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The scatter factor /hepatocyte growth factor regulates scattering and morphogenesis of
epithelial cells through activation of the MET tyrosine kinase receptor. In particular, the
noncatalytic C-terminal tail of MET contains two autophosphorylation tyrosine residues,
which form a multisubstrate-binding site for several cytoplasmic effectors and are
thought to be essential for signal transduction. We show here that a MET receptor
mutated on the four C-terminal tyrosine residues, Y1311F, Y1347F, Y1354F, and Y1363F,
can induce efficiently a transcriptional response and cell scattering, whereas it cannot
induce cell morphogenesis. Although the mutated receptor had lost its ability to recruit
and/or activate known signaling molecules, such as GRB2, SHC, GAB1, and PI3K, by
using a sensitive association—kinase assay we found that the mutated receptor can still
associate and phosphorylate a ~250-kDa protein. By further examining signal transduc-
tion mediated by the mutated MET receptor, we established that it can transmit efficient
RAS signaling and that cell scattering by the mutated MET receptor could be inhibited by
a pharmacological inhibitor of the MEK-ERK (MAP kinase kinase—extracellular signal-
regulated kinase) pathway. We propose that signal transduction by autophosphorylation
of the C-terminal tyrosine residues is not the sole mechanism by which the activated MET
receptor can transmit RAS signaling and cell scattering.

INTRODUCTION
The scatter factor/hepatocyte growth factor (SF/HGF)

sano et al., 1991; Tsafarty et al., 1992). The expression
patterns in combination with the pleiotropic proper-

is a mesenchymal cytokine that acts predominantly on
cells of epithelial origin. According to its original iden-
tifications, SF/HGF promotes the scattering and/or
growth of various epithelial cells (Nakamura et al.,
1984, 1989; Stoker et al., 1987; Naldini et al., 1991). The
scattering response comprises initial cell dissociation
that involves cytoskeletal reorganization and loss of
intercellular junctions, followed by active migration.
In addition, SF/HGF has been shown to induce for-
mation of branches and tubules, suggesting that it
plays a role during epithelial morphogenesis (Monte-
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ties of SF/HGEF support the idea that this ligand is an
important mediator of the interaction between the
epithelial and stromal compartments of various tis-
sues during normal and pathological development
(reviewed in Birchmeier and Birchmeier, 1993; Matsu-
moto and Nakamura, 1996).

A high-affinity receptor for SF/HGF has been iden-
tified as the MET tyrosine kinase receptor (Park et al.,
1987; Giordano et al., 1989; Bottaro et al., 1991; Naldini
et al., 1991). It is a 190-kDa transmembrane protein,
composed of an « subunit of 45 kDa disulfide linked to
a 3 subunit of 145 kDa, which contains the catalytic
domain. Upon ligand binding and subsequent dimer-
ization of MET, several tyrosine residues in the intra-
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cellular region of the B subunit become phosphory-
lated (Ponzetto et al., 1993; Zhu et al., 1994): Y1232,
Y1233, Y1347, and Y1354, or Y8, Y9, Y14, and Y15
when intracellular tyrosine residues of mouse MET
were numbered 1-16 (Weidner ef al., 1995). Within the
tyrosine kinase domain, Y8 and Y9 are the major au-
tophosphorylation sites, and their mutations abolish
the biological activity (Longati et al., 1994). Outside the
kinase domain, the two autophosphorylation sites in
the C-terminal region, Y14 and Y15, are responsible
for the binding of various proteins known to interact
with MET, which include GRB2, SRC, PI3K, PLCv,
SHC, SHP-2, GABI, and most likely STAT3 (Ponzetto
et al., 1994; Pelicci et al., 1995; Fournier et al., 1996;
Weidner et al., 1996; Nguyen et al., 1997; Boccaccio et
al., 1998). More precisely, it was found that GRB2 is
only recruited by Y15, whereas seven distinct proteins
(SRC, PI3K, PLCy, SHC, SHP-2, GABI, and STAT3)
are recruited by both Y14 and Y15. All these signaling
molecules bind phosphorylated tyrosine residues via
their respective Src homology 2 domains, except for
GABI1, which binds via a novel MET-binding domain
(Weidner et al., 1996). Taken together, this points to an
interesting characteristic of MET: a short sequence
located in the C-terminal tail and containing two ty-
rosine residues (Y14 and Y15), is alone responsible for
the recognition of several cytoplasmic effectors.

This multiplicity of substrates for the same region of
a receptor questions the sequential recognition and
relative contribution of these substrates to the pleio-
tropic activities of MET in epithelial cells, which in-
clude cell motility and morphogenesis. To unravel this
issue, several groups used a chimeric receptor strat-
egy. They established Madin-Darby canine kidney
(MDCK) cell lines expressing mutated MET chimeric
receptors in which tyrosine residues have been substi-
tuted to phenylalanine to prevent their phosphoryla-
tion. Using these cell lines, the ability of mutated
receptors to promote cell scattering (motile response)
and branching morphogenesis in collagen gels (mor-
phogenesis response) was determined. Single muta-
tions of Y15 led to controversial results on both cell
motility and morphogenesis (Ponzetto et al., 1994; Zhu
et al., 1994; Weidner et al., 1995). For example, muta-
tion of this tyrosine residue abolished cell motility in
one study (Zhu et al., 1994) but had no effect in another
(Weidner et al., 1995). Double mutations of both Y14
and Y15 consistently had an effect on cell motility,
resulting in either abolition (Ponzetto et al., 1994) or
reduction of cell motility (Weidner et al.,, 1995). In
addition, other tyrosine residues were found to con-
tribute to these biological activities. For example, Y16,
like Y15, could reduce cell morphogenesis, and muta-
tion of all C-terminal tyrosine residues, Y13-16, could
reduce but not abolish cell motility (Weidner et al.,
1995).
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Using transactivation assays, we recently demon-
strated that SF/HGF can induce a transcriptional re-
sponse in MDCK epithelial cells; this effect involves
RAS and ETS1 and results in the activation of specific
promoters containing ETS/AP1-binding sites (Fafeur
et al., 1997). To establish the relative contribution of the
C-terminal tyrosine residues of MET in transmitting
transcriptional activation, we cotransfected different
reporter genes containing ETS/AP1-binding sites with
TRK-MET hybrid receptors, mutated or not on vari-
ous tyrosine residues. This led us to characterize fur-
ther in stable cell lines the biological effects mediated
by a TRK-MET receptor in which the four C-terminal
tyrosine residues (Y13-16) of MET were mutated. Our
results suggest that all signaling and biological activ-
ities of the activated MET receptor are not mediated
by the C-terminal tyrosine residues.

MATERIALS AND METHODS
Cytokines, Drug, and Cell Cultures

Human recombinant forms of SF/HGF and B-nerve growth factor
(B-NGF) were purchased from R & D Systems (Minneapolis, MN).
PD98059, a specific inhibitor of MEK1, was purchased from Calbio-
chem (La Jolla, CA). MDCK epithelial cells (kindly provided by Dr.
J. Jouanneau, Ecole Normale Supérieure, Paris, France) and NIH-
3T3 fibroblasts were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM; Life Technologies, Grand Island, NY) supplemented
with 10% FCS and antibiotics at 37°C.

Plasmids

The various expression vectors of TRK-MET were previously de-
scribed (Weidner et al., 1995). Briefly, the cDNA encoding the ex-
tracellular domain of the human high-affinity NGF receptor (TRK)
was fused to the sequence encoding the transmembrane and cyto-
plasmic region of mouse MET. Tyrosine-to-phenylalanine substitu-
tions were introduced into the TRK-MET c¢DNA by site-directed
mutagenesis using mismatched oligonucleotide primers.

The vector expressing the dominant negative form of RAS (pRSV-
RASNY) was provided by Dr. S. Rayter (Sugen, Redwood City, CA).
The expression vector expressing the dominant negative form of
CDC42 (pMT90-CDC42N") was provided by Dr. P. Chavrier (Cen-
ter d’Immunologie, Marseille, France).

The reporter vectors used were as follows: Py-Luc contains three
tandem copies of a polyoma virus enhancer—derived sequence with
ETS/AP1-binding sites linked to the thymidine kinase promoter
and drives the luciferase reporter gene (Wasylyk et al., 1990); uroki-
nase plasminogen activator (uPA)-Luc contains a 90-bp Haelll frag-
ment of the mouse uPA promoter (—2446,—2356) linked to the uPA
proximal promoter (—114,+398) and drives the luciferase reporter
gene (Stacey ef al., 1995); collagenase-Luc contains the (—517,+63)
region of the human collagenase 1 promoter sequence linked to the
luciferase gene (Schneikert et al., 1996).

Antibodies

Rabbit polyclonal antibodies anti-ERK2 and anti-MET SP260 (direct-
ed against the C-terminal tail of mouse ¢-MET) were purchased
from Santa-Cruz Biotechnology (Santa Cruz, CA). Rabbit polyclonal
antibodies anti-phospho-specific-MAPK (ERK), anti-SHC, and anti-
GAB1 were purchased from Biolabs (Northbrook, IL), Transduction
Laboratories (Lexington, KY), and Upstate Biotechnology (Lake
Placid, NY), respectively. Mouse monoclonal antibodies 4G10 anti-
phosphotyrosine and anti-GRB2 were purchased from Upstate Bio-
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technology and Transduction Laboratories, respectively. Alkaline
phosphatase conjugates of antibodies directed against rabbit and
mouse immunoglobulin G were purchased from Sigma (St. Louis,
MO).

Transactivation Assays

The transactivation assays were performed as described previously
with minor modifications (Fafeur et al., 1997). Briefly, 15 X 10°
MDCK cells were cultured in 12-well plates and were transiently
transfected using a lipofection method. Cells were incubated with a
mixture of DNA (2.5 ug/ml) and LipofectAMINE (Life Technolo-
gies; 20 ug/ml). In each experiment, plates were incubated with the
same total amount of plasmid DNA, completed as necessary with
the corresponding empty expression vector. The following day, cells
were stimulated with 10 ng/ml SF/HGF or 100 ng/ml NGF. Con-
trols consisted of unstimulated cells. Twenty-four hours later, cells
were disrupted in reporter lysis buffer (Promega, Madison, WI). The
supernatant was assayed for protein content and processed for
luciferase assays. The value obtained was normalized to the protein
content of the cell extract. Fold activation is the ratio from each
luciferase value, relative to the luciferase activity from the reporter
gene with empty expression vector. Triplicate samples were per-
formed in each experiment, and SDs are shown. Each experiment
was repeated at least twice with independent plasmid preparations
to assess reproducibility.

Stable Transfections

MDCK cells (6 X 10°/100-mm dish) were cultured for 24 h and then
transfected by lipofection with 10 ug of expression vectors, either
empty (pBAT), wild-type (WT) TRK-MET, or Y13-16F TRK-MET,
and 1 ug of pSV2-neo. For each vector, 20 clones from two inde-
pendent transfections were selected after culture in neomycin-selec-
tive medium (0.8 mg/ml G418/DMEM and 10% ECS). The clones
were analyzed by Western blotting for expression of TRK-MET
hybrid receptors.

Metabolic Labeling and Immunoprecipitation

For metabolic labeling, MDCK cells (1.5 X 10° cells/100-mm dish)
were cultured for 2-3 d in DMEM and 10% FCS. The media were
replaced for 1 h by methionine- and cysteine-free modified Eagle’s
medium (MEM, Met~, Cys~; Life Technologies). During the last 2 h
of incubation cells were cultured in fresh MEM, Met~, Cys~, with
250 pCi/3 ml of L-[**S]methionine and cysteine (Tran®*S-Label, 1066
Ci/mmol; ICN, Costa Mesa, CA). At the end of the experiments,
cells were lysed and processed for immunoprecipitation as de-
scribed (Gilles ef al., 1996). Briefly, identical trichloroacetic acid-
precipitable counts of proteins were immunoprecipitated and sep-
arated onto 10% SDS-polyacrylamide gels. Gels were fixed and
treated with DMSO containing 20% 2,5-diphenyloxazole for auto-
radiographic enhancement and exposed for autoradiography using
Hyperfilm-MP (Amersham International, Little Chalfont, England).

Immunoprecipitation and Western Blotting

MDCK cells (10° cells/100-mm dish) were cultured 1 d in DMEM
and 10% FCS and grown for a further 24 h in serum-free MEM. Cells
were lysed in lysis buffer (20 mM Tris-HCl, pH 7.8, 50 mM NaCl, 5
mM EGTA, and 1% vol/vol Triton X-100) containing freshly added
protease and phosphatase inhibitors (1 mM phenylmethyl sulfonyl
fluoride, 1 uM leupeptin, 2 uM aprotinin, 50 mM sodium fluoride,
and 4 mM sodium orthovanadate). Lysates were clarified by cen-
trifugation at 4°C, and protein concentration was determined by
Bio-Rad (Hercules, CA) protein assay. Appropriate antibodies were
incubated with total cell lysates overnight at 4°C, and antibodies
were then adsorbed on protein A-Sepharose for 1 h at 4°C. Immune
complexes were washed four times with ice-cold lysis buffer, eluted,
and denatured by heating for 3 min at 95°C in reducing Laemmli
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buffer. Immunoprecipitates (or cell lysates for direct analysis by
Western blotting) were separated on SDS-polyacrylamide gels. For
immunoblot analysis, proteins were transferred onto polyvinyli-
dene difluoride filters (Millipore, Bedford, MA). Filters were incu-
bated 1 h at 22°C in blocking buffer (0.2% wt/vol caseine and 0.1%
vol/vol Tween 20 dissolved in PBS) and probed 1 h at 22°C with
specific antibodies diluted in blocking buffer. After extensive wash-
ing, immune complexes were detected with species-specific second-
ary antiserum conjugated with alkaline phosphatase followed by an
enhanced chemiluminescence detection system (Aurora, ICN). For
membrane reprobing, filters were incubated in stripping buffer (0.2
M glycine, pH 2.2, 0.1% SDS, and 1% Tween 20); after extensive
washing, filters were incubated in blocking buffer and reprobed
with specific antibodies.

Association-Kinase Assay

This assay was performed either on stable transfectants or on tran-
siently transfected cells. MDCK cells (10° cells/100-mm dish) were
cultured for 24 h in DMEM and 10% FCS and transiently transfected
or not using the lipofection method. The cells were then grown for
24 h in DMEM and 0.5% FCS. The cells were then stimulated for 10
min with 100 ng/ml NGF or 10 ng/ml SF/HGF. After growth factor
treatment, cells were disrupted and immunoprecipitated with the
anti-MET antibody in lysis buffer, as described above. Immune
complexes and associated proteins were washed four times with
ice-cold lysis buffer and once in kinase buffer (50 mM HEPES, pH
7.5,150 mM NaCl, and 12.5 mM MgCl,). In vitro kinase assays were
performed at 37°C in 50 ul of kinase buffer containing 10 uCi
[y-33P]ATP (4000 Ci/mmol) and 10 uM cold ATP for 15 min. Phos-
phorylated proteins were then resolved on SDS-polyacrylamide gels
and visualized by autoradiography.

Assays for Cell Scattering

Scattering from cell islets was performed as follows. MDCK cells
(6 X 10* cells per well) were seeded onto six-well plates and cul-
tured for 24 h in DMEM and 10% FCS, with or without 10 ng/ml
SE/HGF or 100 ng/ml NGF. The cell scattering from circular
wounds was performed essentially as described previously (Klein-
Soyer et al., 1986). Briefly, MDCK cells were seeded onto 12-well
plates and grown to confluence in DMEM and 10% FCS. A circular
wound was made in the center of the well using a calibrated
Whatman (Clifton, NJ) 3 MM paper disk (5 mm in diameter). MDCK
cells were cultured 4 d in DMEM and 10% FCS with or without 10
ng/ml SF/HGF or 10 ng/ml NGF. At the end of the experiments,
cells were fixed and stained (Diff-Quik; Dade AG, Diidingen, Swit-
zerland), and their morphologies were examined by light micros-

copy.

Assays for Cell Morphogenesis

Formation of cellular networks on Matrigel gels was performed as
follows. MDCK cells (4 X 10* cells per well) were plated on a layer
of 300 ul of Matrigel (Becton Dickinson, San Jose, CA) in 24-well
plates in DMEM and 10% FCS. The next day, cultures were stimu-
lated with or without 10 ng/ml SF/HGF or 100 ng/ml NGF for 24 h.
At the end of the experiments, cells were stained 20 min at 37°C
with neutral red (0.5% wt/vol), and fixed with 4% paraformalde-
hyde, and their morphologies were examined by light microscopy.

RESULTS

The Y13-16 C-Terminal Tyrosine Residues of MET
Are Not Required for Efficient Transcriptional
Activation

We transiently cotransfected MDCK epithelial cells
with both the TRK-MET hybrid receptor mutated on
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specific tyrosine residues and the Py-Luc reporter,
which contains an ETS/AP1-responsive element. The
TRK-MET hybrid receptor consists of the ligand-bind-
ing domain of the NGF receptor (TRK) fused to the
kinase domain of MET. This hybrid receptor has been
shown to mediate MET-specific signals in epithelial
cells in response to NGF (Weidner et al., 1993, 1995).

We found that TRK-MET mutated on tyrosine res-
idues 8 and 9 (Y8,9F) of the tyrosine kinase region was
unable to induce transactivation of the Py-Luc re-
porter (Figure 1A). These results showed that the ty-
rosine kinase activity of the MET receptor is essential
for inducing this transcriptional response.

By contrast, mutations of tyrosine residues of the C-
terminal tail of MET did not abrogate its ability to trans-
mit transactivation. As shown in Figure 1A, single (Y13,
Y14, Y15, or Y16), double (Y14-15), or complete Y to F
(Y13-16) mutations of C-terminal tyrosine residues of
the receptor mediated a transcriptional response, like the
WT receptor. Similar results were obtained using uPA-
or collagenase-Luc reporters (Figure 1B), in which func-
tional ETS/AP1 have been identified (Gutman and Wa-
sylyk, 1990; Rorth et al., 1990; Fafeur et al., 1997). In all of
these transactivation assays, a decrease in transcriptional
activation in cells transfected by Y13-16F TRK-MET ver-
sus WT TRK-MET receptors was never >30% and was
not systematically observed. In addition, dose-response
experiments were performed using increasing concen-
trations of expression vectors for WT and Y13-16F TRK-
MET. Each concentration was found to be effective: op-
timal induction was obtained with 200 ng/ml expression
vector for WT or Y13-16F TRK-MET, and higher con-
centrations (up to 1 ug/ml) did not decrease transacti-
vation (our unpublished results).

The WT and Y13-16F TRK-MET receptors were also
able to induce a transcriptional response in NIH-3T3
cells (Figure 1C). Unlike MDCK cells, NIH-3T3 cells
do not respond to SF/HGEF in these transactivation
assays (our unpublished results). These results dem-
onstrated that the Y13-16F TRK-MET receptor can
also transduce a signal leading to the transcriptional

Figure 1. Mutation of the C-terminal tyrosine residues of MET
does not abolish its ability to transmit a transcriptional response,
involving ETS/AP1-binding sites. (A) MDCK cells were transiently
cotransfected with 0.5 ug/ml Py-Luc reporter and 1 pug/ml vectors,
either empty (vector), or expressing WT TRK-MET receptor (WT) or
TRK-MET receptor, mutated on various tyrosine residues (Y-F).
The following day, MDCK cells were stimulated with 100 ng/ml
NGF, and the luciferase activity was measured 24 h later. (B) MDCK
cells were transiently cotransfected with 1 ug/ml vectors, either
empty or expressing WT or Y13-16F TRK-MET receptor, and 0.5
pg/ml uPA- or collagenase-Luc reporters. Treatment with NGF and
measurement of the relative luciferase activity were as described
above. (C) NIH-3T3 cells were transiently cotransfected with 1
png/ml vectors, either empty or expressing WT or Y13-16F TRK-
MET receptor, and 0.5 ug/ml Py-Luc reporter. Treatment with NGF
and measurement of the relative luciferase activity were as de-
scribed above.
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Figure 2. Expression and NGF-dependent auto-
phosphorylation of WT and Y13-16F TRK-MET
receptors in stably transfected MDCK cells. (A)
Proteins from stable transfectants of MDCK cells
were metabolically labeled with [**S]methionine
and [*S]cysteine, and both endogenous and hy-
brid receptors were immunoprecipitated using
the anti-MET antibody. The proteins were re-
solved by 7% SDS-PAGE and visualized by auto-
radiography. On the top of each lane, the name of
the cell line is indicated, corresponding to stable
transfection by empty vector (—), WT TRK-MET
receptor (MET), or Y13-16F TRK-MET receptor
(MET*), and the clone number is indicated in
brackets. (B) Stable transfectants of MDCK cells
were stimulated (+) or not (—) with 100 ng/ml
NGF for 10 min. Endogenous and hybrid recep-
tors were immunoprecipitated using the anti-
MET antibody, and immunoprecipitates were
subjected to an in vitro kinase assay, using
[y-*3P]ATP. The proteins were resolved by 5%
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activation of the Py-Luc reporter independently of
endogenous functional MET receptors.

Taken together these results demonstrated that a
TRK-MET receptor mutated on Y13-16 residues can
transmit a transcriptional response, involving activa-
tion of promoter elements containing ETS/AP1-bind-
ing sites.

The Y13-16F TRK-MET Receptor Can Promote Cell
Motility but Fails to Promote Cell Morphogenesis

To investigate whether these sites are required for cell
motility and morphogenesis, we have generated stable
MDCK cell lines expressing WT and Y13-16F TRK-
MET receptor. Stable transfectants of MDCK cells
were selected for the expression of the TRK-MET
hybrid receptor, and clones, obtained from indepen-
dent transfections, were further analyzed. Immuno-
precipitations were performed using an anti-MET an-
tibody, which recognizes both hybrid TRK-MET and
endogenous MET receptors. In nontransfected MDCK
cells, immunoprecipitation analysis revealed the pres-
ence of the 170-kDa precursor and the 145-kDa 3-sub-
unit of the endogenous MET receptor (Figure 2A). In
MDCK cells transfected with the TRK-MET receptors,
two new bands were detected; an upper band at ~150
kDa and a lower band at ~125 kDa, which correspond
to the fully glycosylated and nonglycosylated hybrid
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receptors, respectively (Ponzetto et al., 1996) (Figure
2A). After kinase assay, phosphorylation of TRK-
MET, but not of endogenous MET, was induced by
NGF in all TRK-MET cell lines (Figure 2B).

The motile responses of the stable cell lines were
examined in two different assays. First, the cells were
seeded at low density, allowing the cells to grow as
islets. Addition of SF/HGEF for 24 h caused scattering
of all cell lines (Figure 3A), whereas addition of NGF
caused cell scattering only in TRK-MET cell lines (Fig-
ure 3A). Similar results were observed in a wound
assay, in which scattering is measured from confluent
monolayers. Stable transfectants were grown up to
confluence, and circular wounds were performed with
a calibrated disk. From this wound, the cells can dis-
sociate, migrate, and proliferate. In the presence of
serum, the size of the hole was smaller in SF/HGF-
treated cells compared with untreated cells (Figure
3B). In parallel experiments, we established that SF/
HGF was unable to induce proliferation of MDCK
cells in culture medium containing either low (0.5%)
or regular (10%) serum concentration (our unpub-
lished results). In this wound assay, we propose that
we primarily demonstrated the scattering effect of SF/
HGF from the wound, allowing the loss of cell contact
inhibition, leading, as a secondary effect, to an increase
in cell proliferation and to the reconstitution of the cell
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Figure 4. The Y13-16F TRK- 16
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layer. This wound assay also demonstrated that NGF
caused scattering in all TRK-MET cell lines (Figure
3B).

The response of TRK-MET cell lines to NGF was
different in morphogenesis assays. After seeding on
Matrigel gels, small aggregates of cells were obtained
within 24 h. The next day, SF/HGF was added for
24 h, and most of the cells became fusiform and pro-
pelled extensions, resulting in the formation of a spi-
der web-like network in all stable transfectant MDCK
cells (Figure 3C). A similar network formation was
obtained with NGF but only in the stable cell line
expressing WT TRK-MET (Figure 3C). The absence of
morphogenetic effect of NGF on mutated TRK-MET
cell lines was confirmed in a collagen gel assay. Stable
transfectants were cultured at low density within the
collagen gel until spherical cyst formation occurred.
SF/HGF was then added for 3 d, resulting in the

Figure 3 (facing page). Effect of SF/HGF and NGF on the induc-
tion of cell scattering and morphogenesis in stably transfected
MDCK cells. (A) Scattering from cell islets. Stable transfectant
MDCK cells were seeded at low density. The next day cells were
cultured for 24 h in the absence (C) or presence of 10 ng/ml
SE/HGEF (SF) or 100 ng/ml NGF. Magnification, 20X. (B) Scatttering
from confluent cells. Stable transfectant MDCK cells were grown to
confluence. Circular wounds were performed with a calibrated disk,
and cultures were stimulated or not with 10 ng/ml SF/HGF or 100
ng/ml NGF for 4 d. Magnification, 8X. (C) Morphogenesis in Ma-
trigel gel. Stable transfectants of MDCK cells were cultured on
Matrigel gels. The following day, cells were incubated with or
without (C) 10 ng/ml SF/HGF or 100 ng/ml NGF for 24 h. Mag-
nification, 25X.
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formation of branching cords extending from the cysts
into the surrounding collagen gel in all stable cell
lines. Consistent with previous studies (Weidner ef al.,
1995), NGF induced a similar morphological effect in
stable cell lines expressing WI TRK-MET and was
unable to induce this effect in stable cell lines express-
ing Y13-16F TRK-MET receptor (our unpublished re-
sults).

The Y13-16F TRK-MET Receptor Retains the Ability
to Induce Transcriptional Activation in Stable
Transfectants

The ability of the Y13-16F TRK-MET receptor to trans-
mit a transcriptional response (see Figure 1) was con-
firmed using transfection of the Py-Luc reporters in
stable MDCK clones expressing TRK-MET receptors.
Both cell lines expressing WT or mutated TRK-MET
receptor, stimulated by NGF, could transmit a tran-
scriptional response (Figure 4A) at a similar level than
after stimulation by SF/HGF (also see Figure 7A). It
should be noted that in the absence of NGF, the cell
line expressing WT TRK-MET showed a higher basal
transcriptional activation compared with the control
and mutated receptor cell line (Figure 4A). This was
consistent with a higher basal scattering and phos-
phorylation of this WT TRK-MET receptor cell line
(Figures 2B and 3A).

The principal difference between stable cell lines
and transiently transfected cells was a stronger re-
sponse to NGF (Figure 4, compare A and B). Transient
transfection can result in overexpression of the trans-
fected tyrosine kinase receptors leading to autono-
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mous dimerization and autophosphorylation in the
absence of the ligand (Taylor et al., 1995). By measur-
ing tyrosine phosphorylation of the immunoprecipi-
tated MET receptor in transiently transfected cells, we
verified that the TRK-MET receptors were phosphor-
ylated without NGF and that this effect was only
slightly enhanced by NGF (our unpublished results).
In addition, the activation of the TRK-MET receptor in
the absence of its ligand appeared to be related to the
transient transfection, because in stably transfected
cells a lower basal transcriptional effect was found
(Figure 4, compare A and B).

The Y13-16F TRK-MET Receptor Fails to Bind or
Activate GRB2, SHC, PI3K, and GAB1

The transcriptional and the motile responses mediated
by the mutated TRK-MET receptor suggested that
MET can activate signaling pathways independently
of the phosphorylation of its C-terminal tyrosine res-
idues. Nonetheless, previous studies demonstrated
that these tyrosine residues are required for recruit-
ment and activation of multiple proteins known to be
involved in signal transduction by MET (Ponzetto et
al., 1994; Pelicci et al., 1995; Fournier et al., 1996;
Weidner et al., 1996; Nguyen et al., 1997). To check the
ability of the WT and mutated TRK-MET receptor to
recruit these proteins in vivo, we performed coimmu-
noprecipitation experiments in MDCK cells.

After autophosphorylation, the MET receptor can
recruit GRB2 directly (Ponzetto et al., 1994; Fournier et
al., 1996). Immunoprecipitations were performed us-
ing the anti-MET antibody, and immunoprecipitates
were analyzed by Western blotting using the anti-
GRB2 antibody. As expected, NGF stimulation en-
hanced the recruitment of GRB2 in WT TRK-MET cell
lines, whereas the amount of GRB2 was similar with
or without NGF stimulation in stable cell lines ex-
pressing Y13-16F TRK-MET (Figure 5A, left panel).
The fact that in the Y13-16F TRK-MET cell line (Met*
20) SF/HGF, but not NGF, enhanced GRB2 recruit-
ment demonstrated that signaling mediated by endog-
enous and chimeric receptors are distinguishable. Sim-
ilarly, in normal MDCK cells, NGF could induce GRB2
recruitment, after transient transfection of WT, but not
of mutated Y13-16F TRK-MET receptors (Figure 5A,
right panel).

The MET receptor can also recruit GRB2 indirectly,
after SHC adaptor recruitment and activation by MET
(Pelicci et al., 1995). After immunoprecipitation of
SHC, proteins were analyzed by Western blotting us-
ing an anti-GRB2 antibody. In stable cell lines express-
ing WT TRK-MET receptor, NGF stimulation en-
hanced recruitment of GRB2 by SHC, whereas in
stable cell lines expressing Y13-16F TRK-MET recep-
tor, the quantities of GRB2 were similar with or with-
out NGF stimulation (Figure 5B).
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The phosphorylated MET receptor can associate
with PI3K (Ponzetto et al., 1993; Rahimi et al., 1996).
The association of p85 PI3K with the WT TRK-MET
receptor was not detected in stable MDCK cell lines.
Because transient transfection allows high expression
of the chimeric receptor (see Figure 5A), the recruit-
ment of p85 PI3K was examined in MDCK cells tran-
siently transfected by TRK-MET receptors. Although
p85 PI3K was recruited by the WT TRK-MET recep-
tor, it was not recruited by the mutated Y13-16F TRK-
MET receptor (Figure 5C). The same result was ob-
tained after cotransfection of TRK-MET receptors and
p85 PI3K (our unpublished results).

Finally, we investigated the ability of the WT and
mutated TRK-MET receptor to activate or to associate
GAB1 (Weidner et al., 1996; Nguyen et al., 1997). After
immunoprecipitation of GABI, proteins were ana-
lyzed by Western blotting using an anti-phosphoty-
rosine antibody. In stable cell lines expressing WT
TRK-MET receptors, phosphorylation of GAB1 was
detected, and stimulation by NGF enhanced its phos-
phorylation. In contrast, in stable cell lines expressing
Y13-16F TRK-MET receptor, phosphorylation of
GAB1 was not detected either with or without NGF
(Figure 5D, left panel). Similar results were obtained
with MDCK cells transiently cotransfected by TRK-
MET receptors and an expression vector for GAB1
tagged with a Flag epitope. In contrast to the WT
TRK-MET receptor, no detectable binding of mutated
TRK-MET receptor was found after immunoprecipi-
tation of GABI, indicating that the WT but not the
mutated TRK-MET receptors can associate with GAB1
(Figure 5D, right panel).

The Mutated TRK-MET Receptor Retains the
Ability to Associate and Phosphorylate a ~250-kDa
Protein

To determine the ability of the MET receptor to recruit
and phosphorylate proteins in MDCK cells, we used a
sensitive association-kinase assay, in which immuno-
precipitated MET receptors are subjected to an in vitro
kinase assay using radiolabeled [y-**P]JATP (Figure
6A). The immunoprecipitated MET receptors can
phosphorylate both themselves and cytoplasmic li-
gands (Bardelli et al., 1997; Nguyen et al., 1997). In
preliminary experiments, we established that this as-
say was more sensitive than simple association exper-
iments, in which the phosphorylated proteins are re-
vealed by immunoblot using an anti-phosphotyrosine
antibody after immunoprecipitation of MET. The sen-
sitivity of the test was also enhanced by performing
transient transfections of the TRK-MET receptors in
MDCK cells.

As shown in Figure 6, phosphorylation of the en-
dogenous MET receptor was similarly detected in cells
nontransfected (NT) or transfected with the empty
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Figure 5. Y13-16F TRK-MET recep-
tor fails to bind or activate known sig- N oY
naling proteins. (A) Left panel, stable A S é\ ,,\'-\ x.\?

transfectants were stimulated (+) or < @ ‘f} @

not (—) with 100 ng/ml NGF or 10 T O L LS . < B O s
ng/ml SF/HGF (SF) for 10 min. En- NGF QoW o8 @ s % SF 4@9 &
dogenous and hybrid receptors were

immunoprecipitated using the anti- - ‘-_ — 25 — .
MET antibody. Proteins were resolved P -

by 12% SDS-PAGE and analyzed by
Western blotting. Part of the filter was IP : o MET, WB : o« GRB2 IP: o MET, WB: « GRB2
incubated with the anti-GRB2 anti-
body (top), whereas the other part was 176 — | - e e e p— an 175 —

incubated with the anti-MET antibody ‘ — ' . -- 8 - e .- . .
(bottom). Right panel, MDCK cells

were transiently transfected with 2 .
ug/ml empty, WT, or Y13-16F expres- IP : o MET, WB : o MET IP: o. MET, WB: o MET
sion vectors. The following day, cells
were stimulated with 100 ng/ml NGF
for 10 min. Endogenous and hybrid

receptors were then immunoprecipi- B & *Q‘D (l'o c <
tated using the anti-MET antibody. (\‘\ '&é @ & e
The proteins were resolved by 10% o & & *\'b'
SDS-PAGE and analyzed by Western NGF - o

blotting. Part of the filter was incu-

bated with the anti-GRB2 antibody 83 — E -
(top), whereas the other was incubated 25 — .

with the anti-MET antibody (bottom).
(B) Stable transfectants were stimu-

IP: o MET, WB: « PI3-K

lated (+) or not (—) with 100 ng/ml IP: « SHC, WB : o GRB2

NGEF for 10 min. Cellular extracts were 175 —
immunoprecipitated using the anti- 62 — | - - — - — -

SHC antibody. Immunoprecipitates 47 — ® ! '
were resolved in 10% SDS-PAGE and

analyzed by Western blotting using
the anti-GRB2 antibody (top). The WB : o SHC IP: o MET , WB: o. MET
amount of SHC in each cellular extract
(30 ug of protein) was determined by
Western blotting using the anti-SHC %
antibody (bottom). (C) MDCK cells D < N
were transiently transfected with 2 R
pg/ml empty, WT, or Y13-16F expres- * *
sion vectors. The following day, cells N @é @ @
were stimulated with 100 ng/ml NGF ' GAB1
for 10 min. Endogenous and hybrid NGF - + - + - 4+ = + 175 —
receptors were immunoprecipitated
using the anti-MET antibody. The pro- .
teins were resolved by 7% SDS-PAGE .
and analyzed by Western blotting. Part
of the filter was incubated with the 83 — IP: & GAB1, WB: o. MET
anti-PI3K antibody (top), whereas the
other was incubated with the anti- IP: o GAB1, WB : o PY
MET antibody (bottom). (D) Left 175 —

panel, stable transfectants were stimu- ® " .
lated (+) or not (—) with 100 ng/ml
NGEF for 10 min. Cellular extracts were 83 — .. -

immunoprecipitated using the an- '
GABI antibody. Immunoprecipitates WB GAB1
were resolved in 7% SDS-PAGE and WB: o MET
analyzed by Western blotting using
the anti-phosphotyrosine antibody
(top). The amount of GAB1 in each
cellular extract (30 ug of protein) was determined by Western blotting using the anti-GABI antibody (bottom), and corresponding positions of GAB1 are
indicated by arrows. Right panel, MDCK cells were transiently cotransfected with 1 ug/ml expression vectors of Flag-GAB1 and 1 ug/ml empty, WT,
or Y13-16F expression vectors. The following day, cells were stimulated with 100 ng/ml NGF for 10 min. GAB1 was immunoprecipitated using the
anti-Flag antibody, and the proteins were resolved by 7% SDS-PAGE and analyzed by Western blotting using the anti-MET antibody (top). The amount
of endogenous and transfected receptor in each cellular extract (50 ug of protein) was determined by Western blotting using the anti-MET antibody
(bottom). Direct Western blot in transient transfection does not allow a clear separation of the ~150-kDa TRK-MET and 145-kDa B-subunit of MET. Left,
molecular mass markers.
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Figure 6. Detection of phosphorylated MET-as-

sociated proteins. (A) MDCK cells were tran-

siently transfected with 2 ug/ml empty (—), ki-

nase-inactive (K1108A), WT, or Y13-16F TRK-

MET expression vectors. The following day, cells

were stimulated with 100 ng/ml NGF for 10 min.

& Last two columns, nontransfected MDCK cells
\g\ were stimulated or not with 10 ng/ml SF/HGF
for 10 min. Endogenous and hybrid receptors

175 —

were then immunoprecipitated using the anti-
MET antibody. Immunoprecipitates were sub-
jected to an in vitro kinase assay using
[y-**P]ATP. Phosphorylated proteins were re-
solved on the same 7% SDS-polyacrylamide gel
and visualized by autoradiography. Left, molec-

83 —

-
-

vector (vector) or a kinase inactive receptor (K1108A,
which fails to bind ATP). In nontransfected cells, stim-
ulation by SF/HGF enhanced the amount of phos-
phorylated MET, but none of the other phosphory-
lated bands was clearly detected.

The WT and Y13-16F TRK-MET receptor samples
were assayed in duplicate to ensure reproducibility
(Figure 6A), and the level of expression of the trans-
fected receptors was verified by Western blotting (Fig-
ure 6B). In WT TRK-MET-transfected cells, a number
of phosphorylated bands were detected, in particular
at molecular masses ranging from 180 to 140 kDa. A
lower exposure of the gel allowed identification of the
MET and TRK-MET receptors. Outside of this region
of the gel, five less-phosphorylated bands were de-
tected at molecular masses of ~250, 230, 110, 80, and
70 kDa (Figure 6B, arrows). In Y13-16F TRK-MET-
transfected cells, the TRK-MET receptor was less
phosphorylated than in WT TRK-MET-transfected
cells; a result consistent with the loss of the C-terminal
autophosphorylation sites. In agreement with the
demonstration that C-terminal tyrosine residues are
necessary for recruitment of intracellular proteins
(Ponzetto et al., 1994; Pelicci et al., 1995; Fournier et al.,
1996; Weidner et al., 1996; Nguyen et al., 1997), four of
the phosphorylated MET-associated bands (molecular
masses of ~230, 110, 80, and 70 kDa) were lost in the
Y13-16F TRK-MET receptor versus the WT TRK-MET
receptor. Most importantly, the ~250-kDa phosphor-
ylated band was still detected in the Y13-16F receptor,
suggesting that independently of the phosphorylation
of the C-terminal tyrosine residues, the MET receptor
can still bind and phosphorylate an intracellular pro-
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WB: o. MET

ular mass markers. Right, MET precursor (a),
MET B-subunit (b), nonglycosylated TRK-MET
(1), and fully glycosylated TRK-MET (2). Arrows
indicate phosphorylated bands detected in WT
transfected cells, and the asterisk indicates the
phosphorylated band detected both in WT and
Y13-16F-transfected cells. (B) Cellular extracts
(50 ug of protein) of A were resolved by 7%
SDS-PAGE and analyzed by Western blotting us-
ing the anti-MET antibody.

tein. This phosphorylated band of ~250 kDa did not
correspond to a known ligand and did not comigrate
(our unpublished results) in SDS-PAGE with the
~220- and ~185-kDa tyrosine-phosphorylated pro-
teins previously identified in MDCKT1 cells, an MDCK
cell line constitutively dissociated (Webb et al., 1996).

Y13-16F TRK-MET Retains the Ability to Activate
RAS Signaling, Which Is Involved in the Scattering
Response

As previously reported, SF/HGF and RAS have a
similar ability to induce a transcriptional response
involving ETS/AP1-binding sites (Fafeur et al., 1997).
To investigate whether the RAS pathway is involved
in mediating this transcriptional response, stable cell
lines were transiently transfected with both the Py-
Luc reporter and dominant negative mutants of small
GTP-binding proteins, RAS N17 and CDC42 N17. We
found that in MET*(12) cells, RASN17 was able to
inhibit basal and SF/HGEF- or NGF-stimulated trans-
activation of the Py-Luc reporter gene. In contrast,
CDC42N17 was unable to inhibit transactivation;
rather, it enhanced these transcriptional responses
(Figure 7A). It is worth noting that both stimulated
and basal activities could be mediated by the same
factors. Similar results were obtained in stable cell
lines expressing WT TRK-MET (our unpublished re-
sults).

We also investigated in MDCK cells expressing the
mutated receptor whether the phosphorylation of
ERK1 and ERK2, two target kinases of RAS, were
induced by NGF. Cellular extracts of MDCK cells from
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Figure 7. Mutated MET receptor induces RAS signaling, which is necessary for cell scattering. (A) Effect of RAS N17 and CDC42 N17
on transactivation of the Py-Luc reporter vector in a mutated receptor cell line. The stable transfectant of the mutated receptor (MET*, clone
12) was transiently transfected with 0.5 ug/ml Py-Luc reporter and 0.5 pug/ml expression vectors of RAS N17 or CDC42 N17 dominant
negative mutants. Cells were incubated the next day with 10 ng/ml SF/HGF (dashed bars) or 100 ng/ml NGF (black bars) or without
(white bars) for 24 h, and luciferase activity was measured. (B) Effect of the mutated MET receptor on ERK phosphorylation. Left panel,
stable transfectants were stimulated (+) or not (—) with 100 ng/ml NGF for 10 min. Right panel, MDCK cells were transiently transfected
with 1 ug/ml empty, WT, or Y13-16F TRK-MET expression vectors and were stimulated the next day by NGF (100 ng/ml). Cellular
extracts (50 pg) were resolved by 10% SDS-PAGE. The proteins were analyzed by Western blotting using an antibody directed against
phosphorylated ERK1,2 (top). The filter was dehybridized and reprobed using the anti-ERK2 antibody, which also recognizes ERK1
(bottom). Arrowhead, position of ERK1; arrow, position of ERK2. (C) Effect of an inhibitor of MEK1 on cell scattering in a mutated receptor
cell line. Left panel, stable transfectants expressing the mutated receptor (clone 12) were treated for 45 min with 50 uM PD98059 and then
stimulated (+) or not (—) with 100 ng/ml NGF for 10 min. Fifty micrograms of cellular extract were resolved by 10% SDS-PAGE. The
proteins were analyzed by Western blotting using an antibody directed against phosphorylated ERK1,2 (top). The filter was dehybridized
and reprobed using the anti-ERK2 antibody, which also recognizes ERK1 (bottom). Arrowhead, position of ERK1; arrow, position of ERK2.
Right panel, stable transfectants expressing the mutated receptor (clone 12) were seeded at low density. The following day cells were
treated for 45 min with 50 uM PD98059 and cultured for 24 h in the presence or absence of 100 ng/ml NGF. Magnification, 20X.

stable (Figure 7B, left panel) or transient (Figure 7B,
right panel) transfections were Western blotted using
an antibody directed against phosphorylated ERK1,2.
After NGF stimulation, both WT and Y13-16F TRK-
MET receptors were able to mediate the phosphoryla-
tion of ERK1,2 in a similar manner (Figure 7B). These
phosphorylations of ERK1,2, induced by NGF in the
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mutated receptor cell lines, were determined on the
same samples that allowed the demonstration of an
absence of GRB2 recruitment through SHC activation
(see Figure 5B).

Finally, we used PD98059, a pharmacological inhib-
itor of MEK1, which belongs to the RAS signal trans-
duction cascade leading to the phosphorylation of

561



D. Tulasne et al.

ERK1,2. In stable transfectants expressing the mutated
Y13-16F receptor, the scattering induced by NGF was
abolished by addition of 50 uM PD98059, demonstrat-
ing that the motile response induced by the mutated
TRK-MET receptor is transmitted by this downstream
pathway of RAS (Figure 7D). In the same experiment,
cell extracts were obtained in parallel, and this con-
centration of PD98059 was found to be effective in
inhibiting phosphorylation of ERK1,2 (Figure 7D).

These results demonstrated that the motile response
induced by the mutated TRK-MET receptor correlated
with its ability to induce ERK1,2 phosphorylation and
RAS-dependent transcriptional activation and was
abolished after treatment of the cells by an inhibitor of
the MEK-ERK1,2 pathway.

DISCUSSION

The recruitment via phosphorylated tyrosine residues
of proteins responsible for activation of a signaling
pathway is a well-established mechanism used by ty-
rosine kinase receptors to mediate signal transduction
(reviewed in Schlessinger, 1994; Van der Geer et al.,
1994). After ligand binding, receptor dimerization,
and autophosphorylation, various proteins are re-
cruited to phosphorylated tyrosine residues on the
receptor. The MET receptor fits into this scenario,
because the two autophosphorylation sites in the C-
terminal region of MET, Y14 and Y15, are responsible
for the binding of several proteins known to interact
with the receptor; these include GRB2, SHC, GABI,
PI3K, PLCy, SHP2, SRC, and most likely STAT3
(Ponzetto et al., 1994; Pelicci et al., 1995; Fournier et al.,
1996; Weidner et al., 1996; Nguyen et al., 1997; Boccac-
cio et al., 1998). Most of these proteins are capable of
activating RAS signaling. For example, the Y15 of
MET can specifically recruit GRB2, an adaptor protein
that couples activated receptor tyrosine kinases to
SOS, promoting activation of RAS (Buday and Down-
ward, 1993; Gale ef al., 1993; Li et al., 1993). Both Y14
and Y15 form a multisubstrate-binding site for all
other cytoplasmic effectors. When SHC is recruited
and phosphorylated by the receptor, it can then asso-
ciate with GRB2, which activates the RAS pathway
(Pelicci et al., 1995). GABL1 is a multifunctional protein
that can interact with MET both directly and indirectly
via GRB2 (Holgado et al., 1996, Weidner et al., 1996;
Nguyen et al., 1997). Its overexpression in epithelial
cells leads to phosphorylation of downstream targets
of the RAS pathway, the MAP kinases ERK1,2
(Weidner et al., 1996). PI3K consists of two subunits,
p85, which contains Src homology 2 domains involved
in MET receptor interaction, and p110, the catalytic
subunit. The RAS protein has been shown to bind to
the p110 subunit (Rodriguez-Viciana et al., 1994), and
a constitutively activated mutant form of PI3K can
activate the RAS pathway in fibroblasts (Hu et al.,
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1995). Taken together, these data suggest that muta-
tions of both Y14 and Y15 of the MET receptor could
impair activation of the RAS cascade.

The Y13-16F MET Transmits Efficient RAS Signaling

By establishing the relative contribution of these ty-
rosine residues in transmitting transcriptional activa-
tion by the MET receptor, we found that neither sin-
gle, double, nor complete mutations of the four
C-terminal tyrosine residues impaired the transcrip-
tional response. This led us to demonstrate in vivo
that the Y13-16F MET receptor can transmit efficient
RAS signaling, including ERK phosphorylation and
RAS-dependent transcriptional activation, despite the
fact that this mutated MET receptor, as expected, was
unable to recruit GRB2, SHC, GAB1, and PI3K.

Within the family of tyrosine kinase receptors, sim-
ilar approaches have been undertaken to examine the
relative contribution of tyrosine residues in transmit-
ting signal transduction. Mutations of tyrosine resi-
dues of the platelet-derived growth factor and NGF
receptors abolished the recruitment of signaling pro-
teins and consequently abolished the induction of sig-
naling pathways, including the RAS cascade (Valius
and Kazlauskas, 1993; Stephens et al., 1994). Interest-
ingly, the mutations of the tyrosine residues of the
EGF and fibroblast growth factor (FGF) receptors abol-
ished the recruitment of all previously identified pro-
teins, including GRB2, but did not impair induction of
the RAS cascade (Li ef al., 1994; Mohammadi et al.,
1996). It is clear that the MET receptor behaves differ-
ently than the EGF and basic FGF receptors. Indeed, it
was demonstrated that both EGF and FGF receptors
mutated on autophosphorylation tyrosine residues
can recruit GRB2 indirectly, via SHC activation (Li et
al., 1994, Mohammadi et al., 1996), whereas in our
study SHC is not activated by the mutated MET re-
ceptor.

According to other studies, signal transduction by
the mutated tyrosine kinase receptor can be ex-
plained by heterodimerization with related endog-
enous receptors (Wright et al., 1995). In the present
study, we provide evidence that the TRK-MET re-
ceptor does not function through endogenous MET.
In MDCK cell lines expressing TRK-MET receptors,
we found that stimulation with NGF induced TRK-
MET phosphorylation without affecting phosphory-
lation of the endogenous MET receptor (Figure
2B). Furthermore, we found that the mutated TRK-
MET receptor cannot transmit signal transduction
through the endogenous MET receptor. First, using
the anti-MET antibody, both the endogenous and
transfected receptors were immunoprecipitated
from MDCK cells. In cells expressing the mutated
TRK-MET receptor, NGF did not induce either re-
cruitment or activation of endogenous MET sub-
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strates, such as GRB2, PI3K, and GAB1, whereas
SF/HGF was able to induce recruitment of GRB2
(Figure 5). Second, we did not observe a RAS-de-
pendent transcriptional response using kinase de-
fective MET receptors (Y8,9F, which is mutated on
tyrosine residues of the kinase region, or K1108A,
unable to bind ATP; Figure 1 and our unpublished
results). This is in contrast to the demonstration that
a kinase-defective EGF receptor can heterodimerize
with an ERB2/NEU receptor and that this het-
erodimer causes activation of RAS signaling (Wright
et al., 1995). Finally, by performing transactivation
assays in NIH 3T3 fibroblasts, we found that TRK-
MET receptors induced a transcriptional response,
whereas these cells did not respond to SF/HGF,
suggesting that this response is independent of the
presence of functional endogenous MET receptors
(Figure 1C). It is therefore unlikely that TRK-MET
functions through indirect recruitment of proteins
via endogenous MET.

A most likely interpretation of our data is that the
mutated MET receptor can still recruit and phosphor-
ylate original proteins. To detect the MET-associated
and -phosphorylated proteins, a sensitive association—
kinase assay was performed from MDCK cells tran-
siently transfected by the TRK-MET receptors. In cells
transfected with the WT receptor, at least five MET-
associated phosphorylated bands (molecular masses
of ~250, 230, 110, 80, and 70 kDa) were detected,
which were not observed in nontransfected cells. The
phosphorylated bands at ~110, 80, and 70 kDa could
correspond to known signaling proteins, i.e.,, GAB1
(110 kDa), PI3K (85 kDa), SHP2 (80 kDa), and the
high-molecular-weight form of SHC (66 kDa). In con-
trast, the phosphorylated bands of ~250 and 230 kDa
did not correspond to known ligands and did not
comigrate (our unpublished results) in SDS-PAGE
with the ~220- and 185-kDa tyrosine-phosphorylated
proteins previously identified in MDCK1 cells, an
MDCK cell line constitutively dissociated (Webb et al.,
1996). In cells transfected with the mutated receptor,
the ~220-, 110-, 80-, and 70-kDa MET-associated
bands were lost, whereas the ~250-kDa band was not.
This result suggests that the MET receptor is able to
bind and phosphorylate a protein independently of
the phosphorylation of the C-terminal residues. Fur-
ther experiments will be aimed to identify this protein
and its possible implication in biological effects trans-
mitted by the MET receptor.

RAS Signaling Transmitted by Y13-16F MET Is
Sufficient to Promote Cell Motility but Not Cell
Morphogenesis

We investigated cell morphogenesis and scattering
transmitted by the chimeric TRK-MET receptors. We
found that the mutated receptor was unable to pro-
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mote branching morphogenesis of MDCK cells. This
lost capacity is in agreement with the conclusion of
previous studies performed in three-dimensional cul-
tures in collagen gels (Zhu et al., 1994; Weidner et al.,
1995; Fournier et al., 1996; Sachs et al., 1996). In the
present study, we also demonstrated that the morpho-
genetic capacity of MDCK cells can be investigated on
Matrigel gels; this assay allows the formation of a
cellular network by branching morphogenesis over
24 h, a time scale comparable to the one used in a
classical scattering assay (Zhu et al., 1994; Weidner et
al., 1995; present study), whereas branching morpho-
genesis in collagen gels requires 1-2 wk.

In contrast to cell morphogenesis, the measurement
of cell scattering has given contradictory results as
reported by Ponzetto ef al. (1994), Zhu et al. (1994),
Weidner et al. (1995), and Sachs et al. (1996). For ex-
ample, the mutation of the sole Y15 residue resulted in
the abolition of cell scattering in one study (Zhu et al.,
1994), whereas mutations of all four Y13-16 residues
reduced, but did not abolish, cell scattering in others
(Weidner et al., 1995; Sachs et al., 1996). Our present
data are in agreement with these last results; we found
that the mutations of the four C-terminal tyrosine
residues did not impair the ability of the mutated
receptor to transmit cell scattering. In contrast, our
results contradict those of Zhu ef al. (1994) and
Ponzetto et al. (1994), which led to the demonstration
that single (Y15) or double mutations (Y14 and Y15)
abolished MET receptor-mediated cell scattering. A
possible explanation of these contradictory results is
suggested by the difficulty in quantifying this re-
sponse. We circumvented the problem by confirming
the cell scattering activity of the mutated MET recep-
tor on representative cell populations and in two dif-
ferent assays (Figure 3, A and B).

The scattering response obtained with WT and
Y13-16F TRK-MET receptors correlated with RAS-
dependent transcriptional activation of promoters
containing ETS/AP1-binding sites. The fact that a
pharmacological inhibitor of MEK abolished cell scat-
tering in the mutated cell line demonstrated the im-
plication of this downstream pathway of RAS in the
biological response. We propose that in these cell
lines, RAS activation contributes to cell scattering by
its ability to induce transcriptional activation of cellu-
lar gene promoters. These include the promoters of
the uPA and collagenase genes. These proteases be-
long to a complex enzymatic cascade that degrades the
extracellular matrix and can contribute to the motility
of the cells.

It is still a matter of debate whether cell scattering
and morphogenesis are distinct biological activities,
occurring through different cytoplasmic effectors and
signaling pathways. Nonetheless, when measure-
ments of cell scattering and morphogenesis were es-
tablished in parallel, it was found that any reduction
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in cell scattering correlated with a loss in cell morpho-
genesis, whereas the inverse relationship was not
found (Weidner et al., 1995; Sachs et al., 1996; present
study). Furthermore, morphogenetic activity of MET
can be transferred onto a scattering receptor, TRK-A,
by fusing to it the C-terminal tail of MET containing
the Y14-Y15 tyrosine docking site (Sachs et al., 1996).
These results indicate that the signaling pathways
leading to cell scattering are necessary for cell mor-
phogenesis and/or that morphogenesis requires
stronger signaling than scattering. Accordingly, a pos-
sible interpretation of our data is that RAS signaling
mediated by mutated TRK-MET receptor was suffi-
cient to induce cell scattering, but not cell morphogen-
esis.

The current model for signal transduction by the
MET receptor postulates that the C-terminal tyrosine
residues of MET is a unique multifunctional docking
site. After phosphorylation of its C-terminal tyrosine
residues, various signaling proteins are recruited and
activated, which in turn activate signaling pathways
and biological effects of SF/HGF, including cell scat-
tering and morphogenesis. We propose that the MET
receptor can promote signaling both by recruitment of
proteins via the C-terminal docking site and by an
additional mechanism, which leads to efficient activa-
tion of the RAS pathway and cell scattering.
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