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Hepatocyte growth factor/scatter factor (HGF/SF) stimulates the motility of epithelial
cells, initially inducing centrifugal spreading of colonies followed by disruption of
cell–cell junctions and subsequent cell scattering. In Madin–Darby canine kidney cells,
HGF/SF-induced motility involves actin reorganization mediated by Ras, but whether
Ras and downstream signals regulate the breakdown of intercellular adhesions has not
been established. Both HGF/SF and V12Ras induced the loss of the adherens junction
proteins E-cadherin and b-catenin from intercellular junctions during cell spreading, and
the HGF/SF response was blocked by dominant-negative N17Ras. Desmosomes and
tight junctions were regulated separately from adherens junctions, because they were not
disrupted by V12Ras. MAP kinase, phosphatidylinositide 3-kinase (PI 3-kinase), and Rac
were required downstream of Ras, because loss of adherens junctions was blocked by the
inhibitors PD098059 and LY294002 or by dominant-inhibitory mutants of MAP kinase
kinase 1 or Rac1. All of these inhibitors also prevented HGF/SF-induced cell scattering.
Interestingly, activated Raf or the activated p110a subunit of PI 3-kinase alone did not
induce disruption of adherens junctions. These results indicate that activation of both
MAP kinase and PI 3-kinase by Ras is required for adherens junction disassembly and
that this is essential for the motile response to HGF/SF.

INTRODUCTION

Hepatocyte growth factor/scatter factor (HGF/SF)1 is
a multifunctional cytokine possessing a wide spec-
trum of biological activities. It is secreted by cells of
mesenchymal origin and acts as a mitogen, dissocia-
tion, and motility factor for many epithelial cells in
culture (Stoker et al., 1987; Gherardi et al., 1989; Naka-
mura et al., 1989) through its receptor the Met tyrosine
kinase (Bottaro et al., 1991; Weidner et al., 1993).

HGF/SF is therefore believed to be a potent epithelial
morphogen leading to epithelial–mesenchymal inter-
conversion (Montesano et al., 1991). In addition,
HGF/SF is a mitogen for mature hepatocytes in pri-
mary culture (Nakamura et al., 1989), and mice lacking
HGF/SF show reduced liver size, although they actu-
ally die in utero as a result of abnormal development
of the placenta (Schmidt et al., 1995; Uehara et al.,
1995). HGF/SF plays an active role in liver, kidney,
and lung regeneration after tissue damage, contributes
to wound repair, and can act as an angiogenic factor
(reviewed in Zarnegar and Michalopoulos, 1995). Fur-
thermore, HGF/SF has been shown to be involved in
the development of some tumors and in the process of
carcinoma cell invasion (Rong et al., 1992; Bellusci et
al., 1994).
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Madin–Darby canine kidney (MDCK) epithelial
cells have been used extensively as an in vitro model
for HGF/SF-induced epithelial–mesenchymal conver-
sion. HGF/SF initially induces centrifugal spreading
of MDCK cells in colonies and subsequently stimu-
lates cell–cell dissociation, allowing each cell to “scat-
ter” or detach from colonies and migrate indepen-
dently of other cells (Stoker and Perryman, 1985;
Ridley et al., 1995). Cell migration is dependent on the
actin cytoskeleton and involves the extension of lamel-
lipodia at the leading edge and the formation of new
contacts with the extracellular matrix, followed by
retraction and detachment of the trailing edge
(Lauffenburger and Horwitz, 1996). The motile re-
sponse to HGF/SF therefore involves a series of
changes to the actin cytoskeleton, including mem-
brane ruffling, lamellipodium formation, and a de-
crease in stress fibers and cortical actin (Ridley et al.,
1995). These changes are mediated by Ras and Rac,
two proteins belonging to the Ras superfamily of
small GTPases (Hall, 1994; Tapon and Hall, 1997).
HGF/SF activates Ras by increasing the level of Ras-
GTP (Graziani et al., 1993), and HGF/SF-induced cell
motility is dependent on Ras (Hartmann et al., 1994;
Ridley et al., 1995). Microinjection of activated Ras
protein induces Rac-dependent ruffling, lamellipo-
dium formation, and spreading of MDCK cell colonies
but does not induce cell dissociation or scattering. In
contrast, MDCK cell lines expressing constitutively
active Ras display a scattered phenotype in some cases
(Schoenenberger et al., 1991), suggesting that high lev-
els of Ras activity can in the long term induce desta-
bilization of cell–cell interactions presumably by alter-
ing patterns of gene expression.

The signaling pathways downstream of Ras that are
involved in the HGF/SF response have not been char-
acterized in detail. Ras is known to activate multiple
signal transduction pathways, including the p42/p44
MAP kinase (MAPK) cascade, phosphatidylinositide
3-kinase (PI 3-kinase), and Ral-GDS, a guanine nucle-
otide exchange factor for the Ras-related protein Ral
(Marshall, 1996). It has been shown that HGF/SF ac-
tivates MAPK in A549 cells (Ponzetto et al., 1994), but
the role of MAPK activation in the scattering response
of MDCK cells is unknown. HGF/SF also activates PI
3-kinase, and wortmannin, an inhibitor of PI 3-kinase,
blocks scattering of MDCK cells in response to
HGF/SF (Royal and Park, 1995). However, the stage of
the scattering response that is inhibited by wortman-
nin has not been defined. PI 3-kinase may in turn lead
to activation of Rac (reviewed in Parker, 1995), and
this may be a consequence of the product of PI 3-ki-
nase, phosphatidylinositol-3,4,5-trisphosphate, bind-
ing to and activating Rac exchange factors (Han et al.,
1998). Because Rac is required for HGF/SF-induced
lamellipodium formation (Ridley et al., 1995), PI 3-ki-

nase may therefore provide a link between Ras and
Rac.

In addition to changes in actin organization, the
migratory response of MDCK cells to HGF/SF also
requires the disruption of cell–cell junctions. In epi-
thelial cells, the lateral plasma membranes of adjacent
cells interact via adherens junctions, tight junctions,
and desmosomes. In adherens junctions, the extracel-
lular domains of the transmembrane cadherins inter-
act homophilically, whereas the intracellular domains
are linked to the actin cytoskeleton via a- and b-cate-
nin, vinculin, and a-actinin. In desmosomes, desmo-
somal cadherins (desmocollins and desmogleins) in-
teract with intermediate filaments (via desmoplakins
and plakophilins) (Ben-Ze’ev, 1997). Epithelial cells
also require tight junctions to maintain their polarity
as they constitute a barrier between the apical and
basolateral plasma membranes and prevent the diffu-
sion of macromolecules between cells (Rodriguez-
Boulan and Nelson, 1989). Tight junctions contain
ZO-1, a peripheral membrane protein that appears to
link the integral membrane protein occludin to the
actin cytoskeleton (Gumbiner, 1993).

The molecular mechanisms underlying HGF/SF-in-
duced disruption of epithelial cell junctions have not
been defined. Our previous work established that Ras
acts downstream of the Met receptor and is required
for lamellipodium formation and cell spreading in
MDCK cells (Ridley et al., 1995), and we have therefore
investigated the roles of Ras and signaling pathways
activated by Ras in regulating the disruption of inter-
cellular adhesions.

MATERIALS AND METHODS

Materials
The pSG5-5-Myc-p110a-WT-3-K-Ras plasmid was a gift from Jonathan
Backer (Albert Einstein College of Medicine, New York, NY); the
pEXV3-N17H-Ras-3-Myc and the pCDNA3-V12H-Ras constructs were
from Julian Downward (Imperial Cancer Research Fund, London,
United Kingdom); the pEXV3-AFG MAP kinase kinase 1 (MAPKK1),
pEXV3-Ala-221 MAPKK1, pEXV3-wild-type MAPKK1, and pEXV3-
Glu-217/Glu-221 MAPKK1 constructs were from Chris Marshall (In-
stitute of Cancer Research, London, United Kingdom); and the
pEFHm-RAFCAAX-Myc construct was from Richard Marais (Institute
of Cancer Research, London, United Kingdom). The rabbit polyclonal
antibody against the C terminus of bovine p110a (aa 1054–1068) was a
gift from Roya Hooshmand-Rad (Ludwig Institute for Cancer Re-
search, Uppsala, Sweden). The rabbit polyclonal antibody recognizing
MAPKK1 (Alessi et al., 1994) was a gift from Chris Marshall. The rabbit
antiserum to desmoplakin C terminus (DP 145) was kindly provided
by Tony Magee (National Institute for Medical Research, London,
United Kingdom). The rabbit anti-Ras antibody and the mouse anti-c-
Myc antiboby were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). The mouse anti-E-cadherin and mouse anti-b-catenin anti-
bodies were obtained from Transduction Laboratories (Lexington, KY).
The rabbit anti-ZO-1 and the rabbit anti-occludin antibodies were
obtained from Zymed (San Franscisco, CA). Secondary antibodies
were purchased from Jackson ImmunoResearch (West Grove, PS)
(TRITC-labeled donkey anti-rat antibody and FITC-labeled donkey
and TRITC-labeled goat anti-mouse antibodies) and from Southern
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Biotechnology (Birmingham, AL) (FITC-labeled goat anti-rabbit anti-
body).

Cell Culture
A subclone of MDCK cells (Ridley et al., 1995) was grown in DMEM
containing 10% bovine FCS. Cells for microinjection or stimulation
with HGF/SF were seeded in 15-mm wells at 1 3 104 cells/well on
13-mm circular glass coverslips. After 3 d, cells were transferred to
DMEM containing 0.5% FCS with or without 50 mM PD098059
(Calbiochem, Nottingham, United Kingdom) or 20 mM LY294002
(Calbiochem), and HGF/SF (10 ng/ml; RD Systems, Abingdon,
United Kingdom) was added and/or cell groups were injected at
the edge and in the middle of colonies.

Expression and Purification of Recombinant
Proteins
The recombinant proteins V12Ras and N17Rac1 were expressed in
Escherichia coli from the pGEX-2T vector as glutathione S-transferase
fusion proteins and purified as previously described (Ridley et al.,
1992). Active protein concentrations for GTP-binding proteins were
determined by a filter binding assay using [3H]GDP (Hall and Self,
1986). Total protein concentrations were estimated using a protein
assay kit (Bio-Rad, Hercules, CA).

Microinjection
For microinjection proteins were diluted in 50 mM Tris-Cl (pH 7.5),
100 mM NaCl, 5 mM MgCl2, and microinjected into the cytoplasm
of MDCK cells maintained in 0.5% FCS for 1 h before injection. To
identify injected cells, tetramethylrhodamine dextran (molecular
weight 10,000; Molecular Probes, Leiden, The Netherlands) at 5
mg/ml was microinjected together with recombinant proteins.

Cells microinjected with plasmids encoding N17Ras, AFG
MAPKK1, Ala-221 MAPKK1, Glu-217/Glu-221 MAPKK1, wild-type
MAPKK1, p110a, or RafCAAX were incubated at 37°C for 4–6 h to
allow protein expression. Plasmid-injected cells were detected by
using an antibody against the expressed protein. Cells microinjected
with the protein V12Ras or N17Rac1 were incubated for 1, 2, 4, 6, 8,
and 16 h according to the different experiments. In some experi-
ments in which the injected component had an inhibitory effect, cells
were treated with HGF/SF (10 ng/ml) for 2, 4, 6, 8, and 16 h as
indicated in the figure legends. Cells were then fixed and stained for
F-actin and junctional complexes as described below.

Immunofluorescence
MDCK cells were fixed with 3.7% formaldehyde dissolved in PBS
(137 mM NaCl, 3 mM KCl, 13 mM Na2HPO4 [7H2O], 2 mM KH2PO4,
0.9 mM CaCl2, 0.7 mM MgCl2 [6H2O], pH 7.4) for 10–20 min at room
temperature and permeabilized for 5 min with 0.2% Triton X-100.
Primary and secondary antibodies were diluted in PBS containing
0.5% bovine serum albumin, and all incubations were for 1 h at
room temperature. The cell junction proteins were visualized by
mouse anti-E-cadherin (1:200) or mouse anti-b-catenin (1:400), re-
spectively. Secondary staining was performed using FITC-labeled
donkey or TRITC-labeled goat anti-mouse antibodies (1:200). Tight
junctions were stained for ZO-1 with a rabbit anti-ZO-1 antibody
(1:200) and for occludin with a rabbit anti-occludin antibody (1:100)
and desmosomes with a rabbit anti-desmoplakin I/II antiserum
(DP145) (1:200). Cells injected with pEXV3-AFG MAPKK1, pEXV3-
Ala-221 MAPKK1, pEXV3-wild-type MAPKK1 or pEXV3-Glu-217/
Glu-221 MAPKK1 were detected with a rabbit anti-MAPKK1 anti-
body (1:100); cells injected with pEFHm-RAFCAAX-Myc were
visualized with a mouse anti-c-Myc antibody (1:500), pSG5-5-Myc-
p110a-WT-3-K-Ras-injected cells with a rabbit anti-p110a antibody
(1:200), and pEXV3-N17H-Ras-3-Myc and pCDNA3-V12H-Ras in-
jected cells with a rat or rabbit anti-Ras antibody (1:50). The second-

ary stain for the rat anti-Ras antibody was a TRITC-labeled donkey
anti-rat antibody (1:400). Actin filaments were detected by incuba-
tion with 0.8 nM TRITC-phalloidin (Sigma, Poole, United Kingdom)
or 20 nM FITC-phalloidin (Molecular Probes, Leiden, The Nether-
lands). Subsequently, the specimens were mounted in Moviol (La
Jolla, CA).

Image Generation
The specimens were analyzed by confocal laser scanning micros-
copy using Zeiss (Welwyn Garden City, United Kingdom) LSM 310
and LSM 510 microscopes. Data were collected using a 403, numer-
ical aperture 1.3, oil immersion objective (Zeiss, Jena, Germany).
Image files collected with the LSM 310 and the LSM 510 micro-
scopes described a matrix of 1024 3 1024 pixels that represented the
average of eight frames scanned at 0.062 Hz. Fluorophores were
excited at either 488 or 543 nm and visualized with a 540 6 25- or
608 6 32-nm bandpass filter, respectively, where the levels of inter-
channel crosstalk were insignificant.

Phase-contrast micrographs were imaged with a Coolview 12,
1024 3 1024, 12-bit cooled charge-coupled device camera (Photonic
Science, Robertsbridge, United Kingdom) using a 633, numerical
aperture 1.4, oil immersion objective (Zeiss) on an Axiophot micro-
scope (Zeiss) illuminated at intensities that avoided saturation of the
pixel content. The data sets were collected using Image Pro Plus,
version 3 (Media Cybernetics, Silver Spring, MD). To produce mi-
crographs the 8 bits of data with the highest content of information
were transferred to Adobe Photoshop, version 3.0 (Adobe Systems,
San Jose, CA).

Western Blotting
MDCK cells were grown in 35-mm dishes in DMEM containing 10%
FCS. After 3 d, subconfluent cells were incubated with DMEM
containing 0.5% FCS for 1 h with or without 50 mM PD098059 or 20
mM LY294002 before adding HGF/SF at 10 ng/ml for 10 min or 4 or
16 h. Subsequently, cells were washed in ice-cold PBS (137 mM
NaCl, 3 mM KCl, 8 mM Na2HPO4, 2 mM KH2PO4, pH 7.4). For
detection of activated p42/p44 MAPK, the cells were lysed in 20
mM Tris-HCl (pH 8.0), 40 mM Na4P2O7, 50 mM NaF, 5 mM MgCl2,
100 mM Na3VO4, 10 mM EGTA (pH 8.0), 1% Triton X-100, 0.5%
sodium deoxycholate, 20 mg/ml aprotinin, 20 mg/ml leupeptin, 3
mM PMSF for 10 min at 4°C. The lysates were centrifuged at
10,000 3 g for 5 min, and equal amounts of protein were electro-
phoresed on 10% SDS-polyacrylamide gels and then transferred to
polyvinylidene difluoride membranes. For detection of activated
phosphorylated p42/p44 MAPK, membranes were blocked in 5%
nonfat dried milk in PBS containing 0.1% Tween 20 and then incu-
bated with the primary antibody rabbit anti-active MAPK poly-
clonal antibody (Promega, Madison, WI) diluted 1:20,000 in PBS
containing 0.05% Tween 20 and 0.5% BSA for 16 h at 4°C. Mem-
branes were then incubated for 1 h at room temperature with
(1:1500) horseradish peroxidase–conjugated donkey anti-rabbit an-
tibody (Amersham, Little Chalfont, United Kingdom) in PBS con-
taining 0.1% Tween 20 and 5% nonfat dried milk.

For detection of total p42/p44 MAPK (extracellular signal-regu-
lated kinase [ERK] 1 and 2), membranes were blocked in 5% nonfat
dried milk in Tris-buffered saline (TBS; 20 mM Tris-HCl, pH 7.6, 137
mM NaCl) containing 0.1% Tween 20 and then incubated with a
rabbit anti-ERK1 antibody (Santa Cruz Biotechnology) diluted
1:1000 in TBS-Tween containing 5% nonfat dried milk for 1 h at
room temperature. Membranes were then incubated with horserad-
ish peroxidase-conjugated donkey anti-rabbit antibody (1:3000) in
TBS-Tween containing 5% nonfat dried milk.

Detergent-soluble and -insoluble fractions were obtained by lys-
ing cells in NP-40 buffer (25 mM HEPES/NaOH pH 7.4, 150 mM
NaCl, 4 mM EDTA, 25 mM NaF, 1% NP-40, 1 mM Na3VO4, 1 mM
PMSF, 10 mg/ml leupeptin, 10 mg/ml aprotinin) for 30 min at 4°C.
The lysates were centrifuged at 10,000 3 g for 30 min, and the
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supernatant was collected as the NP-40-soluble fraction. The pellet
was resuspended in 100 ml of 25 mM HEPES, pH 7.5, 4 mM EDTA,
25 mM NaF, 1% SDS, and 1 mM Na3VO4 using a Wheaton homog-
enizer (Jencons, Leighton Buzzard, United Kingdom). After adding
900 ml of the NP-40 buffer, the homogenate was passed 10 times
through a 27-gauge needle and left for 30 min on a rotating wheel at
4°C. The lysates were then centrifuged at 10,000 3 g for 30 min, and
the supernatant was used as the NP-40-insoluble fraction.

Equal volumes of all fractions were electrophoresed on 7.5%
SDS-polyacrylamide gels and transferred to polyvinylidene difluo-
ride membranes, which were blocked for 1 h at room temperature
with TBS-Tween containing 5% nonfat dried milk. The membranes
were incubated for 1 h with a mouse anti-b-catenin (1:500) or a
mouse anti-E-cadherin antibody (1:2500) and then further incubated
for 1 h with horseradish peroxidase-conjugated sheep anti-mouse
antibody (1:3000; Amersham) in blocking solution at room temper-
ature. Immunoreactive bands were visualized using enhanced
chemiluminescence as described by the manufacturer (Amersham).

RESULTS

The MAPKK1/2 Inhibitor PD098059 Blocks HGF/SF-
induced Scattering
The motile response of MDCK epithelial cells to
HGF/SF can be divided into two stages (Stoker and
Perryman, 1985; Dowrick et al., 1991; Ridley et al.,
1995). First, cells extend lamellipodia and spread for
4–6 h after addition of HGF/SF, and then they start to
detach from each other so that by 16 h most cells have
assumed a fibroblastic, “scattered” morphology (Fig-
ure 1, a and b). During this second stage, the average
migration rate of MDCK cells is more than doubled
compared with unstimulated cells, from ;10 mm/h to
between 20 and 25 mm/h (Ridley et al., 1995; our
unpublished data). HGF/SF was titrated on MDCK
cells, and the lowest concentration giving an optimal
scattering response was determined to be 10 ng/ml.
This concentration was therefore used in all subse-
quent experiments.

Ras is required for HGF/SF-induced motile re-
sponses (Hartmann et al., 1994; Ridley et al., 1995) and
is known to activate the p42/p44 MAPK cascade
(Marshall, 1996). To determine whether inhibiting the
p42/p44 MAPK cascade affected the motility response
to HGF/SF, cells were treated with the synthetic com-
pound PD098059, which has been shown to inhibit
growth factor-induced activation of MAPKK1/2 in
various cell types and thus to inhibit p42/p44 MAPK
activation (Alessi et al., 1995; Dudley et al., 1995; Pang
et al., 1995). Pretreatment of cells with PD098059 at 50
mM (IC50 for MAPKK1/2; Alessi et al., 1995) for 1 h
before addition of HGF/SF completely blocked scat-
tering (Figure 1c).

Time-lapse video microscopy of cells treated with
PD098059 confirmed that the motile response to
HGF/SF was inhibited and that cells did not spread or
scatter (our unpublished results). The inhibitor was
not toxic to MDCK cells for at least 48 h after addition,
and its effects were fully reversible. When cells were
washed free of PD098059 and fresh HGF/SF was

added, they scattered completely, and scattering was
induced earlier than usual (after 2 h) (our unpublished
results). These observations suggest that p42/p44
MAPK activation is required for a key step of the
motility response to HGF/SF.

Figure 1. HGF/SF-induced scattering is blocked by the
MAPKK1/2 inhibitor PD098059. Phase-contrast pictures of a colony
of MDCK cells are shown before the addition of HGF/SF (a) or at
16 h (b) after addition of HGF/SF. Cells in c were preincubated with
50 mM PD098059 before addition of HGF/SF for 16 h. The bar in c
represents 50 mm and applies also to a and b.
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HGF/SF-induced Disruption of Adherens Junctions Is
Inhibited by PD098059 or by the PI 3-Kinase
Inhibitor LY294002
The images in Figure 1 show that loss of cell–cell
contact induced by HGF/SF is prevented by
PD098059. Cell–cell contact in MDCK cells is main-
tained via tight junctions, desmosomes, and adherens
junctions. To determine whether p42/p44 MAPK ac-
tivation plays a specific role in the disruption of any of
these intercellular junctions, the localization of adhe-
rens junction proteins was investigated initially, be-
cause these proteins have been implicated in several
signal transduction processes (reviewed in Barth et al.,
1997). Immunofluorescence staining showed that the
adherens junction components b-catenin and E-cad-
herin localized to intercellular junctions in unstimu-
lated MDCK cells (Figure 2A, a and e). When cells
were incubated with HGF/SF, however, b-catenin and
E-cadherin started to disperse within 2 h and were
completely lost from intercellular contacts by 4 h (Fig-
ure 2A, b and f). In many cases cell–cell contact was
maintained despite the loss of b-catenin and E-cad-
herin, suggesting that other junctions were still
present (see below). When cells were pretreated for 1 h
with 50 mM PD098059 before addition of HGF/SF for
4 h (Figure 2A) or 16 h (our unpublished results), the
HGF/SF-induced dispersal of both b-catenin and E-
cadherin was prevented (Figure 2A, c and g).

Another downstream target of Ras and the Met
receptor is PI 3-kinase (Ponzetto et al., 1993; Marshall,
1996). Inhibition of PI 3-kinase using the fungal me-
tabolite wortmannin has previously been shown to
reduce HGF/SF-induced scattering (Royal and Park,
1995). We investigated the role of PI 3-kinase in HGF/
SF-induced disruption of adherens junctions using
LY294002, a synthetic compound that blocks PI 3-ki-
nase specifically (IC50 5 1.4 mM) without affecting the
activity of protein serine/threonine kinases, protein
tyrosine kinases, and lipid kinases when used at con-
centrations of up to 50 mM (Vlahos et al., 1994). When
cells were preincubated for 1 h with the PI 3-kinase
inhibitor LY294002 at 20 mM, b-catenin- and E-cad-
herin-containing junctions remained intact even 4 h
after addition of HGF/SF (Figure 2A, d and h). Actin
filament staining revealed that lamellipodium exten-
sion was also inhibited by LY294002 (our unpublished
results), in agreement with previous studies in other
cell types showing that PI 3-kinase is required for
lamellipodium formation and membrane ruffling
(Parker, 1995; Vanhaesebroeck et al., 1997).

The effects of PD098059 and LY294002 on adherens
junctions were quantitated by scoring cells for b-cate-
nin and E-cadherin staining at cell–cell contacts (Fig-
ure 2B). Only 2% of control MDCK cells lacked detect-
able b-catenin or E-cadherin staining at sites of cell
interaction. However, when cells were treated with

HGF/SF for 4 h, 78% of the cells showed disrupted
adherens junctions when stained for b-catenin, and
89% of the cells had lost E-cadherin from intercellular
contacts. Preincubation of the cells with LY294002 or
PD098059 completely inhibited the loss of b-catenin
and E-cadherin from junctions.

The HGF/SF-induced loss of E-cadherin and b-cate-
nin from intercellular junctions could be a result of
degradation of the proteins and/or their relocalization
away from the junctions. Fractionation of MDCK cell
lysates into NP-40-soluble and -insoluble fractions
showed that HGF/SF induced a decrease in the
amount of E-cadherin and b-catenin in the insoluble
fraction, but that the overall level of each protein was
unchanged (Figure 3). These results indicate that the
HGF/SF-induced loss of adherens junctions observed
by immunocytochemical staining correlates with a de-
crease in the association of E-cadherin and b-catenin
with the detergent-insoluble fraction, which is pre-
sumed to contain cytoskeletally associated protein
complexes. A small proportion of NP-40-insoluble
b-catenin and E-cadherin remained after the addition
of HGF/SF, which presumably reflects some associa-
tion of these proteins with the actin cytoskeleton even
when adherens junctions are lost. A similar proportion
of Triton X-100-insoluble E-cadherin was observed in
MDCK cells maintained in low Ca21 to prevent adhe-
rens junction formation (Shore and Nelson, 1991).
PD098059 and LY294002 inhibited the redistribution
of E-cadherin and b-catenin to the soluble fraction
(Figure 3). From these results we conclude that both
p42/p44 MAPK and PI 3-kinase are required for the
disassembly of adherens junctions during HGF/SF-
induced cell spreading.

HGF/SF Induces Long-Term Activation of p42/p44
MAPK
It has been shown that HGF/SF rapidly activates the
p42/p44 MAPK cascade in A549 cells (Ponzetto et al.,
1994), but the response in MDCK cells has not been
reported, nor has the length of time for which p42/p44
MAPK remains activated after HGF/SF stimulation
been investigated. To determine the time frame within
which p42/p44 MAPK is activated and how this re-
lates to the spreading and scattering phases of the
motile response induced by HGF/SF, and to confirm
that the effects of PD098059 on disruption of adherens
junctions and scattering correlate with an inhibition of
p42/p44 MAPK activation, MDCK cells were incu-
bated with HGF/SF, with or without preincubation
with PD098059, for differing lengths of time.

Western blotting of MDCK cell lysates with an an-
tibody recognizing only the activated, phosphorylated
form of p42/p44 MAPK revealed that HGF/SF acti-
vates MAPK within 10 min and that this activation is
maintained for at least 4 h (Figure 4, top blot). At 16 h
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Figure 2. Disruption of adherens junctions by HGF/SF is blocked by the MAPKK1/2 inhibitor PD098059 and the PI 3-kinase inhibitor
LY294002. (A) MDCK cells were stimulated with HGF/SF for 4 h (b and f) or were preincubated with 50 mM PD098059 (c and g) or 20 mM
LY294002 (d and h) before addition of HGF/SF for 4 h. MDCK cells were then fixed and stained for b-catenin (a–d) and E-cadherin (e–h)
localization. Bar, 10 mm. (B) MDCK cells were treated as indicated with 20 mM LY294002 (LY) or 50 mM PD098059 (PD) before addition of
HGF/SF (HGF) for 4 h. Disrupted junctions in control cells (cont) and stimulated cells were defined as junctions where no E-cadherin and
b-catenin could be detected at the sites of intercellular contact and were subsequently counted. The numbers represent the mean of 300 cells,
which were counted in three independent experiments.
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there was still a low level of phosphorylated p42/p44
MAPK detectable, but this was not always observed in
different experiments. Activation of p42/p44 MAPK
was inhibited at all time points by preincubating the
cells for 1 h with PD098059 (Figure 4, top blot). The
inhibitory effects of PD098059 on HGF/SF-induced
responses therefore correlate with its action in pre-
venting p42/p44 MAPK activation. The Western blot
was reprobed with an antibody recognizing total p42/
p44 MAPK (ERK1/2) to confirm that similar levels of
p42/p44 MAPK were present in all lanes (Figure 4,
bottom blot). p42/p44 MAPK is therefore active
throughout the cell-spreading stage of the HGF/SF-
induced motility response, consistent with it playing
an active role in inducing adherens junction disassem-
bly. This prolonged activation of p42/p44 MAPK by
HGF/SF contrasts with the rapid time course of acti-
vation and inactivation induced by many growth fac-
tors (Marshall, 1996).

Dominant Negative Mutants of MAPKK1 Inhibit
HGF/SF-induced Loss of Adherens Junctions
The data obtained with the MAPKK1/2 inhibitor
PD098059 suggest that p42/p44 MAPK is involved in
mediating the loss of adherens junctions induced by
HGF/SF. Further evidence for this role of p42/p44
MAPK was obtained by expressing two dominant
negative versions of MAPKK1 in MDCK cells: a kinase
dead mutant, AFG MAPKK1 (in which asparagine is
substituted by alanine in the DFG motif to prevent
Mg21 binding), and a mutant that cannot be phos-
phorylated by Raf (Ala-221 MAPKK1, in which serine
221 is substituted with alanine; see Cowley et al., 1994).
Expression vectors encoding these proteins were mi-
croinjected into cells, which were then incubated for
6 h to allow expression of the proteins and subse-

quently treated with HGF/SF for 2 h (Figure 5, a and
b) or 16 h (our unpublished results). The AFG
MAPKK1 (Figure 5) and the Ala-221 MAPKK1 (our
unpublished results) mutants prevented cells from
scattering and inhibited the loss of b-catenin (Figure
5a; the arrow indicates b-catenin at intercellular junc-
tions of injected cells, and the arrowhead points to a
disrupted junction in uninjected cells) and E-cadherin
(our unpublished results) from adherens junctions.
Microinjection of an expression vector encoding wild-
type MAPKK1 did not inhibit the HGF/SF-induced
disruption of junctions, indicating that the inhibitory
effect of dominant negative MAPKK1s is not a non-
specific consequence of overexpressing MAPKK1 (our
unpublished results). Together, these results indicate
that activation of p42/p44 MAPK by HGF/SF contrib-
utes to cell motility at least in part by mediating the
disruption of adherens junctions.

Figure 3. E-cadherin and b-catenin are redistributed from the
NP-40-insoluble fraction to the soluble fraction in response to HGF/
SF. Cell lysates of unstimulated control cells (C) or cells incubated
with HGF/SF for 4 h (HGF) or cells treated with 20 mM LY 294002
for 1 h before addition of HGF/SF (HGF/LY) or 50 mM PD98059
(HGF/PD) were fractionated into a NP-40-soluble (S) and NP-40-
insoluble (I) fraction. Equal sample volumes were loaded and
probed for E-cadherin (top blot) and b-catenin (bottom blot).

Figure 4. HGF/SF induces sustained activation of p42/p44
MAPK. Cells were stimulated with HGF/SF (HGF) for 10 min or 4
or 16 h with (1) or without (2) preincubation with 50 mM
PD098059. The cells were subsequently lysed, and the lysates were
electrophoresed on an SDS-gel. The top panel shows Western blot-
ting for the activated, phosphorylated form of p42/p44 MAPK
(pMAPK). The bottom panel shows the blot reprobed with an
anti-ERK1 antibody against total p42/p44 MAPK (ERK1/ERK2).

Figure 2 (cont).

Ras Signaling in the HGF/SF Response

Vol. 9, August 1998 2191



HGF/SF-induced Dispersal of Adherens Junctions
Precedes Loss of Tight Junctions and Desmosomes
In addition to adherens junctions containing b-cate-
nin and E-cadherin, tight junctions and desmosomes
have to be disrupted for epithelial cells to detach
from each other. To determine whether the loss of
these three types of junctions is coordinately regu-
lated during the HGF/SF response, we investigated
the localization of the tight junction proteins ZO-1
and occludin and the desmosomal component des-
moplakin at different time points after addition of
HGF/SF.

As previously reported, ZO-1 localized to regions
of intercellular contact in MDCK cells (Figure 6c)
(Anderson et al., 1988; Siliciano and Goodenough,
1988; Balda et al., 1996). Desmoplakin was localized
to cell– cell boundaries in a punctate manner as
previously described (Figure 6g) (Penn et al., 1987).

When cells were treated with HGF/SF for 4 h (Fig-
ure 6, b, d, f, and h), ZO-1 (Figure 6d) and desmo-
plakin (Figure 6h) still localized to areas of cell– cell
contact, whereas b-catenin levels were very low or
not detectable in these same cell– cell contacts (Fig-
ure 6, b and f). Even 16 h after HGF/SF addition,
ZO-1 and desmoplakin were still present at many
sites of cell– cell contact, but b-catenin was only
rarely detected (our unpublished results). Similar
results were observed with occludin (our unpub-
lished results). The dispersal of adherens junction
proteins therefore occurs considerably earlier than
the disruption of desmosomes and tight junctions,
suggesting that the stability of these latter junctions
is regulated differently than adherens junctions. It
could nevertheless be possible that a reorganization
of tight junctions and/or desmosomes occurs earlier
but is not detectable by immunofluorescence stain-
ing and may be required for their final disruption.

Ras Induces Disruption of Adherens Junctions but
Not Tight Junctions or Desmosomes
Our results show that two targets of Ras signaling,
the p42/p44 MAPK cascade and PI 3-kinase, are
required for adherens junction disassembly. We
therefore investigated whether Ras alone could in-
duce changes in intercellular junctions. Constitu-
tively active V12Ras protein disrupted adherens
junctions by 1 h after microinjection, as monitored
with b-catenin (Figure 7, A, a, arrow, and B) and
E-cadherin (Figure 7B) staining. Quantification of
these responses showed that V12Ras and HGF/SF
disrupted adherens junctions to a similar extent
(compare Figures 2B and 7B). The loss of E-cadherin
and b-catenin from junctions was blocked when
cells were pretreated with 50 mM PD098059 1 h
before microinjection (Figure 7, A, c, and B) or 20
mM LY294002 (Figure 7B). Similarly, microinjection
of expression vectors encoding the dominant nega-
tive MAPKK1 mutants AFG MAPKK1 and Ala-221
MAPKK1 inhibited the Ras-induced disruption of
adherens junctions observed after microinjection of
an expression vector encoding V12Ras (pCDNA3-
V12H-Ras) (our unpublished results). These results
show that V12Ras signaling is sufficient to induce
adherens junction disassembly and that, as with
HGF/SF, this is dependent on both p42/p44 MAPK
and PI 3-kinase.

In contrast to its effects on adherens junctions, Ras
did not detectably disrupt tight junctions or desmo-
somes. ZO-1 was detected in nearly all cell– cell
contacts in uninjected cells, and at different time
points after V12Ras injection (2, 4, 6, 8, and 16 h), the
localization of ZO-1 was unaltered (Figure 7, shown
for 8 h in A, e, and 16 h in B). Similarly, the local-
ization of desmoplakin was unchanged at these time

Figure 5. Dominant negative mutants of MAPKK1 block disrup-
tion of adherens junctions. MDCK cells were microinjected with a
construct expressing a dominant negative mutant of MAPKK1, AFG
MAPKK1 (100 ng/ml). After microinjection cells were incubated for
6 h before addition of HGF/SF for 2 h. Cells were stained for
b-catenin (a) and for expression of the mutant MAPKK1 using the
rabbit anti-MAPKK1 antibody (b). The arrow in a shows b-catenin
localizing to adherens junctions in injected cells, and the arrowhead
indicates disrupted adherens junctions in uninjected cells. Bar, 10
mm.
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points (our unpublished results). The V12Ras pro-
tein was still active up to 16 h after injection, as
determined by the presence of lamellipodia on in-
jected cells stained for actin filaments (our unpub-
lished results) (Ridley et al., 1995). We therefore
conclude that Ras induces disruption of adherens
junctions but not tight junctions and desmosomes,
and therefore that the latter junctions are regulated

by a different signaling pathway not activated by
Ras.

Ras and Rac Are Required for the HGF/SF-induced
Breakdown of Adherens Junctions
The above experiments show that constitutively active
Ras can activate signaling pathways leading to the

Figure 6. Adherens junctions are disrupted before tight and desmosomal junctions in response to HGF/SF. Unstimulated MDCK cells were
costained for b-catenin (a) and ZO-1 (c) or for b-catenin (e) and desmoplakin (g). Costaining of cells treated with HGF/SF for 4 h with
b-catenin (b) and ZO-1 (d) or with b-catenin (f) and desmoplakin (h) indicates that b-catenin is lost from intercellular junctions (e.g., arrow
in b and arrowhead in f) where ZO-1 (d, arrow) and desmoplakin (h, arrowhead) are still present. Bar, 10 mm.
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Figure 7. Ras disrupts adherens junctions through p42/p44 MAPK and PI 3-kinase but does not disrupt desmosomes or tight junctions. (A)
Cells were microinjected with V12Ras (35 ng/ml), fixed after 1 h, and stained for b-catenin (a and c) or ZO-1 (e). Microinjected cells were
detected by coinjection of TRITC–dextran (b, d, and f). The arrow in a shows the dispersion of b-catenin in injected cells, and the arrowhead
indicates the localization of b-catenin at adherens junctions in uninjected cells. Cells were preincubated with 50 mM PD098059 in c and d
before microinjection. Bar, 10 mm. (B) Cells microinjected with V12Ras (ras) were preincubated with or without LY294002 (LY) or PD098059
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disassembly of adherens junctions. To determine
whether Ras is normally required for HGF/SF-in-
duced loss of adherens junctions, a dominant negative
Ras protein, N17Ras, was expressed in MDCK cells.
Dispersal of b-catenin (Figure 8) and E-cadherin (our
unpublished results) induced by HGF/SF was inhib-
ited by microinjection of an expression vector encod-
ing N17Ras (Figure 8a, arrowhead indicating b-cate-
nin in injected cells).

Because Ras-induced spreading and actin reorgani-
zation is dependent on Rac (Ridley et al., 1995), the
possibility that Rac also acts downstream of Ras to
mediate adherens junction disassembly was investi-
gated. In cells injected with a dominant negative ver-
sion of Rac, N17Rac1 (Ridley et al., 1992), the redistri-
bution of b-catenin induced by HGF/SF was
prevented (Figure 8c, arrowhead indicating b-catenin
in injected cell). The Ras-mediated disruption of ad-
herens junctions was also dependent on Rac, because
in cells coinjected with V12Ras and N17Rac1 proteins,
Ras-induced dispersal of b-catenin was completely
blocked (Figure 8e). These data indicate that the break-
down of adherens junctions induced by HGF/SF is
dependent on Ras acting upstream of Rac.

Activation of PI 3-Kinase or p42/p44 MAPK Is Not
Sufficient to Induce Disruption of Adherens
Junctions
Because inhibition of either PI 3-kinase or p42/p44
MAPK activation prevents HGF/SF-induced disrup-
tion of adherens junctions (Figure 2A), the possibility
that activation of either PI 3-kinase or p42/p44 MAPK
alone or in combination could induce adherens junc-
tion disassembly was investigated. To test the effect of
PI 3-kinase, MDCK cells were injected with a plasmid
encoding the p110a catalytic subunit of PI 3-kinase
(pSG5-5-Myc-p110a-WT-3-K-Ras, which is targeted to
the plasma membrane by virtue of the addition of a
carboxyl-terminal membrane localization sequence
from K-Ras). Unlike V12Ras, activated 110a did not
induce dispersal of b-catenin (Figure 9a) or E-cadherin
(our unpublished results) from intercellular junctions.
In fact, b-catenin levels at intercellular junctions ap-
peared slightly increased in injected cells relative to
uninjected cells. Similarly, constitutively active
V12Rac1 protein enhanced the levels of b-catenin and
E-cadherin at intercellular junctions (our unpublished
results), as previously reported (Hordijk et al., 1997;
Takaishi et al., 1997).

To test the effect of activating p42/p44 MAPK on
adherens junctions, expression vectors encoding acti-
vated Raf (pEFHm-RAFCAAX-Myc) or activated
MAPKK1 (pEXV3-Glu-217/Glu-221 MAPKK1) were
injected into MDCK cells. Both of these are known to
induce activation of p42/p44 MAPK (Cowley et al.,
1994; Leevers et al., 1994). Neither RafCAAX (Figure 9)
nor activated MAPKK1 (our unpublished results) in-
duced disruption of adherens junctions, either injected
alone (Figure 9, c and d) or together with p110a (Fig-
ure 9, e and f). Taken together, our results suggest that
PI 3-kinase, Rac, and p42/p44 MAPK activation are
necessary but not sufficient to induce adherens junc-
tion disassembly, and that there may be still another
signal downstream of Ras required for this response.
Alternatively, it may be that the precise time course of
MAPK and PI 3-kinase activation by HGF/SF is im-
portant for their effect on adherens junctions and that
this time course is not mimicked by comicroinjection
of the expression constructs for RafCAAX and p110a.

DISCUSSION

HGF/SF stimulates the motility of MDCK epithelial
cells (Stoker et al., 1987; Gherardi et al., 1989), and this
response is dependent on Ras (Hartmann et al., 1994;
Ridley et al., 1995). The motile response is biphasic:
cells initially extend lamellipodia and spread but re-
main attached to each other in colonies and then sub-
sequently detach from each other and move indepen-
dently. We have found that adherens junctions are
disassembled during HGF/SF- and Ras-induced cell

Figure 7 (cont). (PD) for 1 h before injection, as indicated. Cells
were fixed 1 h after injection and stained for b-catenin (bc) and
E-cadherin (ec) or incubated for 16 h and stained for ZO-1 (zo-1).
The numbers represent the mean of at least three independent
experiments (the error bars represent the mean of 5 experiments)
where 100 cells were injected in each experiment or where 100
uninjected cells (control) were counted.
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spreading before the loss of cell–cell interactions. Des-
mosomal and tight junction components remain asso-
ciated with intercellular junctions during spreading,
and therefore cell–cell contact is maintained through
these junctions after adherens junctions have been
disassembled. Both HGF/SF and Ras are known to
activate p42/p44 MAPK and PI 3-kinase (Graziani et
al., 1991; Ponzetto et al., 1993, 1994; Avruch et al., 1994;

Rodriguez-Viciana et al., 1994), and we have shown
that p42/p44 MAPK activation is required for HGF/
SF-induced motility and is specifically involved in the
loss of adherens junctions. PI 3-kinase has previously
been implicated in HGF/SF-induced scattering, al-
though the stage at which it acts was not established
(Royal and Park, 1995). We have now demonstrated
that it, like p42/p44 MAPK, is required for adherens

Figure 8. Ras and Rac mediate the disruption of adherens junctions. In a, cells were microinjected with a construct expressing N17Ras (100
ng/ml). After microinjection cells were incubated for 6 h before addition of HGF/SF for 2 h and stained for b-catenin. In c, cells were
microinjected with N17Rac1 protein (150 ng/ml) and incubated for 2 h with HGF/SF before staining for b-catenin. Cells were coinjected with
V12Ras (100 ng/ml) and N17Rac1 (100 ng/ml), incubated for 2 h, and subsequently stained for b-catenin in e. The arrowheads show b-catenin
localization at intercellular junctions in injected cells, and the arrows indicate dispersed adherens junctions in uninjected cells (a and c).
Microinjected cells were detected by either staining with a rat anti-Ras antibody (b) or coinjection of TRITC–dextran (d and f). Bar, 10 mm.
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junction disassembly. At least two signals down-
stream of Ras are therefore required for disruption of
adherens junctions and cell spreading. However, acti-
vated Ras induces loss of adherens junctions and la-
mellipodium extension, but this is not sufficient for
cells to detach from each other and scatter; therefore
another signal must be required for the breakdown of
desmosomes and tight junctions and/or for increased
motility of cells.

HGF/SF- and Ras-induced disruption of adherens
junctions was also dependent on Rac, which we have
previously shown is required for HGF/SF-induced
lamellipodium extension (Ridley et al., 1995). This im-
plies that either the initial Rac-dependent extension of
lamellipodia is an essential prerequisite for the loss of
adherens junctions, or that Rac acts directly to desta-
bilize these junctions. In contrast to this involvement
of Rac in the HGF/SF response, constitutively acti-

vated Rac by itself does not induce lamellipodium
formation in MDCK cells but in fact induces the accu-
mulation of F-actin at intercellular junctions and en-
hances the formation of adherens junctions (Ridley et
al., 1995; Hordijk et al., 1997; Takaishi et al., 1997). In
addition, Rac was shown to be required for the for-
mation of cadherin-dependent junctions in keratino-
cytes (Braga et al., 1997). However, this effect of Rac
can be inhibited by Ras signaling, because coinjection
of activated Ras with activated Rac prevented the
stabilization of adherens junctions by Rac and led to
junctional disassembly (our unpublished data). One
possible explanation for these observations is that Ras
induces the modification of one or more adherens
junction components such that the junctions are no
longer stable, and that under these conditions it is not
possible for Rac to signal enhanced junctional assem-
bly. Presumably the end result of the opposing actions

Figure 9. Expression of membrane-targeted p110a and Raf does not disrupt adherens junctions. Cells were microinjected with plasmids
encoding membrane-targeted p110a (pSG5-5-Myc-p110a-WT-3-K-Ras; 100 ng/ml; (a and b), Raf (pEFHm-RAFCAAX-Myc; c and d), or p110a
and Raf (e and f), incubated for 4 h, and then stained for b-catenin (a, c, and e) and for expression of p110a with a rabbit anti-p110a antibody
(b and f). Cells injected with the Raf plasmid were visualized by coinjection of TRITC–dextran (d). Control experiments showed that in cells
coinjected with TRITC–dextran and the Raf plasmid, exogenous Raf (myc tagged) was expressed in 100% of injected cells. The arrows indicate
the presence of b-catenin at adherens junctions of injected cells. Bar, 10 mm.
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of Ras and Rac on adherens junctions depends on the
relative level of signaling from each protein, because,
for example, activated Rac can induce junctional sta-
bilization in Ras-transformed MDCK cell lines
(Hordijk et al., 1997). In this model, when the appro-
priate Ras signal, perhaps p42/p44 MAPK activation,
is strong enough, junctions disassemble, and then Rac
activity is diverted to stimulate lamellipodium forma-
tion.

Unlike Ras, expression of an activated catalytic sub-
unit of PI 3-kinase, p110a, did not induce adherens
junction disassembly but instead induced an accumu-
lation of adherens junction components at intercellular
junctions similar to that previously reported for
V12Rac1 (Hordijk et al., 1997; Takaishi et al., 1997). This
is consistent with a model in which PI 3-kinase is an
upstream regulator of Rac (Wennström et al., 1994;
Hawkins et al., 1995; Rodriguez-Viciana et al., 1997;
Han et al., 1998). These results suggest that PI 3-kinase
activation downstream of Ras is not by itself sufficient
to induce adherens junction disassembly, and imply
that the function of PI 3-kinase activation in the mo-
tility response to HGF/SF is to activate Rac. Similarly,
constitutively active forms of Raf or MAPKK1, which
induce p42/p44 MAPK activation, are not able to in-
duce loss of adherens junctions. A combination of
activated p110a and Raf is also unable to mimic the
effect of activated Ras, suggesting that another signal
downstream of Ras is required in addition to PI 3-ki-
nase and Raf. Alternatively, it is possible that the
precise time course of HGF/SF-induced PI 3-kinase
and Raf activation is important to achieve disruption
of adherens junctions, and that this is not mimicked by
coinjected the two expression vectors.

How do p42/p44 MAPK and PI 3-kinase act to
induce disassembly of adherens junctions? One possi-
bility is that they induce changes in the phosphoryla-
tion state of adherens junction components. It has
been shown that v-Src induces tyrosine phosphoryla-
tion of the adherens junction proteins b-catenin and
E-cadherin and that this correlates with disruption of
adherens junctions in MDCK cells (Behrens et al.,
1993). However, tyrosine phosphorylation of b-cate-
nin is not required for the weakening of cadherin-
based cell adhesions induced by v-Src (Takeda et al.,
1995), and the authors suggest that other components
of intercellular junctions, such as ZO-1 or ezrin/ra-
dixin/moesin, may be more relevant targets for v-Src.
We did not observe any increase in the tyrosine phos-
phorylation of either E-cadherin or b-catenin .4 h
after HGF/SF addition (our unpublished data), and it
is therefore unlikely that the disruption of adherens
junctions by HGF/SF and Ras is regulated by the level
of tyrosine phosphorylation of these proteins. It is
quite possible, however, that p42/p44 MAPK acts by
phosphorylating junctional proteins on serine/threo-
nine residues. In addition, PI 3-kinase induces activa-

tion of the serine/threonine kinase Akt (Hemmings,
1997), and this or other downstream kinases could
similarly modify proteins in adherens junctions. Little
is known of the potential serine/threonine phosphor-
ylation of adherens junction components, and it will
therefore be important to investigate this in future
studies on adherens junction stability.

The breakdown of desmosomal and tight junctions
induced by HGF/SF occurs well after the disruption
of adherens junctions (this paper; also see Stoker and
Perryman, 1985) and is apparently regulated indepen-
dently, because it is not induced by activated Ras.
Previous experiments have suggested that loss of ad-
herens junctions leads to disruption of desmosomes
and tight junctions, because MDCK cells dissociate
after addition of antibodies to the extracellular domain
of E-cadherin (Takeichi, 1991). It is possible that in our
experiments a very low level of adherens junctions is
retained and that this is sufficient to maintain the
integrity of desmosomes and tight junctions. Alterna-
tively, the E-cadherin antibodies could be mimicking
E-cadherin ligands and activating signaling pathways
that lead to loss of the other junctions, as well as acting
passively to prevent E-cadherin homotypic interac-
tions. In this case, our results imply that these signals
are not activated by Ras. However, desmosomes and
tight junctions clearly have to be disrupted during
scattering, and thus in addition to adherens junctions
they are likely to be a major target of HGF/SF-initi-
ated signals leading to cell–cell detachment. The time
delay of 4–6 h between addition of HGF/SF and loss
of cell contacts suggests that new gene expression
could be involved. However, use of general inhibitors
such as cycloheximide (which blocks protein synthe-
sis) has not been informative, because the effects of
cycloheximide on cell morphology suggest that syn-
thesis of a labile protein is continuously required to
maintain HGF/SF-induced actin reorganization (Rid-
ley et al., 1995). Identification of specific genes whose
expression is altered by HGF/SF is likely to be more
informative in analyzing regulation of the scattering
response. One candidate gene is Slug, which encodes a
zinc finger protein, is up-regulated at the transcrip-
tional level by fibroblast growth factor 1, and is re-
quired for fibroblast growth factor-1- and HGF/SF-
induced loss of cell junctions in a bladder carcinoma
cell line (Savagner et al., 1997). The prolonged activa-
tion of p42/p44 MAPK by HGF/SF we observe in
MDCK cells could be important in mediating changes
in gene transcription (Marshall, 1996), and it will
therefore be of interest to investigate whether p42/p44
MAPK regulates the transcription of genes such as
Slug, which may be involved in long-term responses
to HGF/SF.

In conclusion, we have demonstrated that activation
of p42/p44 MAPK, PI 3-kinase and Rac downstream
of Ras is required for HGF/SF-induced disruption of
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adherens junctions. Loss of adherens junctions is es-
sential for the motile response to HGF/SF and occurs
during the spreading response before cell–cell detach-
ment. Components of the p42/p44 MAPK cascade, PI
3-kinase, and its downstream targets are therefore
candidate targets for the design of therapies aimed at
preventing the migration of epithelial cells in vivo, for
example during carcinoma invasion. These signaling
pathways are also important for cell proliferation, and
thus inhibiting them may have a dual impact in pre-
venting both proliferation and migration of cancer
cells.
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