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Activation of the c-Met Receptor Complex in
Fibroblasts Drives Invasive Cell Behavior by
Signaling Through Transcription Factor STAT3
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Abstract c-Met is the receptor for hepatocyte growth factor/scatter factor (HGF/SF). It mediates multiple cellular res-
ponses in development and adult life, and c-Met hyperactivity is associated with malignant transformation of cells and the
acquisition of metastatic properties. Signal transducer and activator of transcription 3 (STAT3) has been shown to contri-
bute to c-Met-mediated cell motility and is, thus, potentially involved in the control of invasive cell behavior. We have
functionally reconstituted c-Met-dependent signal transduction in fibroblasts with the aim of studying Met-driven cell
invasiveness and the role of STAT3 in this phenomenon. Activation of the system was achieved by means of a hybrid
receptor comprising the extracellular domain of the nerve growth factor (NGF) receptor TrkA, the cytoplasmic part of
c-Met and a C-terminally fused blue fluorescent protein (BFP). In addition, a GFP-tagged derivative of adaptor protein
Gab1 was expressed. NGF-stimulation of mouse fibroblasts expressing tagged versions of both Trk-Met and Gab1 with
NGF resulted in anchorage-independent growth and enhanced invasiveness. By freeze-fracture cytochemistry and
electron microscopy, we were able to visualize the ligand-induced formation of multivalent receptor complex assemblies
within the cell membrane. NGF-stimulation of the heterologous receptor system evoked activation of STAT3 as evidenced
by tyrosine phosphorylation and the formation of STAT3 clusters at the cell membrane. siRNA-mediated ablation of STAT3
expression resulted in a drastic reduction of c-Met-driven invasiveness, indicating an important role of STAT3 in the control
of this particularly relevant property of transformed cells. J. Cell. Biochem. 95: 805–816, 2005. � 2005 Wiley-Liss, Inc.
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The malignancy of tumor cells is associated
with their ability to invade into surrounding
tissues and through tissue boundaries and to
ultimately give rise to metastases. The complex
molecular mechanisms involved in the acquisi-

tion of invasiveness are only partly understood,
but encompass in their early stages the activity
of growth factor receptors and cytoplasmic
signal mediators [Wells et al., 2002].

Transmembrane tyrosine kinase c-Met, the
receptor for hepatocyte growth factor/scatter
factor has, apart from multiple physiological
functions [Rubin et al., 1993], oncogenetic
properties including the stimulation of cell
dissociation, migration, motility, and invasion
of extracellular matrix [e.g., Rong et al., 1994;
Jeffers et al., 1996; Sachs et al., 1996; Otsuka
et al., 1998]. Various intracellular substrates of
c-Met and their respective downstream path-
ways have been implicated in the signaling
processes towards invasive cell behavior, i.e.,
adapter proteinsGab1 [Maroun et al., 1999] and
Grb2 [Atabey et al., 2001], Src-kinase [Rahimi
et al., 1998], and phosphoinositol-3 kinase
[Kotelevets et al., 1998]. However, attempts to
correlate specific oncogenic effects with the
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individual activities of these signaling media-
tors have not yet yielded a clear picture. These
difficulties are in part due to the facts that
various signaling pathways emanate from a
common ‘‘bidentate’’ phosphorylated docking
site within the cytoplasmic domain of activated
c-Met [Ponzetto et al., 1994] and that c-Met
effectors probably compete for this multisub-
strate binding site and can become activated
both by direct and indirect interactions within
the receptor complex [e.g., Lock et al., 2000;
Schaefer et al., 2002].

Signal transducer and activator of transcrip-
tion STAT3 is one of the c-Met substrates that
become phosphorylated upon receptor activa-
tion and has received much attention in the last
years as an emerging player in various aspects
of oncogenesis and as a potential target for anti-
tumor drugs. Importantly, STAT3was shown to
be essential for HGF-induced morphogenesis.
This process involves an increase of directed
motility and is, thus, related to c-Met-driven
invasive cell behavior [Boccaccio et al., 1998].
STAT3 has multiple functions in development
and throughout the adult organism [reviewed
by Levy andLee, 2002] and is crucial for various
processes that include cellmigration, e.g., in the
course of germ cell invasion [Li et al., 2003],
gastrulation [Yamashita et al., 2002], or kera-
tinocytemovement duringwoundhealing [Sano
et al., 1999]. We have recently observed that
STAT3 activation in trophoblast cells ceases
during the course of pregnancy in temporal
correlationwith their loss of invasive properties
[Corvinus et al., 2003].

Dysregulated STAT3 activation was found in
various cancers [e.g., Garcia et al., 2001; Dhir
et al., 2002; Schaefer et al., 2002] and it has
also been associated with tumor metastasis
[Horiguchi et al., 2002]. While the molecular
mechanisms connecting aberrant STAT3 activ-
ity and malignant cell properties are as yet
poorly defined, STAT3 was proven to be capable
of directly causing malignant cell transfor-
mation, i.e., to act as a bona fide oncoprotein
[Bromberg et al., 1999].

Inhibition of STAT3 signaling appears to
have attractive perspectives for the thera-
peutic interference with malignant properties
of tumor cells. Suppression of STAT3 activity,
for instance, can block c-Met-mediated tumori-
genic growth of leiomyosarcoma cells in vitro as
well as in athymic mice [Zhang et al., 2002].
Interestingly, blockade of STAT3 reduced the

motility of ovarian cancer cells whose aggres-
sive clinical behavior showed a correlation with
constitutively active STAT3 levels [Silver et al.,
2004].

Employing a reconstituted c-Met receptor
complex in murine fibroblasts, we have
addressed the contribution of STAT3 signaling
for c-Met-induced invasiveness. We show that
siRNA-mediated knockdown of STAT3 pro-
foundlyreducesc-Met-driveninvasivecell beha-
vior. Signal transduction via STAT3 is, thus, an
important component of the pathway(s) leading
from c-Met activation to the acquisition of
invasive cell properties.

MATERIALS AND METHODS

DNA Constructs

TheTrk-Met-BFP constructwas generated as
follows: from a cDNA encoding the Trk-Met
hybrid (a gift from Dr. M. Sachs, consisting of
the extracellular domain of human TrkA and
the transmembrane and cytoplasmic domain of
murine c-Met [Sachs et al., 1996], a 3.0 kb Hind
III/Xho I fragment comprising the entire read-
ing frame was excised and cloned into the
respective sites of pcDNA3.0 (Invitrogen, Carls-
bad, CA) to yield pcDNA-TM. Subsequently, a
0.7 kb Bst XI/Xba I fragment representing the
30-end of the cDNA was replaced with a Bst XI/
Xba I PCR fragment encoding the carboxy-
terminal part of murine c-Met fused to the
linker GSIPA and the blue fluorescent protein
(BFP). The latter fragment was obtained by
recombinant PCR from two overlapping frag-
ments derived from c-Met andBFP. The c-Met-
derived fragment was produced employing the
primers met-50BstX2 (50-GGTTGCTGATTTC-
GGTCTTGC-30) and linker-30met (50-GGCTG-
GAATCGATCCTGTGTTCCCCTCGCCATC-30).
TheBFP-fragmentwas generated fromplasmid
pQBI50 (Clontech, Palo Alto, CA) as template
using the primers 30BFP-Xba (50-GATGTCTA-
GATTATTTGTATAGTTCATCC-30) and linker-
50BFP (50-GGATCGATTCCAGCCATGGCTAG-
CAAAGGAGAAG-30). Combination of the two
primary fragments in a PCR with the primer
pair 50BstX2/30BFP-Xba resulted in the final
product which was cleaved with Bst XI and Xba
I and ligated into the respective sites of pcDNA-
TM to yield pcDNA-TM-BFP. The Gab1 fusion
with destabilized enhanced GFP (d2EGFP) was
generated as follows: from a cDNA encoding
human Gab1 [Weidner et al., 1996, a gift from
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Dr.M. Sachs] as template, a PCR fragmentwith
terminal Nhe I and Bam HI sites was synthe-
sized using primers SK1 (50-ACTAGCTAGCA-
CGCGTGCCGCCATGAGCGGTGGTGAAGTG-
GTCTGC-30) and SK2 (50-AGATGGATCCGC-
CTTCACATTCTTTGTGGGTGTCTCGGACTC-
TGTGGA-30) and ligated in between the Nhe I
and Bam HI site of pd2EGFP-N1 (Clontech).
From the resulting plasmid pd2EGFP-Gab1, an
Mlu I/Xba I fragment encoding a fusion of Gab1
and eGFPwith the intervening linker sequence
ADPPVAT was excised and used to replace
the GFP insert of pBI-4-GFP-DXba in between
the respective sites. The resulting expression
construct was named pBI-Gab1-EGFP. pBI-4-
GFP-DXba is a derivative of pBI-4-GFP [Frie-
drich andWietek, 2001], in which the Xba I site
immediately downstream of the SV 40 promoter
had been removed by partial Xba I digestion, a
fill-in reaction and relegation to obtain a vector
with a unique Xba I site.

Cell Line, Cell Culture, and Transfection

The murine fibroblast cell line NIH 5.15 is a
tetracycline-regulatable ‘‘tet-off’’ derivative of
NIH 3T3 [Kerkhoff et al., 1998] and was
obtained from Dr. J. Troppmair. Cells were
cultured inDulbecco’smodifiedEagle’smedium
supplemented with 10% fetal calf serum (heat
inactivated at 568C for 45 min), 2 mM L-
glutamine, and 0.1 mg/ml gentamycin at 378C
in humidified air with 5% CO2.
For transfection, cells were grown to 80%

confluence in 6 cm2 dishes. Cells were overlaid
for 5 h with 1 ml serum-free DMEM containing
2.5 mg of expression construct pcDNA-TM-BFP
and/or pBI-Gab1-EGFP plus (in case of stable
transfections) ptgCMV/HyTK [Lischke et al.,
1995] and 10 ml LipofectAMINE (Gibco, Carls-
bad, CA) followed by transfer to fresh medium.
For the generation of stable clones, 3 days after
transfection cells were diluted into medium
supplemented with 150 mg/ml Hygromycin B
(Serva, Heidelberg, Germany) and the cell
suspension was aliquoted to 12-well plates.
Hygromycin-resistant clones were expanded
and analyzed for expression by Western blot.

Cell Lysis, Immunoprecipitation,
SDS–PAGE, and Western Blotting

Cells were suspended in 100 ml lysis buffer
(20 mM HEPES pH 7.5, 2 mM EGTA, 0.2 mM
EDTA, 0.12M NaCl, 1% Triton) supplemented
with protease inhibitors (20 mg/ml aprotinine

(trasylol), 20 mg/ml leupeptine, 5 mg/ml pepsta-
tine A, 647 ng/ml antipain, 10 mg/ml bestatine,
0.1 mM PMSF, 1 mM sodium orthovanadate)
at a density of 2� 107 cells/ml. Protein con-
centrations of cell lysates were determined
using a kit based on the Bradford method
(Sigma, Taufkirchen, Germany).

Extracts were either employed directly for
electrophoretic separation (see below) or sub-
jected to immunoprecipitation (Ip). For Ip,
400 mg of cell lysate was incubated with 4 mg of
anti-humanGab1 (sc-6292, SantaCruz) or anti-
mouse-Met SP260 (sc-162, Santa Cruz), respec-
tively alongwith 50 ml of affinitymatrix solution
(anti-goat-IgG-Agarose or Protein A-Agarose,
both from Sigma) in a total volume of 1 ml lysis
buffer. Antigen absorption, washing and collec-
tion of affinity beads was carried out as des-
cribed [Kammer et al., 1996].

Gel electrophoresis andWestern blotting was
performed as published previously [Kammer
et al., 1996]. Briefly, 20 mg of whole cell extract
or the collected affinity matrix after immuno-
precipitation (see above) were solublized in gel
loading buffer (62.5 mM Tris/ HCl pH 6.8;
2% SDS; 25% glycerol; 1% phenol blue; 5%
b-mercaptoethanol), boiled for 10 min and
separated on 6% acrylamide SDS gels. After
protein transfer, nitrocellulose membranes
were blocked in NET-G buffer (150 mM NaCl,
5 mM EDTA, 50 mM Tris/HCl pH 7.5, 0.05%
Triton X-100, 0.2% Gelatine) for 1 h. Antibodies
were applied for 36 h at the following dilutions:
anti-GFP(FL) (sc-8334, Santa Cruz): 1:1,000,
anti-phosphotyrosine (PY-99, sc-7020, Santa
Cruz): 1:4,000, anti-human Gab1 (sc-6292,
Santa Cruz): 1:100, anti-STAT3 p-Tyr705 (Cell
Signaling Technology): 1:1,000, anti-STAT3
(c-20, Santa Cruz): 1:1,000, anti-mouse-Met
SP260 (sc-162, Santa Cruz, Santa Cruz, CA):
1:1,000. For detection, peroxidase-conjugated
anti rabbit IgG (Roth) was employed at a
dilution of 1:10,000 for 1 h. Visualization was
performed using an enhanced chemilumines-
cence (ECL) detection kit (Amersham). Re-
moval of bound antibody for re-detection with
an additional antibody was carried out by treat-
ing membranes twice for 20 min with 62.5 mM
Tris/HCl pH 6.7, 2% SDS, 10 mM b-mercap-
toethanol at 688C and intermittent and final
washing in 10�PBS at ambient temperature.

Densitometric quantification of band intensi-
tieswas performedusingScion Image1 software
(Scion Corporation, Frederick, MD).
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Soft Agar Colony Formation Assay

The soft agar assay measuring anchorage-
independentgrowthhasbeenreportedelsewhere
[Li et al., 1996]. Briefly, 105 NIH 5.15-derived
cells were suspended in 4 ml of DMEM supple-
mented with 10% calf serum and 0.4% Seapla-
que agarose in 6 cm2 tissue culture plates
containing 4 ml of a DMEM underlay with
0.8% agarose. Cultures were fed with 0.2 ml of
DMEM containing 10% of fetal calf serum twice
a week for 2 weeks. The colonies were stained
withp-iodonitrotetrazoliumviolet (Sigma) after
2 weeks and photographed.

In Vitro Cell Invasion Assay

Cell invasiveness was quantified by a mod-
ified Boyden chamber method using polycarbo-
nate transwells (Corning Costar Corp.,
Cambridge, MA) consisting of a separate top
well, a filter (pore size 8 mm, diameter 24 mm)
and a corresponding lower well. Membrane
filters were coated with 200 ml of a 1:50Matrigel
(BectonDickinson, Bedford,MA) dilution in ice-
cold serum-free DMEM medium (40 mg/filter)
and dried overnight at 378C. 2� 105 exponen-
tially growing cells (if transiently transfected
afterarecoveryperiodof48h) inavolumeof1ml
serum-free medium (optionally containing 50
ng/ml NGF and/or 1 mg/ml doxycycline) were
seeded on top of a transwell. The lower compart-
ment of each transwell unit contained 2.5 ml
medium supplemented with 20% fetal calf
serum. After incubation for 24 h at 378C,
medium with remaining cells and the matrigel
layer were removed from the upper compart-
ment of the transwells. Cells attached to the
membranes were washed off by rinsing mem-
branes twice with a total of 1ml PBS containing
0.02% EDTA and 0.05% (w/v) trypsin. Washing
solution was combined with the medium in the
lower transwell compartment (containing cells
that had already passed the membrane), and
cells were collected by 10 min centrifugation at
1,000g. Cell pellets were resuspended in 1 ml of
mediumand stainedwith trypanblue.Migrated
cells were quantified by counting of five random
microscopic fields using a lightmicroscope anda
Neubauer chamber and extrapolation of the
mean to the original volume of cell suspension.
The percentage of invasive cells was expressed
by relating the total number of migrated cells to
the number of cells originally applied to the top
of the transwell, which was set 100%.

Introduction of siRNA Into Fibroblasts

Purified RNA oligos were purchased from
Ambion, Austin, TX. The oligonucleotide sequ-
ences of the STAT3 siRNA were: STAT3sense:
50-UGUUCUCUAUCAGCACAAUTT-30, STA-
T3antisense: 50-AUUGUGCUGAUAGAGAAC-
ATT-30. ‘‘Scrambled’’ control sequences were:
SCRsense: 50-GCCACUUAUAAUUCGUUCTT-
30, SCRantisense: 50-GAACGAAUUUAUAAG-
UGGCTT-30.

siRNAs and contols were transfected into
NIH-TM-BFP/Gab1-EGFP cells by ‘‘nucleofec-
tion’’ [Gresch et al., 2004]. Cells were plated and
grown to confluence. They were harvested with
0.5% trypsin/0.02% EDTA in PBS and 1.5� 106

cells were resuspended in 100 ml of Nucleofector
Solution R (Amaxa, Bergisch-Gladbach, Ger-
many) containing 50 nM of siRNA oligunucleo-
tides and 2.5 mg GFP tracer plasmid (Amaxa) to
monitor transfection efficiency. Cell suspen-
sions were subjected to ‘‘nucleofection’’ in a
Nucleofector apparatus (Amaxa), employing
program A-24. Cells were then transferred to
6-well tissue culture plates, suppliedwith2.5ml
of freshprewarmedmediumsupplementedwith
20% FCS and further grown for up to 8 days. At
days 3 and 8, aliquots of transfectants were
harvested and subjected to Western blot and
invasiveness assays. Experiments were contin-
ued only if apparent transfection efficiency
was above 50% as fluorescence microscopi-
cally determined by GFP expression 48 h post
transfection.

Freeze-Fracture Preparation

Confluently grown NIH 5.15 cells transiently
transfectedwithbothpcDNA-TM-BFPandpBI-
Gab1-EGFP were washed twice with PBS at
growth temperature and carefully abraded from
the culture dishes. Aliquots of the chemically
unfixed cell suspension were enclosed between
two 0.1 mm thick copper profiles as used for the
sandwich double-replica technique. The sand-
wiches were physically fixed by rapid plunge
freezing in liquid ethane/propane mixture,
cooled by liquid nitrogen. Freeze-fracturing
was performed in a BAF400T freeze-fracture
unit (BAL-TEC,Liechtenstein) at�1508Cusing
a double-replica stage. The fractured samples
were shadowed without etching with 2–2.5 nm
Pt/C (platinum/carbon) at an angle of 358. The
evaporation of Pt/C with electron guns was con-
trolled by a thin-layer quartz crystal monitor.
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Freeze-Fracture Immunogold-Labeling

For freeze-fracture immunogold-labeling and
subsequent electron microscopy the freeze-
fracture replica were transferred to a ‘‘digest-
ing’’ solution (2.5%SDS in10mMTris buffer pH
8.3 and 30 mM sucrose) and incubated over
night according to Fujimoto [1997].
The replica were washed four times in PBS to

remove SDS and treated for 30 min with
PBSþ 1% bovine serum albumin (BSA) and
then placed onto a drop of an 1:50 diluted
solution of antibody to human Gab1 or STAT3
(sc-6292 or sc-7179, polyclonal goat IgG, Santa
Cruz Biotechnologies, Santa Cruz) in PBS with
0.5% BSA for 1 h. The replica were washed
subsequently four timeswithPBSandplaced on
an 1:50 diluted solution of the second gold-
conjugated antibody (goat anti goat IgG with
10 nm gold, British Biocell International,
Cardiff, UK) in PBS with 0.5% BSA for 1 h.
After immunogold-labeling, the replica were
immediately rinsed several times in PBS, fixed
with 0.5% glutaraldehyde in PBS for 10 min
at room temperature, washed four times in
distilled water and finally picked onto Formvar-
coated grids for viewing in an EM 902A elect-
ron microscope (Zeiss, Oberkochen, Germany).
Freeze-fracture micrographs were preferen-
tially mounted with direction of platinum
shadowing from bottom-up.

RESULTS

Functional Reconstitution of a
Doubly Tagged c-Met Receptor Complex

We aimed at studying the activation process
and oncogenic signal transduction of the c-Met
receptor complex in a background-free fashion.
Moreover, we were interested in following the
formation of a signaling-competent assembly in
dependence of ligand stimulation. For this pur-
pose, we generated expression constructs enco-
ding derivatives of both a c-Met/NGF receptor
hybrid (Trk/Met) and the intracellular Met-
effector Gab1 with carboxyterminally fused
fluorescent proteins (Fig. 1A). Trk/Met is able
of transmitting a c-Met-specific signal into cells
upon activation with NGF [Sachs et al., 1996].
The Gab1-derived construct was placed under
the control of a tetracycline-regulatable promo-
ter, since we intended to alter experimentally
the interaction equilibrium of c-Met effectors
competing for the multisubstrate docking site

within the intracellular domain of activated
c-Met. To favor independent folding and to
minimize potential structural interference
between the fusion partners, flexible linkers of
five or seven amino acid residues, respectively,
were inserted carboxy-terminally of the fluor-
escent protein moieties. Transient transfection
of the two constructs into NIH 5.15 fibroblasts
(expressing the Tet repressor, thus perspec-
tively allowing for the experimental repression
of Gab1-EGFP expression, see above) resulted
in appearance of blue or/and green fluorescence
as monitored by flow cytometry and fluores-
cence microscopy (data not shown). Expression
and activity was studied biochemically by
Western blot analysis of lysates from trans-
fected cells thatwere either left unstimulated or
treated with NGF (Fig. 1B). Since both c-Met
and Gab1 are considered activators of invasive
cell behavior, we studied the effects of transient
expression of c-Met and Gab1 fusion constructs
on invasiveness in vitro (Fig. 1C).

Antibodies to GFP (recognizing both BFP and
EGFP) and human Gab1 confirmed expression
and integrity of both fusion proteins. Trk-Met-
BFP appeared in two forms of 190 and 160 kDa
in size which represent the precursor and the
mature receptor derivative. Probing blots with
anti-phosphotyrosine showed that overexpres-
sion alone did already evoke a substantial grade
of tyrosine phosphorylation of Trk-Met-BFP,
probably due to some degree of spontaneous
dimerization as a consequence of overexpres-
sion. Phosphorylation, however, was still en-
hanced by NGF stimulation, as evidenced by
densitometric quantification of the relevant
bands in Figure 1B. Phosphorylation of Gab1-
EGFP was dependent on the simultaneous
expression of the c-Met kinase as a constituent
of Trk-Met-BFP and followed its activity pat-
tern. Basal cell invasiveness of NIH 5.15 fibro-
blasts was clearly influenced by transient
expression and activation of the heterologous
Trk-Met-BFP/Gab1-EGFP system (Fig. 1C).
Whereas expression of Trk-Met-BFP had no
effect on the invasiveness of NIH 5.15 cells,
activation of the receptor by NGF almost
doubled the fraction of transmigrated cells in
comparison to the parental cell line. Interest-
ingly, additional expression of Gab1-EGFP
further enhanced invasiveness. The effect was
already evident in the absence of NGF stimula-
tion and very profound upon stimulation of the
c-Met receptor.
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These results indicate that the doubly tagged
receptor system is functional in NIH 5.15 cells
and drives cell invasiveness, in important
parameter of cellularmalignancy. They are also
consistent with the view that both the activated
c-Met receptor and its substrate Gab1 are invo-
lved in the mediation of invasive cell behavior.

Activation of c-Met Leads to the Formation of
Multimeric Clusters in the Cell Membrane

Wewere interested in following the formation
of active receptor complexes in the cell mem-
brane and employed Gab1-EGFP as a tracer.
For this purpose, we used the freeze-fracture
replica immunogold-labeling method, an exten-
sion of freeze-fracture electron microscopy

[Fujimoto, 1997; Takizawa and Robinson,
2000], since it allows the in situ visualization
of specific proteins and interactions within
biomembranes. We studied the distribution of
Gab1-EGFP NIH 5.15 in cells in dependence of
NGF-induced Trk-Met activity.

Cells were transiently transfected with both
Trk-Met-BFP and Gab1-EGFP. Twenty-four
hours post transfection they were split into
halves and then either left untreated or stimu-
lated with 50 ng/ml NGF for 30 min. They
were cryofixed, freeze-fractured, and subjected
to immuno-labeling with anti-Gab1 and gold-
conjugated secondary antibody.

Figure 2 shows comparative freeze-fracture
views of the protoplasmic fracture face (PF) of

Fig. 1. Structure and functional expression of the fluorescence-
tagged c-Met-derived receptor complex.A: Schematic depiction
of the fusion proteins employed in this study. The BFP-taggedTrk-
Met receptor hybrid (top) consists of the extracellular domain
(‘‘ex’’) of the human NGF receptor Trk A (dark gray), the trans-
membrane (‘‘TM’’) and cytoplasmic domain (‘‘cyt’’) of murine c-
Met (light gray), a peptide linker (black) and blue fluorescent
protein (BFP, striped). EGFP-tagged Gab1 (bottom) consists of
the human Gab1 polypeptide (white) fused via a peptide linker
(black) to destabilized enhanced GFP (d2EGFP, dotted). B:
Examination of lysates from transfected and non-transfected NIH
5.15 cells for expression and phosphorylation of Trk-Met-BFP
and Gab1-EGFP by Western blotting. Cells were transfected as
indicated with expression constructs for the two tagged proteins
and either left untreated or stimulated with NGF for 24 h. Samples
were separated by PAGE, transferred to nitrocellulose and
consecutively probed with an antibodies to phosphotyrosine
(pTyr), GFP (recognizing both BFP and EGFP), and human Gab1.

Molecular weights of marker proteins are given in kDa. For
relative comparison of receptor tyrosine phosphorylation and
expression, intensities of bands representing the mature form of
Trk-Met-BFP (marked with asterisks) were scanned and quanti-
fied densitometrically (graphs below the upper two blots).
C: Influence of transiently expressed Trk-Met-BFP and Gab1-
EGFP on the invasive behavior of NIH 5.15 cells. Cells were
either subjected to a transfection procedure in the absence of
plasmid DNA or transfected with Trk-Met-BFP and Gab1-EGFP
expression constructs individually or in combination as indi-
cated. After a recovery period of 48 h post transfection, cells were
transferred to medium devoid of serum for 24 h and optionally
containing 50 ng/ml NGF and/or 1 mg/ml doxycycline. Subse-
quently, samples of 2�105 cells were subjected to tests for
migration through a Matrigel layer in transwell chambers as
described in ‘‘Materials and Methods.’’ The medium contained
50 ng/ml NGF if indicated.
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plasma membranes from untreated and NGF-
stimulated NIH 5.15 cells that had beforehand
been transfected with Trk-Met-BFP and Gab1-
EGFP. Gold particles (within the circles)
indicate a nearly uniform distribution of Gab1-
EGFPmolecules in themembranes of untreated
cells (Fig. 2A). The density of gold particles was
12� 4 particles per mm2 membrane area. In
some cases, small clusters of two or three
particles were found. In contrast, addition of
NGF to the cell culture resulted in a striking
redistribution of Gab1-EGFP molecules into
clusters (Fig. 2B). Up to 15 gold particles were
counted in individual clusters (Fig. 2B, inset
and within circles). NGF-stimulation increased
the density of gold particles to 45� 16 particles
per mm2 membrane area.

Heterologous, Tagged c-Met
Drives Anchorage-Independent

and Invasive Growth of Fibroblasts

Next, we wished to demonstrate and quanti-
tate transforming properties of the fluores-
cence-tagged c-Met receptor complex. To
assess long-term effects of oncogenic c-Met
signaling on cell physiology, we generated a
stable cell line expressing both Trk-Met-BFP
and Gab1-EGFP by selection for hygromycin-
resistant clones (see ‘‘Materials and Methods’’)
and subsequent testing for expression by Wes-
tern blot analysis employing an antibody to
GFP. Abundance of both the hybrid receptor
and Gab1 construct was clearly identifiable
in about 30% of the clones analyzed, but by
far weaker than in transient transfectants

(data not shown). One clone showing maximal
expression of both proteins was chosen for
further studies and termed NIH-TM-BFP/
Gab1-EGFP.

First, we set out to demonstrate by biochem-
ical means the stable abundance of the two
heterologous fusion proteins. Due to the by far
lower expression compared to transient trans-
fection experiments, we found necessary to
concentrate both proteins by immunoprecipita-
tion before Western blot detection with anti-
bodies to c-Met and Gab1. Figure 3A shows
that both fluorescence-tagged fusion proteins
could be precipitated and specifically detected
in lysates of NIH-TM-BFP/Gab1-EGFP cells.

This stable cell line was next tested in a soft
agar colony formation assay for its capability of
growing anchorage independently in the pre-
sence and absence of NGF stimulation.
Figure 3B shows that ligand-induced activation
of the tagged c-Met receptor results in drasti-
cally enhanced colony formation, indicating
receptor-dependent transformation.

As a second parameter of malignancy, we
assayed the effect of NGF on the invasiveness of
NIH-TM-BFP/Gab1-EGFP cells. In the course
of this experiment, we also further examined
the role of Gab1 in the control of c-Met-driven
invasiveness (Fig. 3C). Expression of fluores-
cence-tagged hybrid receptor and Gab1 did
already cause a slight increase in the rate at
which NIH cells migrate through a layer of
artificial extracellular matrix (Matrigel). Acti-
vation of the system by stimulation with NGF,
however, led to an augmentation of invasive-
ness by about 50%, indicating full competence
for oncogenic signal transduction. To address
the contribution of Gab1 to c-Met-mediated
invasiveness, we blocked expression of the
Gab1-EGFP protein by employing the regula-
table tet promoter and the ‘‘Tet-off’’ system
intrinsic to NIH 5.15 cells. In the presence of
1mg/ml doxycyclineGab1-EGFPexpressionwas
reduced to trace amounts as verified by immu-
noprecipitations and Western blot (data not
shown). Repression of Gab1-EGFP throughout
invasion experiments resulted in a clear
decrease of invasive cell behavior, both in the
absence and presence of NGF-mediated c-Met
activation. These results are consistent with
those obtained in transient transfection experi-
ments (Fig. 1C) and confirm the involvement of
Gab1 in signaling pathways connecting c-Met to
invasive cell migration.

Fig. 2. Freeze-fracture micrographs of plasma membranes from
chemically unfixed NIH 5.15 cells transiently expressing Trk-
Met-BFP and Gab1-EGFP before (left) and after NGF stimulation
(right). After SDS treatment, the protoplasmic fracture face (PF)
was immunolabeled with anti-hGab1, indicating Gab1-d2eGFP
molecules upon subsequent gold-labeling. For details see
‘‘Materials and Methods.’’ Bars represent 100 nm.
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c-Met Activates STAT3 in Fibroblasts

Other substrates of the c-Met receptor tyr-
osine kinase apart from Gab1 have been

implicated in motile and invasive cell behavior.
The fact that we have recently identified
STAT3, a potential oncoprotein implicated in
various cancers, as an importantdeterminant of
invasiveness in choriocarcinomacells [Corvinus
et al., 2003] prompted us to study this fac-
tor in the context of c-Met-mediated cell
transformation.

First we asked if STAT3, like Gab1, forms
assemblies at the membrane of NIH 5.15
fibroblasts in response to ligand-induced activa-
tion of Trk-Met hybrid receptor. Cells transi-
ently transfected with Trk-Met-BFP and Gab1-
EGFP were left untreated or stimulated with
50 ng/ml NGF for 30 min. Upon cryofixation,
they were freeze-fractured and immuno- and
subsequently gold-labeled with an antibody to
STAT3. Figure 4A shows a relatively equal
distribution of gold particles indicating STAT3
molecules (marked by circles) on themembrane
of non-stimulated cells. Interestingly, NGF
treatment evoked the appearance of STAT3
clusters, a picture similar to that seen when
probing the distribution of Gab1 (compare
Fig. 2). This result is consistent with the view
that STAT3 is recruited into receptor complex
assemblies that form upon NGF-induced acti-
vation of the Trk-Met-BFP receptor.

To determine if STAT3 becomes activated via
Trk-Met-BFP, we analyzed NIH 5.15 cells
transiently transfected with Trk-Met-BFP,
Gab1-EGFP, or both, for NGF-dependent tyr-
osine phosphorylation of STAT3. Figure 4B
shows that expression of Trk-Met-BFP, either
alone or in combination with Gab1-EGFP
specifically evoked tyrosine phosphorylation of
STAT3. In both cases, stimulation of transfec-
tants with NGF further enhanced STAT3
phosphorylation. Anti-STAT3 (recognizing the
aminoterminus of STAT3) reacted with an
additional, smaller protein which represents
STAT3b, a splice variant lacking the carboxy
terminus of full length STAT3 including Tyr
705, the target of activation-associated tyrosine
phosphorylation [Caldenhoven et al., 1996].

siRNA-Mediated Knockdown of STAT3
Expression Abolishes c-Met-Induced

Invasiveness of Fibroblasts

Recent findings on the involvement of STAT3
in tumorigenicity and cell motility prompted us
to directly test its importance for c-Met-
mediated invasiveness of fibroblasts. To this
aim, we employed theNIH5.15-derived cell line

Fig. 3. Cell-transforming activity of the fluorescence-tagged c-
Met-derived receptor complex. A: Stable expression of Trk-Met-
BFP and Gab1-EGFP fusion proteins in NIH-TM-BFP/Gab1-EGFP
cells. NIH 5.15 and NIH-TM-BFP/Gab1-EGFP cells were
subjected to cell lysis, immunoprecipitation, and Western blot
analysis as described in ‘‘Materials and Methods’’ employing
antibodies to murine c-Met (left) and human Gab1 (right).
B: Effect of NGF-mediated activation of the stably expressed
heterogeneous receptor complex in NIH-TM-BFP/Gab1-EGFP
cells on anchorage independent growth. Cells were subjected to
a soft agar colony formation assay as described in ‘‘Materials and
Methods’’ in the absence or presence of 50 ng/ml NGF as
indicated. After 2 weeks of cultivation, colonies were stained and
photographed. C: Influence of the Trk-Met-BFP and Gab1-EGFP
expression on cell invasiveness. Non transfected NIH 5.15 cells
or NIH-TM-BFP/Gab1-EGFP cells (the latter either in the absence
or presence of 50 ng/ml NGF or/and 1 mg/ml doxycycline as
indicated) were tested for migration through a Matrigel layer in
transwell chambers as described in ‘‘Materials and Methods.’’
Results are expressed as the fraction of migrated cells in relation
to the input and represent the means of three independent
experiments.
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stably expressing the fluorescence tagged Trk-
Met/Gab1 complex (NIH-TM-BFP/Gab1-EGFP,
see above). STAT3 was inhibited directly by
pretreating cells with siRNAs, using a STAT3-
specific sequence. As a specificity control, a
‘‘scrambled’’ sequence with the same base com-
position, but random sequence, was employed.
Equal numbers of cells were harvested from

control cultures (non-transfected or trans-
fected wirh ‘‘scrambled’’ (Scr) oligonucleotides)
and from STAT3 siRNA-treated cultures 3 and

8 days post transfection. STAT3 expression was
determined by Western blot analysis (Fig. 5A).
Cells pretreated with 50 nM STAT3 siRNA
showed a specific reduction in total STAT3
protein levels 3 days after transfection. The
original level of STAT3 abundance was
regained after 8 days. The suppressive effect
was specifically elicited by the STAT3 siRNA
and not by unspecific cell damage, since control
(Scr) oligonucleotides had only amarginal effect
on STAT3 expression.

In parallel, the ability of the siRNA-treated
cells to invade extracellular matrix in the
absence and presence of NGF stimulus was
evaluated in transwell migration assays. Three
days post transfection, a clear reduction in the
migration of the STAT3 siRNA-treated cells
both was observed compared with untreated
and control transfected cells (Fig. 5B). Invasive-
ness in the absence of c-Met activation was
reduced to about 70%, whereas invasiveness
in response to NGF dropped to less than 50%
of the original value. In fact, the invasiness-
promoting effect of NGF was completely

Fig. 4. Activation of STAT proteins through c-Met in fibroblasts.
A: Analysis of STAT3 distribution in the membrane of fibroblasts.
Freeze-fracture micrographs of anti-STAT3 labeled plasma
membranes from chemically unfixed NIH 5.15 cells transiently
expressing Trk-Met-BFP and Gab1-EGFP before (left) and after
NGF stimulation (right). Immuno- and gold-labeling of proto-
plasmic fracture face (PF) with anti-STAT3 was performed
analogous as in Figure 2. Bars represent 100 nm. B: Tyrosine
phosphorylation of STAT3 in dependence of Trk-Met-BFP and
Gab1-EGFP expression and NGF stimulation in NIH 5.15 cells.
Cells were transiently transfected with the expression constructs
and optionally treated with 50 ng/ml NGF for 30 min as
indicated. Cell lysates were subjected to Western blotting and
probed with an antibody to STAT3 phosphorylated on Tyrosine
705 (top). Comparability of protein amounts was verified by a
parallel Western blot probed with anti-STAT3 (bottom). As a
positive control for STAT3 activation, cells were treated for 30
min with 10 ng/ml human interleukin-6 (left hand lane).
Molecular weights of marker proteins are given in kDa. For
relative comparison of STAT3 tyrosine phosphorylation and
expression, intensities of bands were scanned and quantified
densitometrically (graphs below the blots).

Fig. 5. Effect of siRNA-mediated STAT3 depletion on STAT3
expression and c-Met-induced invasiveness. NIH-TM-BFP/
Gab1-EGFP cells were either left untreated or transfected with
STAT3 siRNA or a ‘‘scrambled’’ control sequence as detailed in
‘‘Materials and Methods.’’ A: Comparison of STAT3 expression
by Western blot analysis of non-transfected cells and cells treated
with STAT3 siRNA or ‘‘scrambled’’ control. Cell lysates obtained
3 or 8 days post transfection were analyzed as indicated.B: Effect
of STAT3 depletion on c-Met-mediated invasiveness of NIH-TM-
BFP/Gab1-EGFP cells. Cells were either left untreated or
transfected with STAT3 siRNA or ‘‘scrambled’’ control RNA as
indicated. Three or 8 days post transfection, invasiveness in the
absence or presence of 50 ng/ml NGF was determined as in
Figure 3B.
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abolished, indicating that c-Met-driven migra-
tion was entirely blocked.

Eight days after transfection, the original
invasive potential of the cells was restored, both
in the presence and absence of NGF stimulus.
This recovery coincided with the return of
STAT3 abundance and clearly argues for an
important contribution of STAT3 signaling to
the phenomenon of c-Met-driven invasive beha-
vior of fibroblasts. Interestingly, even the basal
invasiveness in the absence of NGF is inhibited
when STAT3 is silenced. This presumably
indicates a c-Met independent role for STAT3
in invasion. To exclude the possibility that the
effect of STAT3 siRNA on invasiveness is a
peculiarity of the stable cell line generated in
this study, we made sure that knocking down
STAT3 also reduces Trk-Met-driven invasive-
ness in the bulk of transiently transfected cells
(data not shown).

DISCUSSION

Among its pleiotropic functions, transcription
factor STAT3 is involved in the control of cell
motility in several settings. Physiologically,
STAT3 is crucial, e.g., for cell motility during
gastrulation [Yamashita et al., 2002], wound
healing [Sano et al., 1999; Kira et al., 2002], and
blood vessel formation [Yahata et al., 2003].

Increased motility is one of the prerequisites
for the invasiveness of tumor cells. Consistent
with this notion, inadequate activity of STAT3
was found correlated with cancer-associated
motility of breast [Badache and Hynes, 2001]
andovarian cancer cells [Silver et al., 2004].Cell
migration is influenced by focal adhesions
which are thought to transduce extracellular
signals into changes in cell adhesion, status of
the cytoskeleton, and gene expression. One
possible role of STAT3 in the promotion of
motility may lie in its emerging function as a
signaling adaptor at focal adhesions and, pre-
sumably, as a persistent scaffold factor in
cytokine/growth factor receptor assemblies. In
ovarian cancer cells, activated STAT3 was
localized not only to nuclei but also to focal
adhesions, where it displayed interactions
with paxillin as well as with Src and focal
adhesion kinase p125FAK [Silver et al., 2004].
An involvement of STAT proteins in the func-
tion and signal transduction of focal adhesions
is apparently not restricted to STAT3, since
STAT1 has also been shown to be tyrosine

phosphorylated by focal adhesion kinase in the
course of integrin-mediated cell migration and
adhesion [Xie et al., 2001]. It has been shown
that c-Met-triggered cell migration involves
the initial recruitment of integrins, cyto-
skeletal proteins, and p125FAK into a complex
[Matsumoto et al., 1994; Parr et al., 2001], and
colocalization of integrins and growth factor
receptors are discussed to provide specific
signaling environments [Baron et al., 2003].
In this study, we have obtained direct evidence
for the formation of multiprotein assemblies
within the membrane in the course of c-Met
activation. Importantly, the employed techni-
que of immuno-electron microscopy on freeze-
fracture replicas allows for the visualization of
protein clusters after cryofixation of native
samples, avoiding any diffusion of target mole-
cules after fixation. Further exploiting the
potential of the method should enable us to
determine if indeed c-Met, focal adhesionkinase
and STAT3 get into close contact upon ligand-
induced activation of the c-Met tyrosine kinase.

An additional important aspect of invasive-
ness is the expression of proteases that render
the invasive cells capable of digesting constitu-
ents of the extracellularmatrix. Various reports
point to a role of STAT3 in promoting invasive
cell behavior by exterting influence on the
transcription of protease genes. In metastatic
melanoma cells, the expression of matrix
metalloproteinase (MMP)-2 as well as invasive-
ness was found connected with constitutive
STAT3 activity. Importantly, inhibition of
STAT3 by a dominant-negativemutant reduced
MMP-2 expression and invasiveness and
blocked metastasis in nude mice [Xie et al.,
2004]. In epithelial cells of the skin, STAT3 was
shown to mediate the IL-6-induced induction of
MMP-1 and MMP-3 [Yu et al., 2002]. STAT3 is
involved in the expression control of MMP-7 in
prostate carcinoma cells [Udayakumar et al.,
2002] and of MMP-9 in cervix carcinoma cells
[Smola-Hess et al., 2001]. TheMMP-1 promoter
contains a STAT binding site with importance
for oncostatin M-induced MMP-1 expression
[Korzus et al., 1997]. We have shown recently
that STAT3 directly drives transcription from
the MMP-1 promoter in colon carcinoma cells
(manuscript in preparation).

We suggest that STAT3 can generally con-
tribute to cellmotility and tumor progression. It
does so in a cell-type- and situation-specific
manner by influencing both cell adhesion and
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the expression of genes with relevance for
invasive growth. Tumor promoting activity of
STAT3 can arise either via inadequately acti-
vated cytokine and growth factor receptors, or
by phosphorylation through kinases such as Src
or focal adhesion kinase, both of which are
involved in focal adhesion turnover and
dynamics. Disturbed equilibrium of nuclear
and adapter functions, e.g., in focal adhesion of
STAT3 may be responsible for the cell trans-
forming outcome in one or the other way. It is
consistent with this view, that suppressing the
function of STAT3 by a dominant-negativemut-
ant in a colon carcinoma cell line abolished its
dependency on HGF/c-Met signaling for inva-
sive growth. Moreover, it increased tyrosine
phosphorylation of the cell adhesion regulator
beta-catenin and its dissociation from the inva-
sion suppressor E-cadherin [Rivat et al., 2004].
Taken together, STAT3 is obviously involved

in the control of cellmotility and invasiveness in
various importantways.Exploiting its potential
as a target for anti-tumor drugs, however,
requires a better understanding of the cell type
and situation-specific role of STAT3 in cellular
malignancy.
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