression vector encoding ERK1 (ERK1) was
provided by Dr. Philippe Lenorman (Centre National de la Recher-
che Scientifique, Unité Mixte de Recherche 6543, Nice, France). The
pcDNA3 encoding FLAG-tagged wild-type JNK1 (JNK1) and inac-
tivated JNK1 (JNK14F) were provided by Dr. Benoit Dérijard (Cen-
tre National de la Recherche Scientifique, Unité Mixte de Recherche
6543, Nice, France). The prcCMV encoding inactivated ERK1
(ERK1™) was provided by Dr. Pascale Crepieux (Institut National
de la Recherche Agronomique, Tours, France). The pEXV3 encoding
inactivated RAS (RAS®!8¢) was provided by Dr. Stéphane Ansieau
(Max Delbruck Centrum, Berlin). The pMT90 encoding inactivated
CDC42 (CDC42NY) was provided by Dr. Philippe Chavrier (Center
d’Immunologie, Marseille, France). The pSG5 expression vector en-
coding MKP1 (MKP1) and the pcDNA-neo expression vector en-
coding MKP2 (MKP2) were provided by Dr. Jacques Pouysségur
(Centre National de la Recherche Scientifique, Unité Mixte de Re-
cherche 6545, Nice, France). The GST-JUN'-7? bacterial vector was
provided by Dr. Benoit Dérijard. The EBS/AP1-Luc reporter con-
tains three tandem copies of a polyoma virus enhancer—derived
sequence with EBS/AP1-binding sites linked to the thymidine ki-
nase promoter and drives the luciferase reporter gene (Fafeur et al.,
1997).

Transactivation Assays

The transactivation assays were performed essentially as described
previously (Fafeur et al., 1997). MDCK cells (30,000) were cultured
on 12-well plates for 1 d and then transiently transfected with the
use of a lipofection method. Cells were rinsed and incubated in 500
ul of Opti-MEM (Life Technologies-BRL) with a mixture of DNA
(2.5 ug/ml) and Lipofectamine (20 ug/ml) (Life Technologies-BRL).
In each experiment, cells were incubated with the same total
amount of plasmid DNA, completed as necessary with the corre-
sponding empty expression vector. After 6 h, 500 ul of Opti-MEM
containing 20% FCS was added, and cells were incubated overnight.
The cells were then rinsed and incubated in DMEM-0.5% FCS in the
presence or absence of SF/HGF (10 ng/ml). Twenty-four hours
later, cells were disrupted in reporter lysis buffer (Promega) and
assayed for protein content and luciferase activity. Fold activation is
the ratio from each luciferase value relative to the value from the
reporter gene with empty expression vector. Each experiment was
repeated at least twice with independent plasmid preparations to
assess reproducibility. In parallel, we repeatedly checked for effi-
ciency of transfection with the use of a pGFP plasmid, which was
routinely 40-60%.

Immunoblot

MDCK cells (400,000 cells per 100-mm dish) were cultured for 1 d in
DMEM-10% FCS. The next day, cells were incubated in DMEM-
0.5% FCS for an additional 24 h and then treated with distinct
reagents for the times indicated on the Figures. After treatment, cells
were washed twice with PBS and suspended in lysis buffer (25 mM
HEPES, pH 7.5, 100 mM NaCl, 1.5 mM MgCl,, 0.5 mM EGTA, 0.25
mM EDTA, 0.1% NP40, 10 mM NaF) containing freshly added
protease and phosphatase inhibitors (20 mM B-glycerophosphate, 1
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mM Na;VO,, 1 mM PMSF, 10 pg/ml leupeptin, 10 ug/ml aproti-
nin). Lysates were clarified by centrifugation at 4°C, and protein
concentration was determined by Bio-Rad (Richmond, CA) protein
assay. Cell lysates (20-30 ug) for direct analysis by immunoblotting
were resuspended in Laemmli sample buffer, boiled for 5 min, and
separated onto 10% SDS-polyacrylamide gels and transferred onto
polyvinylidene difluoride filters (Millipore, Bedford, MA). The fil-
ters were incubated with blocking buffer (0.2% [vol/vol] casein,
0.1% [vol/vol] Tween-20 dissolved in PBS) for 1 h at room temper-
ature and probed for 1 h at room temperature with appropriate
antibodies diluted in blocking buffer according to the manufactur-
er's recommendations. After extensive washing in PBS/Tween
0.2%, immune complexes were detected with species-specific sec-
ondary antiserum conjugated with alkaline phosphatase followed
by an enhanced chemiluminescence detection system (Aurora, ICN
Biomedical, Costa Mesa, CA). For membrane reprobing, filters were
incubated for 30 min at 55°C in stripping buffer (100 mM B-mer-
captoethanol, 2% SDS, 62.5 mM Tris-HCl, pH 6.7). After extensive
washing, filters were incubated in blocking buffer and reprobed
with specific antibodies.

Phosphatase Assay

MDCK cells (400,000 cells per 100-mm dish) were cultured for 1 d in
DMEM-10% FCS. The next day, cells were incubated in DMEM-
0.5% FCS for an additional 24 h and then treated with SF/HGF for
10 min. Cell extracts were immunoprecipitated with the anti-MKP2
antibody as described below and then incubated for 1 h at 37°C with
or without 20 U of alkaline phosphatase in 100 ul of phosphatase
buffer (50 mM Tris, pH 8, 100 mM NaCl, 5 mM MgCl,). Phosphatase
reactions were stopped by the addition of Laemmli sample buffer,
and MKP2 detection was performed by immunoblotting as de-
scribed above.

JNK Activity Assay

MDCK cells (400,000 cells per 100-mm dish) were cultured for 1 d in
DMEM-10% FCS and then transiently transfected with JNK1 with
the use of the lipofection method described above. The next day,
cells were grown in serum-free minimal Eagle’s medium (Life Tech-
nologies). Twenty-four hours later, cells were stimulated for 10 min
with 30 ng/ml SE/HGEF. After treatment, cells were washed twice
with PBS and suspended in lysis buffer (25 mM HEPES, pH 7.5, 100
mM NaCl, 1.5 mM MgCl,, 0.5 mM EGTA, 0.25 mM EDTA, 0.1%
NP40, 10 mM NaF) containing freshly added protease and phos-
phatase inhibitors (20 mM B-glycerophosphate, 1 mM Na;VO,, 1
mM PMSF, 10 pug/ml leupeptin, 10 ug/ml aprotinin). Lysates were
clarified by centrifugation at 4°C, and protein concentration was
determined by Bio-Rad protein assay. The supernatant was incu-
bated with an anti-FLAG antibody (M2, Sigma) overnight at 4°C
and then incubated with protein A-Sepharose beads (Pharmacia,
Piscataway, NJ) for 1 h at 4°C. Immune complexes were washed
four times with ice-cold lysis buffer and once with kinase buffer (20
mM MOPS, pH 7.2, 7.5 mM MgCl,, 25 mM B-glycerophosphate, 5
mM EGTA, 1 mM Na;VO,, 1 mM DTT). The kinase reaction was
carried out for 30 min at 30°C in the presence of GST-JUN (3 ng), 50
uM ATP, and 10 uCi of [y-*3P]JATP (2000 Ci/mmol) (ICN). The
phosphorylated JUN protein was resolved by 10% SDS-PAGE and
dried, and incorporation of [y-**P]ATP into substrate protein was
quantified with the use of a Phosphorimager (Molecular Dynamics,
Sunnyvale, CA) and visualized onto hyperfilms-MP (Amersham,
Arlington Heights, IL) by autoradiography.

Cell-scattering Assay

Scattering from cell islets was assayed as follows: MDCK cells were
seeded onto 12-well plates and cultured for 2-3 d until they formed
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colonies. Then they were cultured for 24 h, with or without 10
ng/ml SF/HGF in DMEM-0.5% FCS. At the end of the experiments,
cells were fixed and stained (Diff-Quik, Dade AG, Diidingen, Swit-
zerland) and their morphology was examined by light microscopy.

RESULTS

SF/HGF Induces Differently the Phosphorylation of
ERK and JNK

Since their original identification, it has been known that
activation of either ERK or JNK is mediated by dual phos-
phorylation on tyrosine and threonine residues (Cano and
Mahadevan, 1995). In various cell types, including MDCK
epithelial cells, SF/HGF was found to induce phosphoryla-
tion of ERK (Potempa and Ridley, 1998; Tanimura et al.,
1998; Tulasne et al., 1999). In other cell types, it was also
found that SF/HGF can induce transient phosphorylation of
JNK (Auer et al., 1998; McCawley et al., 1999) and p38 (Mc-
Cawley et al., 1999). To investigate whether SF/HGF can
regulate the phosphorylation of ERK, JNK, and p38 in ca-
nine MDCK epithelial cells, cellular extracts were prepared
after stimulation by SF/HGF and immunoblotted with the
use of anti-phospho-MAPKs (Figure 1). Their identification
was obtained by reprobing the blots with their respective
anti-MAPK antibodies. This was particularly important in
that all of these kinases and their phosphorylated forms
migrate within a range of 40-50 kDa. It is noteworthy that
the anti-phospho-JNK kinase antibody recognized both the
phosphorylated forms of JNK (arrow) and ERK (open ar-
rowhead), which were distinguishable with the use of well-
separated 10% SDS gels (Figure 1, middle panel). JNK activ-
ity assays were also performed with the use of GST-JUN as
a substrate.

As shown in Figure 1A, within 10 min, SF/HGF induced
strong phosphorylation of ERK1,2, whereas it induced weak
phosphorylation of JNK1 and had no effect on p38. We
compared these effects of SF/HGF with those of TNF-q, a
known activator of JNK in various cell types. In contrast to
SF/HGF, TNF-« induced weak phosphorylation of ERK1,2
and robust phosphorylation of JNK1 and p38 (Figure 1B).
The phosphorylation of JNK2 was also found to be induced
weakly by SF/HGF and strongly by TNF-a (our unpub-
lished results). The results regarding JNK phosphorylation
were confirmed by measuring JNK kinase activity. After
transfection of wild-type JNK1, the kinase was immunopre-
cipitated and tested for its ability to phosphorylate GST-JUN
(Derijard et al., 1994). The activity of JNK was induced
twofold by SF/HGEF and fivefold by TNF-« (Figure 1). These
results show that SF/HGF is a potent activator of ERK but
not of JNK, whereas TNF-« is a potent activator of JNK and
p38 but not of ERK.

We also determined the long-term effects of SF/HGF on
the phosphorylation of these kinases. SF/HGF induced
strong and sustained phosphorylation of ERK for several
hours (Figure 2A). In contrast, within a few hours SF/
HGEF induced a sustained repression of JNK: the amount
of phosphorylated JNK was lower than in the control after
4 h of treatment by SF/HGF and remained below the
basal level for 8 h (Figure 2A). In subsequent experiments,
we found that dephosphorylation was already detectable
after 2 h of treatment by SF/HGEF (see Figures 3 and 8).
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The phosphorylation of p38 was not modified by SE/
HGEF, even after several hours of treatment (our unpub-
lished results).

The dephosphorylation of JNK occurred in a concentra-
tion-dependent manner. After 4 h of SF/HGF treatment,
both ERK phosphorylation and JNK dephosphorylation in-
creased, with increasing concentrations of SF/HGF ranging
from 0.1 to 30 ng/ml (Figure 2B). The effective concentra-
tions of SF/HGF (>1 ng/ml) correspond to those obtained
in a cell-scattering assay (our unpublished results).

These results show that SF/HGF induces a rapid and
prolonged phosphorylation of ERK for several hours,
whereas it induces a rapid and weak phosphorylation of
JNK, which was followed within a few hours by a sustained
repression of JNK phosphorylation.

SF/HGF Induces Expression of the MKP2
Phosphatase

To determine whether dephosphorylation of JNK can be
caused by the activation of a phosphatase, MDCK cells were
pretreated with protein phosphatase inhibitors, pervana-
date, and okadaic acid, which are known to inhibit the
tyrosine phosphatases and type 1-type 2A serine-threonine
phosphatases, respectively (Guo et al., 1998). As shown in
Figure 3, SF/HGF induced dephosphorylation of JNK
within 2 h. In the absence of SF/HGF, treatment with oka-
daic acid (Figure 3A) or pervanadate (Figure 3B) resulted in
an increase in the amount of phosphorylated JNK. In the
presence of SF/HGF, pervanadate, but not okadaic acid,
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Figure 1. Short-term effects of SF/HGF and
-. TNF-a on phosphorylation of ERK, JNK, and
P38 MAPKs. (A) Cells were treated for 10 min
with or without 30 ng/ml SF/HGF. Whole
-+ cell lysates were collected, and 20 ug of cell
extracts was fractionated by 10% SDS-PAGE
- < @®ERK1  and examined by immunoblot analysis with
the use of either anti-phospho-MAPK anti-
bodies or their respective anti-MAPK anti-
- - bodies. Positions of ERK1,2, JNK1, and p38
are shown by arrows, and their phosphory-
o lated forms are indicated by a circled P. JNK1
activity was evaluated by a specific immuno-
f— precipitation/kinase assay with the use of
GST-JUN'7° as a substrate; immunoblot of
FLAG-tagged JNK1 with anti-FLAG antibody
— indicates comparable loading. (B) Cells were
treated for 10 min with or without 30 ng/ml
TNF-a. Cell extracts and immunoblot analysis
R were performed as described above. The fil-
) ters used for examination of phospho-MAPKs
were stripped and reprobed with their respec-
'b - tive anti-MAPK antibodies. Symbols are as in
A. It is worth noting that the anti-phospho-
——— JNK kinase antibody recognized the phos-

phorylated forms of both JNK1 (left arrow)
and ERKI1 (right open arrowhead).

prevented the dephosphorylation of JNK (Figure 3, A and
B). These results indicate that dephosphorylation of JNK by
SF/HGF occurs mainly by a pervanadate-sensitive tyrosine
phosphatase.

The tyrosine phosphatases of the MAPK phosphatase
(MKP) family, such as MKP1 and MKP2, which exhibit dual
catalytic activity toward phosphotyrosine and phospho-
threonine, are of special interest in the regulation of intra-
cellular MAPK signaling pathways (Keyse and Emslie, 1992;
King et al., 1995; Misra-Press et al., 1995; Camps et al., 2000;
Keyse, 2000). To examine their possible involvement in the
modulation of JNK phosphorylation, we performed immu-
noblotting experiments with the use of cellular extracts ob-
tained in the previous kinetic and dose-response experi-
ments (Figure 2) and antibodies against the phosphatases
MKP1 and MKP2. SE/HGF induced the expression of both
MKP2 and MKP1 within 1 h (Figure 4, A and B). MKP1 was
not easily detected in MDCK canine cells. We do not know
whether this is because the amount of MKP1 is low in
MDCK canine cells or because the endogenous MKP1 phos-
phatase is not well recognized by an antibody raised against
the human form of MKP1. In contrast, both expression and
phosphorylation of MKP2 were clearly induced by SF/HGF
within 10 min. Indeed, treatment with alkaline phosphatase
demonstrated that the slowly migrating band (Figure 4, A
and B) is a phosphorylated form of MKP2 (Figure 4C). This
time course is consistent with MKP2 phosphorylation and
expression being induced before the dephosphorylation of
JNK (1-4 h; Figure 2A, lower panel), which occurred before
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Figure 2. Long-term effects of SF/HGF on phosphorylation of ERK and J]NK MAPKs. (A) Cells were treated for the indicated times with
SF/HGF (30 ng/ml). Cell extracts (20 pg for ERK determination, 30 pg for JNK determination) were fractionated on 10% SDS-PAGE.
Immunoblot analysis was performed with the use of the anti-phospho-ERK kinase antibody (top panel) or the anti-phospho-JNK kinase
antibody (bottom panel). The filters used for examination of phospho-MAPKSs were stripped and reprobed with their respective anti-MAPK
antibodies. Positions of ERK1,2 and JNK1 are shown by arrows, and their phosphorylated forms are indicated by a circled P. Middle panel,
the anti-phospho-JNK kinase antibody recognized the phosphorylated forms of both JNK1 (left arrow) and ERK1 (right open arrowhead). (B)
Cells were treated for 4 h with increasing concentrations of SF/HGF (0.1-30 ng/ml). As described for A, cell extracts and immunoblot

analysis were performed with the use of the anti-phospho-ERK kinase antibody (top panel) or the anti-phospho-JNK kinase antibody (bottom
panel).
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Figure 3. Effects of okadaic acid and pervanadate on SF/HGF-induced JNK dephosphorylation. Cells were pretreated for 30 min with 250 nM okadaic
acid (OA; A) or 3 uM pervanadate (PerV; B) and were then treated for 2 h with or without SF/HGF (30 ng/ml). Cell extracts, immunoblot analysis of
phosphorylated JNK1, and rehybridization with the anti-JNK1 antibody were performed as described in Figure 2. The band corresponding to JNK1 and

its phosphorylated form is large and was also found with the use of a lower exposure of the gel because the 10% SDS-PAGE was particularly well
separated.
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Figure 4. Long-term effects of SF/HGF on expression of MKP1 and MKP2 phosphatases. (A) Cells were treated for the indicated times with
SF/HGEF (30 ng/ml). Cell extracts (30 ug) were fractionated by 10% SDS-PAGE, and immunoblot analysis was performed with the use of the
anti-MKP2 or anti-MKP1 antibody. MKP1 and MKP2 migrated at their expected sizes (~42 and 39 kDa, respectively). (B) Cells were treated
for 4 h with increasing concentrations of SF/HGF (0.1-30 ng/ml). Cell extracts (30 ug) were fractionated by 10% SDS-PAGE, and immunoblot
analysis was performed with the use of the anti-MKP2 or anti-MKP1 antibody. (C) Cells were treated for 10 min with (+) or without (—)
SF/HGF (30 ng/ml). Immunoprecipitated MKP2 was incubated (+) or not (—) with alkaline phosphatase (Pase), and MKP2 detection was
performed by immunoblot analysis with the anti-MKP2 antibody.
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Figure 5. Effects of U0126 on MAPKs and MKP
phosphatases induced by SE/HGEF. (A) Cells were
pretreated with U0126 (25 uM) for 30 min and then
treated for the indicated times with 30 ng/ml SE/
HGEF (SF + U0126) or for 10 min with or without 30
ng/ml TNF-« (right panel). Cell extracts and immu-
noblot analysis were performed as described in Fig-
ure 2 with the use of the anti-phospho-ERK kinase
antibody (top panel) or the anti-phospho-JNK kinase
antibody (bottom panel). The filters used for exam-
ination of phospho-MAPKSs were stripped and re-
probed with their respective anti-MAPK antibodies.
(B) Cell extracts obtained in A were analyzed by
immunoblot with the use of the anti-MKP2 or anti-
MKP1 antibody.
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then treated with U0126 (5 or 25 uM) for 30 min. SF
After this time, SF/HGF (10 ng/ml) was added and U0126 (uM
the cells were further cultured for 24 h. (=M)

the dephosphorylation of ERK (4-8 h; Figure 2A, upper
panel). These inductions of MKP2 and MKP1 also occurred
in a concentration-dependent manner (Figure 4B), with SF/
HGF effective concentrations corresponding to those regu-
lating ERK or JNK phosphorylation at 4 h (Figure 2).

Inhibition of MEK Impairs ERK and MKP2
Induction, Restores [NK Phosphorylation, and
Impairs RAS-dependent Transcriptional Response
and Cell Scattering Induced by SFIHGF

We then investigated whether the sustained activation of
ERK and the delayed repression of JNK occurred as a con-
sequence of the activation of the RAS-MEK pathway. To test
this hypothesis, we used U0126, a pharmacological inhibitor
of the MAPK kinase MEK, which prevents ERK phosphor-
ylation (Favata ef al., 1998). As expected, U0126 inhibited the
phosphorylation of ERK induced by SF/HGF or TNF-« at all
times examined (compare Figures 1, 2A, and 5A). This effect
is specific, because U0126 did not affect the rapid induction
of JNK phosphorylation induced by TNF-a (compare Fig-
ures 1B and 5A). This inhibitor also prevented the induction
of MKP2 phosphorylation and expression by SF/HGF, and
MKP2 expression level was below the basal level within 24 h
(compare Figures 4A and 5B). In contrast, MKP1 expression
was still induced within 4 h, and the same result was ob-
tained in the absence of SF/HGF (our unpublished results).
Finally, the delayed repression of JNK phosphorylation was
no longer observed (compare Figures 2B and 5A). These
results demonstrated that inhibition of the MEK kinase also
prevented SF/HGF from inducing phosphorylation and ex-
pression of MKP2 and dephosphorylation of JNK.

As reported previously, we identified specific transcrip-
tional responses to SF/HGF involving an EBS/AP1 response
element, which is the target of a RAS-dependent signal
transduction pathway (Fafeur et al., 1997; Tulasne et al.,
1999). The effect of the pharmacological inhibition of MEK
on the activation of this transcriptional response and on cell
scattering was also examined. Transactivation assays were
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performed by transfecting the cells with the EBS/AP1-Luc
reporter vector, which contains three tandem copies of EBS/
AP1 binding sites (Tulasne et al., 1999). After transfection,
the cells were treated with U0126 and/or SF/HGEF for 24 h,
at which time transactivation assays were performed. The
transcriptional response of the EBS/AP1 response element
to SF/HGF was inhibited by U0126 (Figure 6A). Similar
results were obtained with the use of a uPA-Luc promoter
(our unpublished results), which contains functional EBS/
AP1 binding sites (Rorth et al., 1990). For the scattering
assay, the cells were seeded sparsely and were grown until
they formed colonies. At that time, the cells were treated
with U0126 and/or SF/HGF. Within 24 h, cell scattering
induced by SF/HGF was impaired in cells treated with
U0126 (Figure 6B). These results demonstrated that EBS/
AP1-dependent transcriptional responses and cell scattering
are also caused by activation of the RAS-MEK pathway.

Transrepression by JNK at High Cell Density

Finally, we wished to investigate the roles of ERK and JNK
in transmitting an EBS/AP1-dependent transcriptional re-
sponse to SF/HGF. During initial experiments, a lack of
reproducibility of some transactivation results, in particular
when we tested the effects of JNK, led us to identify the
influence of cell density. Overall, it was our common obser-
vation that cells seeded at low density respond better to the
scattering signal of SF/HGF than cells seeded at high den-
sity. For example, all cell islets were dissociated by SF/HGF
at low cell density (Figure 7A) but not at higher cell density
(Figure 7B). We also observed that the amplitude of the
EBS/AP1-dependent transcriptional response to SF/HGF
was higher at low cell density. For example, activation by
SF/HGF was 28-fold for the lowest cell density tested (Fig-
ure 7C), whereas it was 12-fold for the higher cell density
(Figure 7D). It is worth noting that the highest density tested
corresponds to a confluence of 40-50%, which is the usual
condition for cell transfection, and to the condition used in
all previous experiments. In parallel experiments, we mea-
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Figure 7. Effects of ERKI1, JNKI1,
MKP2, and MKP1 in inducing an EBS/
AP1-dependent transcriptional re-
sponse at different cell densities. (A
and B) Scattering. Cells were seeded on
12-well plates (1250 cells [A] and 5000
cells [B]) and cultured for 2 d. The me-
dium was replaced by DMEM-0.5%
FCS, and SF/HGF (10 ng/ml) was
added (SF) or not (—) for 24 h. (C and
D) Effects of ERK1 and JNK1 on SF/
HGF-induced transactivation of the
EBS/AP1-Luc reporter vector. Cells
were seeded on 12-well plates (10,000
cells [C] and 30,000 cells [D]). The next
day, they were cotransfected with the
EBS/AP1-Luc reporter vector and with
expression vectors, either empty (C) or
encoding wild-type ERK1 (ERK1) or
wild-type JNK1 (JNK1). The following
day, cells were left untreated (—) or
treated with 10 ng/ml SF/HGF (+),
and luciferase activity was measured
24 h later. The usual condition of trans-
fection is obtained by seeding the cells
at 30,000 cells per well, which gives a
confluence of 50-60% at the end of the
experiment. It is worth noting that at
the end of the assay, the sizes of the cell
islets are comparable between the cell-
scattering (A and B) and transactiva-
tion (C and D) assays because of cell
mortality during the transfection pro-
cedure. (E and F) Effects of dominant
negative mutants of RAS, ERKI,
CDC42, and JNK1 on SF/HGF-in-
duced transactivation of the EBS/AP1-
Luc reporter vector. Cells were seeded
on 12-well plates (10,000 cells [E] and
30,000 cells [F]). The next day, they
were cotransfected with the EBS/AP1-
Luc reporter vector and with expres-
sion vectors, either empty (C) or en-
coding dominant negative forms of
RAS (RAS®186), ERK (ERK1™), CDC42
(CDC42N"7), or JNK (JNK1AFF). The
following day, cells were treated with
SF/HGEF (10 ng/ml) (black bars) or not
(white bars), and luciferase activity
was measured 24 h later. (G and H)
Effects of MKP1 and MKP2 on SF/
HGF-induced transactivation of the
EBS/AP1-Luc reporter vector. Cells
were seeded on 12-well plates (10,000
cells [G] and 30,000 cells [H]). The next
day, they were cotransfected with the
EBS/AP1-Luc reporter vector and with
expression vectors, either empty (C) or
encoding wild-type MKP1 (MKP1) or

MKP2 (MKP2). The following day, cells were treated with SF/HGF (10 ng/ml) (black bars) or not (white bars), and luciferase activity was

measured 24 h later.

sured transfection efficiencies with the use of cells trans-
fected with a pGFP reporter vector and FACS analysis of the
GFP fluorescent cells. The number of seeded cells on 12-well
plates (12,500, 25,000, 50,000, and 100,000 cells) did not mod-
ify the transfection efficiency, which was 53, 46, 45, and 48%,

respectively.
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To compare the effects of MAPKSs on the transcriptional
response of SF/HGF, we cotransfected wild-type ERK1 or
wild-type JNK1 and the EBS/AP1-Luc reporter vector (Fig-
ure 7, C and D). At both cell densities, the transcriptional
response to SF/HGF was enhanced in the presence of ERK1,
showing that activation of ERK1 by SF/HGF potentiated
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Figure 8. Effects of SF/HGF on phosphorylation of ERK and JNK and on expression of MKP2 at different cell densities. Cells were seeded
on 100-mm plates (100,000 cells [A] and 400,000 cells [B]). The next day, the cells were incubated in DMEM-0.5% FCS. The following day,
cells were treated for the indicated times with SF/HGF (30 ng/ml). Cell extracts and immunoblot analysis of phosphorylated JNK1 or MKP2
expression were performed as described in Figure 5. The filters were stripped and reprobed with the anti-JNK antibody.

this transcriptional response. In agreement with the results
obtained with SF/HGF alone, SF/HGF was more efficient at
inducing a transcriptional response in the presence of ERK1
at the lowest cell density (Figure 7, C and D). In contrast,
JNK1 did not modify transcriptional activation by SF/HGF
at the lowest cell density (Figure 7C), whereas it inhibited by
40% this transcriptional activation at the higher cell density
(Figure 7D). In no case was JNK1 found to enhance the effect
of SF/HGF.

We then investigated the effects of various dominant neg-
ative mutants, kinase-defective ERK1 (ERK1T*) or JNK1
(INK1APF) and inactivated forms of RAS (RASS'®¢) or
CDC42 (CDC42N17), which are upstream activators of ERK
and JNK, respectively (Bagrodia et al., 1995; Dhanasekaran
and PremKumar Reddy, 1998). Inactive RAS and kinase-
defective ERK1 were more efficient at inhibiting SF/HGF
action at low density (Figure 7E) than at high density (Figure
7F). In contrast, at low density, inactive CDC42 and kinase-
defective JNK1 had no effect (Figure 7E), whereas at high
density they enhanced the response to SF/HGEF (Figure 7F).
The amplitude of the enhancing effects of inactive forms of
CDC42 or JNK1 was variable, but these forms were never
found to inhibit SF/HGF action. Thus, the inactive forms of
these kinases or of their upstream activators gave results
consistent with those obtained from their wild-type forms
(Figure 7, compare C and D with E and F): low density
favored the EBS/AP1-dependent transcriptional response to
SF/HGF through the RAS-ERK pathway, and an inhibitory
effect of JNK1 was seen only at high cell density.

We then transfected MKP1 and MKP2 and found distinct
effects of these phosphatases on this transcriptional re-
sponse. In particular, MKP2 potentiated both basal and SF/
HGF-induced transcriptional responses at high cell density
(Figure 7H). Hence, MKP2 behaves as JNK14TF, the domi-
nant negative inhibitor of JNK (Figure 7, E and F). In con-
trast, MKP1 abrogated the transcriptional response at both
cell densities (Figure 7, G and H); it behaves like ERK1T4,
the dominant negative inhibitor of ERK (Figure 7, E and F).

Based on the demonstration that with time the phosphor-
ylation of ERK, MKP2, and JNK are regulated differently by
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SF/HGEF (Figures 2 and 4), we wished to test the hypothesis
that at low cell density SF/HGF was more efficient at regu-
lating their level of phosphorylation. Indeed, at the lowest
cell density (Figure 8A), SF/HGF induced stronger phos-
phorylation of ERK at all times tested, as well as a stronger
delayed dephosphorylation of JNK, than at high cell density
(Figure 8B). For example, at low cell density, we did not
detect any JNK phosphorylation at 2 and 4 h in the presence
of SF/HGEF (Figure 8A), whereas JNK phosphorylation was
still detectable at the highest cell density (Figure 8B). Simi-
larly, the phosphorylation of MKP2 was more pronounced
at low density than at high cell density (Figure 8). These
marked variations of phosphorylation of ERK, MKP2, and
JNK indicate that the amplitude of activation of the RAS-
MEK pathway is higher at a low rather than at a high cell
density.

Together, these results show that at low cell density, effi-
cient activation of the RAS-MEK pathway leads to strong
induction of ERK and MKP2 phosphorylation and dephos-
phorylation of JNK and to efficient transcriptional response
and cell scattering. In contrast, at high cell density, when the
amplitude of activation of the RAS-MEK pathway is lower,
a transrepressing effect of JNK is revealed and a complete
scattering of the cells is not observed.

DISCUSSION

The signal transduction pathways implicating MAPKSs con-
vert signals received at the plasma membrane into the acti-
vation of intracellular targets, including transcription fac-
tors. In mammalian cells, the MAPKs ERK and JNK have
been well investigated. In most cases, the emerging picture
is that they belong to separate cascades that are activated
independently and can target distinct transcription factors
(Treisman, 1996; Widmann ef al., 1999). In this study, we
found that through the same pathway, i.e., the RAS-RAF-
MEK pathway, SF/HGF can regulate ERK phosphorylation,
MKP2 phosphorylation, and JNK dephosphorylation as well
as EBS/API-dependent transcriptional responses and cell
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scattering. The functional consequence of this sequence of
events was shown by measuring these responses at different
cell densities. We found that at low density, a SF/HGF-RAS-
MEK-ERK-MKP2 pathway is well activated and prevents a
transrepressing effect of JNK, whereas at high cell density,
this SF/HGF-RAS-MEK-ERK-MKP2 pathway is less effi-
ciently activated and a transrepressing effect of JNK is ob-
served.

SF/HGF Weakly Stimulates and Then Represses [NK
Phosphorylation

We found that within a few minutes of stimulation, SF/HGF
is a potent activator of ERK and a weak activator of JNK.
These results are in agreement with those obtained with
other growth factors acting through tyrosine kinase recep-
tors (Minden et al., 1994). In particular, similar characteristics
of activation of ERK and JNK by SF/HGF were found in rat
primary cultures of hepatocytes (Auer et al., 1998) and in a
human keratinocyte cell line (McCawley et al., 1999), dem-
onstrating that these results are not cell type specific. In
contrast, TNF-a, which does not act through a tyrosine
kinase receptor, is a weak activator of ERK and a potent
activator of JNK in MDCK cells, as demonstrated in other
cell types (Minden et al., 1994; Auer et al., 1998). This weak
activation of JNK by SF/HGF was followed by a sustained
repression for several hours, whereas ERK phosphorylation
was still induced. This effect might not be restricted to
SF/HGF, because VEGF was similarly shown to activate
ERK and to inhibit JNK in human microvascular endothelial
cells (Gupta et al., 1999).

Previously, it was found that growth factors, including
SF/HGTF, can induce short-term activation of both ERK and
JNK through distinct signaling pathways (Minden et al.,
1994; Garcia-Guzman et al., 1999). For example, in PC12 cells,
EGF or NGF activated two RAS-dependent MAPK cascades,
one initiated by the RAF MAPK kinase kinase leading to
ERK activation and the other initiated by the MEKK MAPK
kinase kinase leading to JNK activation (Minden et al., 1994).
Our results with a pharmacological inhibitor of MEK did not
contradict these findings and led us to further demonstrate
that the same RAS-RAF-MEK pathway can cause both the
rapid activation of ERK and the delayed repression of JNK.
These results indicate that the mechanisms of short-term
phosphorylation versus long-term dephosphorylation of
JNK by the same growth factor can be distinct.

A likely mechanism for JNK dephosphorylation by SF/
HGF involves the activation of dual-specificity phosphatases
of the MKP family. Indeed, MKP family members are the
products of immediate early genes, and several members of
this family are transiently synthesized after activation of
MAPKs (Camps et al., 2000; Keyse, 2000). Because these
MKP phosphatases have dual catalytic activity toward phos-
photyrosine and phosphothreonine residues, they can in
turn regulate the activity of MAPKs (Chu et al., 1996; Bron-
dello et al., 1997; Hirsch and Stork, 1997; Keyse, 2000). In
particular, MKP1 and MKP2, which share 60% amino acid
sequence identity (Misra-Press et al., 1995), can both be
transiently induced by ERK or JNK and subsequently regu-
late their activity (Chu et al., 1996; Brondello et al., 1997;
Hirsch and Stork, 1997). In our present study, MKP2, but not
MKP1, was well detected and therefore more accessible for
experimentation.
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By examining MKP2 expression, we found that induction
by SE/HGF of MKP2 phosphorylation (10 min) temporally
precedes JNK dephosphorylation (1-4 h), whereas ERK de-
phosphorylation (4—8 h) occurs later. By using U0126, an
inhibitor of the MEK kinase upstream of ERK, we further
demonstrate a functional link between the rapid phosphor-
ylation of both ERK and MKP2 and the delayed dephos-
phorylation of JNK. The fact that the MKP2 protein was
barely detectable 4 h after treatment with U0126 suggests
that this inhibitor either blocked its transcriptional induction
or favored its degradation. Indeed, both mechanisms have
been shown for regulation of MKP1 expression. In particu-
lar, activated ERK can reduce the degradation of MKP1,
which is a labile protein targeted for degradation by the
ubiquitin-directed proteasome complex (Brondello ef al.,
1999). The mechanisms regulating MKP2 expression down-
stream of activated ERK in MDCK cells await further clari-
fication.

Activation of JNK Can Inhibit Specific
Transcriptional Responses to SFIHGF

As reported in the INTRODUCTION, the ERK and JNK
MAPKSs are involved in various biological responses to SF/
HGF (Rodrigues et al., 1997; Auer et al., 1998; Garcia-Guz-
man ef al., 1999; McCawley et al., 1999; Ried et al., 1999). For
example, ERK is involved in epithelial cell scattering (Po-
tempa and Ridley, 1998; Tanimura et al., 1998; Tulasne et al.,
1999), whereas JNK is involved in proliferation of hepato-
cytes (Auer ef al., 1998) or in transformation of FR3T3 fibro-
blast cells transfected with the oncogenic TPR-MET receptor
(Rodrigues et al., 1997). This raises the question of whether
these two kinases can be involved in the same biological
responses induced by SF/HGEF. We tested this hypothesis by
investigating their effects on the same transcriptional re-
sponse implicating an EBS/AP1 response element, which
was initially identified as a functional RAS-responsive ele-
ment in the polyomavirus enhancer (Wasylyk et al., 1990).
Since then, a number of similar response elements have been
identified in regulatory regions of various cellular genes,
including protease genes (Wasylyk et al., 1998).

We found that the RAS-ERK pathway induces transcrip-
tional activation through this EBS/AP1 response element,
but that JNK1 does not. Rather, JNK1 had no effect or an
inhibitory effect, depending on cell density. This extends our
previous work, in which we showed that SF/HGF and RAS
activated this transcriptional response (Fafeur et al., 1997)
and that a dominant negative mutant of CDC42 does not
impair, but rather favors, transactivation induced by chi-
meric MET receptors (Tulasne et al., 1999). It was reported
previously in NIH-3T3 fibroblast cells transfected with a
MET receptor that the uPA promoter can be stimulated by a
signal transduction pathway involving RAS-RAF-MEK-ERK
but not JNK (Ried ef al., 1999). Whereas these authors con-
cluded that JNK is not involved in mediating uPA promoter
induction, our data demonstrate that JNK1 modulates the
efficiency of the RAS-RAF-MEK-ERK signal transduction
pathway.

It can be argued that our transactivation results, including
transrepression by JNK, were observed after enforced ex-
pression of ERK or JNK or of their possible upstream acti-
vators. To examine the effects of ERK and JNK in more
physiological conditions, we also performed transactivation
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assays in the presence of TNF-a, which activates JNK
strongly and ERK weakly in many cells, including MDCK
epithelial cells. We found that TNF-« inhibited the ability of
SF/HGF to induce this transcriptional response (our unpub-
lished results), demonstrating that a potent endogenous ac-
tivator of JNK can also inhibit transcriptional responses to
SF/HGEF. It is clear that the finding of a negative role for JNK
in transmitting signal transduction SF/HGEF is original, be-
cause most studies emphasize the possible positive involve-
ment of JNK in signal transduction. Nonetheless, it was
similarly demonstrated that insulin action involves a de-
layed and sustained inhibition of JNK (Desbois-Mouthon et
al., 2000). The main difference between that work and our
study is that those authors proposed a mechanism for JNK
inhibition implicating the phosphatidylinositol 3-kinase,
whereas we explored a mechanism that involves activation
of the RAS-MEK-ERK pathway.

A SF/HGF-RAS-RAF-MEK-ERK-MKP2 Pathway
Can Prevent Transrepression by JNK

Finally, we show that the activation of ERK and MKP2 and
the subsequent inactivation of JNK by SF/HGEF are function-
ally involved in mediating transcriptional activation of an
EBS/AP1 promoter element that correlates with efficient
scattering in MDCK cells. This was shown by measuring
these responses at different cell densities, because it was our
common observation that low cell density favors both the
EBS/AP1 transactivation and scattering in response to SF/
HGF. At low cell density, SF/HGF efficiently induces this
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ltranscriptional response through RAS, ERK, and MKP2,
whereas JNK has no effect. The strong activation of RAS,
ERK, and MKP2 leads to the dephosphorylation of JNK and
explains the absence of transrepression by JNK. At higher
cell density, SF/HGEF is less efficient at inducing this tran-
scriptional response through RAS, ERK, and MKP2, and
JNK has a transrepressing effect. The weak activation of
RAS, ERK, and MKP2 leads to a less efficient dephosphory-
lation of JNK and reveals the transrepressing effect of JNK.
The role of JNK in this cascade of events, therefore, is to
modulate the efficiency of a RAS-RAF-MEK-ERK signal
transduction pathway. The corresponding model of SF/
HGF signaling implicating ERK, MKP2, and JNK at different
cell densities is depicted in Figure 9.

Various studies have demonstrated that quantitative dif-
ferences are found between proliferative and differentiation
signals (Marshall, 1995). In particular, it is clear that sus-
tained versus transient activation of ERK represents an un-
derlying mechanism to account for tyrosine kinase receptor
specificity in ligand-induced specific biological responses.
For example, in PC12 cells, NGF promotes sustained activa-
tion of ERK for several hours and differentiation, i.e., neurite
outgrowth, whereas EGF promotes transient activation of
ERK and proliferation (Traverse et al., 1992). Similarly, in a
keratinocyte cell line, EGF and SF/HGF induces sustained
activation of ERK and stimulates MMP-9 induction and
migration, whereas IGF and KGF transiently activate ERK
and are mitogenic (McCawley et al., 1999). A similar mech-
anism implicating activated JNK has not been shown, per-
haps because these growth factors are weak activators of
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JNK. Alternatively, our results indicate that both sustained
activation of ERK and repression of JNK may account for the
scattering signal induced by SF/HGEF.
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