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Fibroblast growth factor (FGF)-1 and -2 have potent biological activities implicated in malignant tumor development.
Their autocrine and nonautocrine activity in tumor progression of carcinoma was investigated in the NBT-II cell system.
Cells were manipulated to either produce and be autocrine for FGF-1 or -2 or to only produce but not respond to these
factors. The autocrine cells are highly invasive and tumorigenic and the determination of specific targets of FGF/fibroblast
growth factor receptor (FGFR) signaling was assessed. In vitro studies showed that nonautocrine cells behave like
epithelial parental cells, whereas autocrine cells have a mesenchymal phenotype correlated with the overexpression of
urokinase plasminogen activator receptor (uPAR), the internalization of E-cadherin, and the redistribution of �-catenin
from the cell surface to the cytoplasm and nucleus. uPAR was defined as an early target, whereas E-cadherin and the
leukocyte common antigen-related protein-tyrosine phosphatase (LAR-PTP) were later targets of FGF signaling, with
FGFR1 activation more efficient than FGFR2 at modulating these targets. Behavior of autocrine cells was consistent with
a decrease of tumor-suppressive activities of both E-cadherin and LAR-PTP. These molecular analyses show that the
potential of these two growth factors in tumor progression is highly dependent on specific FGFR signaling and highlights
its importance as a target for antitumor therapy

INTRODUCTION

Activation of fibroblast growth factor (FGF)/fibroblast growth
factor receptor (FGFR) signaling is required to trigger various
signal transduction pathways leading to cell proliferation, mi-
gration, or survival in a variety of cell types (Powers et al., 2000;
Ornitz and Itoh, 2001). The multifunctional growth factors
FGF-1 and -2 and their receptors may play a role in autocrine
and paracrine growth control of malignant tumors; their over-
production or a constitutive activation of FGF signaling is often
associated with cancer (Yoshimura et al., 1998; Chandler et al.,
1999; Steele et al., 2001).

Tumor progression is correlated with changes of mole-
cules involved in the adherens junctions between neighbor-
ing cells. E-cadherin and �-catenin mediate specific intercel-
lular adhesion and form a complex that maintains epithelial
cell polarity and regulates organized epithelial attachment
(Nose et al., 1990; McCrea et al., 1991; Steinberg and McNutt,
1999; Gumbiner, 2000). These two molecules control a wide
array of cellular behavior and alterations in their expression
are correlated with a dedifferentiated and invasive cell phe-
notype and can promote oncogenicity (Nollet et al., 1999;
Goichberg et al., 2001). Specific mutations of �-catenin result
in oncogenic transformation (Aoki et al., 2002) and reexpres-
sion of E-cadherin in malignant cells has a tumor suppressor
effect (Vleminckx et al., 1991). Furthermore, the E-cadherin/

�-catenin complex is often linked to growth factor signaling
(Hoschuetzky et al., 1994; Gumbiner, 2000).

Activation of receptor tyrosine kinases (RTK), such as
FGFR, epidermal growth factor receptor (EGFR), or c-met,
induces phosphorylation of tyrosine residues on �-catenin
with loss of cadherin-mediated cell adhesion and liberation
of �-catenin from the membrane adhesion complex (Hazan
and Norton, 1998; Roura et al., 1999). �-catenin is also in-
volved in Wnt signaling that mediates many events in de-
velopment and may play a role in tumorigenesis (Wodarz
and Nusse, 1998; Behrens, 2000). Activation of the Wnt
pathway allows the translocation of free �-catenin from the
cytoplasm to the nucleus (Holnthoner et al., 2002), where it
can interact with members of the Lef/Tcf family of tran-
scription factors leading to the expression of target genes,
such as those encoding the urokinase plasminogen activator
receptor (uPAR) and c-myc (Hsu et al., 1998). Accumulation
of �-catenin in the nucleus may contribute to the develop-
ment and progression of carcinoma both by dedifferentia-
tion and through proteolytic activity (Mann et al., 1999;
Tetsu and McCormick, 1999).

Localized at the plasma membrane, uPAR governs the
uPA activation and links its natural inhibitors, plasminogen
activator inhibitors (PAI). A balance between these different
partners is crucial for the control of uPA activity, which is a
determining factor of the invasive process in tumor progres-
sion (Dano et al., 1999; Borgfeldt et al., 2001). In addition,
uPAR can act as a signaling molecule through interaction
with members of the integrin adhesion receptor superfamily
(Blasi and Carmeliet, 2002; Rao, 2003).

Tyrosine phosphorylation is one of the critical molecular
events regulating physiological and pathological processes.
In fact, many oncogenes are either protein tyrosine kinases
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(PTK), their ligands or their targets (Blume-Jensen and
Hunter, 2001; Gisselbrecht, 2003). Tyrosine phosphorylation
is also determined by protein tyrosine phosphatases (PTP),
which can counterbalance actions of PTKs and act as medi-
ators of cellular adhesion, leading to the hypothesis that
some PTP genes might constitute tumor suppressor genes
(Hunter, 1989; Beltran and Bixby, 2003). Supporting this
hypothesis it has been shown that the expression of PTP in
breast tumor cells induced delayed tumor growth and me-
tastasis (Ardini et al., 2000). A member of the transmem-
brane tyrosine phosphatase family LAR-PTP (leukocyte
common antigen-related protein-tyrosine phosphatase) is
associated with the E-cadherin/�-catenin complex (Kypta et
al., 1996). Current evidence supports a role for LAR-PTP in
cadherin complexes where it associates with and dephos-
phorylates �-catenin, a pathway that may be critical for
cadherin complex stability and cell-cell association (Beltran
and Bixby, 2003). In NBT-II carcinoma cells, it has been
demonstrated that upon EGF-induced cell dissociation,
�-catenin is rapidly dephosphorylated by LAR-PTP (Muller
et al., 1999). Increased or suppressed LAR-PTP expression is
associated with a strong modulation of the tyrosine phos-
phorylation of tyrosine kinase receptors and of downstream
signaling molecules such as fibroblast growth factor receptor
substrate 2 (FRS2) and insulin receptor substrate 1 (IRS1),
the docking proteins of FGFR and IGFR, respectively (Kulas
et al., 1996; Weng et al., 1998; Wang et al., 2000).

In this study, we describe a molecular pattern of genes
that are targets of FGF/FGFR signaling involved in the
invasive and tumorigenic properties of autocrine NBT-II
cells. Exogenously stimulated NBT-II cells with FGF-1 or -2
showed that uPAR is up-regulated as an early event through
AP-1 transcriptional control, and E-cadherin and LAR-PTP
are down-regulated as later events. The �-catenin, relocal-
ized both in the cytoplasm and in the nucleus after FGF
stimulation, whereas its expression level is clearly altered
after FGFR1 activation rather than through the FGFR2. All of
these results are consistent with cell dissociation and dem-
onstrated that uPAR, the E-cadherin/�-catenin complex and

LAR-PTP are targets of FGF signaling involved in the inva-
sive and oncogenic potential of the autocrine NBT-II carci-
noma model.

MATERIALS AND METHODS

Reagents
FGF-1 and -2 were gifts from Dr. Tom Maciag (Scarborough, ME) and Dr.
Hervé Prats (Toulouse, France), respectively. Heparin was purchased from

Figure 1. Production of E-cadherin, LAR-PTP, and �-catenin by
FGF producing NBT-II cells. Production of E-cadherin (a, �E-cad),
LAR-PTP (b, �LAR), �-catenin (c, ��-cat), and �-actin (d, ��-act)
were detected by Western blotting of total cell extracts. �-actin was
used as an internal loading control. For cell nomenclature, see
Materials and Methods. Parental cells: NBT-II; FGF-2–producing
NBT-II cells: bGF22 (nonautocrine) and cl1 (autocrine); FGF-1–pro-
ducing NBT-II cells: cl37 (nonautocrine) and NSF14 (autocrine)

Table 1. Characteristics of the primers used for RT-PCR and Real-Time PCR amplification

Tm (°C)
No. of
cycles Product length (bp) Oligonucleotide primers

ruPA 55 32 173 Sense 5�GCTATGTGCAAATTGGCCTA3�

Antisense 5�CTGGTTCTCAACGACAGTGA3�

ruPAR 65 32 253 Sense 5�GCCCTGGGCCAGGACCTCTG3�

Antisense 5�GAGAGGTGCAGGATGCACAC3�

rPAI-1 55 35 276 Sense 5�CGGCACTGGTAAATCTTTCC3�

Antisense 5�GGGTCATCCTTCATAGCAAT3�

rc-fos 62 32 760 Sense 5�TTGATGACTTCTTGTTTCCG3�

Antisense 5�ACAATCCGAAAAATATCCAG3�

rc-jun 58 35 278 Sense 5�TTCCATCGCAGCCCCAGCAG3�

Antisense 5�GGTTTTCACTTTTTCCTCCTA3�

rLAR-PTP 54 35 214 Sense 5�GCATGTCTACTGGAAGCT3�

187 Antisense 5�AGTAACGGAGTAGGTGGTCT3�

r18S 55 18 139 Sense 5�GGGGAATCAGGGTTCGATT3�

Antisense 5�GCCTCGAAAGAGTCCTGTA3�

rLAR-PTP (wt) 58 40 137 Sense 5�CAGAGGAGTCCGAGGACTAT3�

Antisense 5�TGCCCCTGTGGTAGTAAC3�

rLAR-PTP (exon 13 deleted) 58 40 156 Sense 5�GCATGTCTACTGGAAGCT3�

Antisense 5�CTTTGGTGATAGTCGCC3�

HPRT 58 40 74 Sense 5�GACACTGGAAAACAATGCAG3�

Antisense 5�GGGTCCTTTTCACCAGCAAG3�

r, rat; wt, wild-type.
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Choay. Monoclonal anti-E-cadherin, anti-�-catenin, anti-LAR-PTP and poly-
clonal antiphosphotyrosine antibodies were purchased from Transduction
Laboratories (Interchim, France). Monoclonal antibodies against �-actin and
protein G-Sepharose were purchased from Sigma (La Verpilliére, France).
Protease and phosphatase inhibitor cocktails were purchased from Sigma and
Calbiochem (La Jolla, CA), respectively. Polyclonal anti-FRS2 antibodies and
protein A-Sepharose beads were purchased from Santa-Cruz Biotechnology
(Santa Cruz, CA) and Amersham Biosciences (Orsay, France), respectively.
For ECL detection, peroxidase-coupled secondary antibodies were purchased
from Amersham. For immunofluorescence staining, Alexas 488– or Alexas
594–conjugated goat anti-mouse IgG, provided by Molecular Probes (Invitro-
gen, Cergy-Pontoise, France), were used as secondary antibodies.

Cell Lines and Culture
The NBT-II cells were derived from a chemically induced rat bladder carci-
noma (Toyoshima et al., 1971). These cells do not produce endogenous FGF-1
or -2, but possess the FGFR-2b high-affinity FGF-1 receptor on their surface;
this receptor cannot be activated by FGF2. NBT-II cells engineered to produce
FGF-1 are the NSF14 cells (autocrine cells), NBT-II cells engineered to produce
FGF-2 are the bGF22 cells (nonautocrine cells), NBT-II-FGFR1 are NBT-II cells
that now express the high affinity FGFR1 receptor that can be triggered by
exogenous FGF-1 and -2, and NBT-II-FGFR1 cells producing FGF-2 are the cl1
cells (autocrine cells). NBT-II cells with nonfunctional FGFR receptors were
generated by stable transfection of NBT-II cells with a dominant-negative
form of FGFR1 (�N-FGFR1), and these cells producing FGF-1 are cl37 cells
(nonautocrine cells). All of these cell lines have been reported previously
(Jouanneau et al., 1991; Jouanneau et al., 1997; Billottet et al., 2002). They were
cultured in DMEM supplemented with 10% fetal bovine serum, 2 mM glu-
tamine, 100 U/ml penicillin, and 100 �g/ml streptomycin (complete me-
dium).

For time-course of FGF-stimulation, 1 � 106 cells were seeded in the
presence of FGF-1 or -2 (20 ng/ml) together with 50 �g/ml heparin in
complete medium.

E-cadherin and �-catenin Indirect Immunofluorescence
Staining
Cells, 2 � 104, were seeded on a glass coverslip and grown to subconfluence.
Cells were fixed in 4% paraformaldehyde in PBS (phosphate-buffered saline:
136 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4),
permeabilized with 0.1% Triton X-100 and blocked in 5% fetal bovine serum.
Cells were then incubated with mouse monoclonal anti-E-cadherin antibody
(1:25) or anti-�-catenin (1:50) before staining with Alexas 594– or Alexa
488–conjugated goat anti-mouse IgG, respectively. The percentage of cells
with nuclear �-catenin was estimated by counting the labeled nuclear �-cate-
nin on two frames of each section (by 2 independent individuals).

Western Blot and Immunoprecipitation Analysis
Subconfluent cells were washed with ice-cold PBS, scraped off into RIPA
buffer (1% NP40, 0.5% sodium deoxycholate, and 0.1% SDS, pH 7.4) supple-
mented with protease and phosphatase inhibitor cocktails. Cell lysates were
centrifuged at 10,000 � g for 15 min and the supernatants were collected.
Lysate samples containing 100 �g of protein were resuspended in electro-
phoresis sample buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, and
0.1% bromophenol blue, 1% �-mercaptoethanol), boiled, and finally subjected
to electrophoresis in a 10% polyacrylamide gel. Proteins were electroblotted
onto a polyvinylidene difluoride membrane (Immobilon, Millipore, Mol-
sheim, France). Membranes were incubated with 5% nonfat milk in Tris-
buffered saline supplemented with 0.1% Tween-20 (TBST) and then incubated
with the appropriate antibody.

For �-catenin immunoprecipitation, cells were plated at a density of 1 � 106

cells per 75 cm2 the day before. When indicated, cells were pretreated before
lysis with sodium orthovanadate (1 mM) for 90 min. Cells were lysed in
ice-cold lysis buffer (1% Triton X-100, 20 mM Tris-HCl, pH 7.4, 150 mM NaCl,
1 mM EGTA, 1 mM EDTA, 2.5 mM pyrophosphate, and 1 mM �-glycero-
phosphate) supplemented with protease and phosphatase inhibitor cocktails.
Insoluble material was removed by centrifugation at 12,500 � g for 10 min.
One milligram of precleared cell lysate was incubated with 1.25 �g/ml
�-catenin antibody and protein G-Sepharose overnight at 4°C. For FRS2
immunoprecipitation, subconfluent cells were lysed in RIPA buffer supple-
mented with protease and phosphatase inhibitor cocktails. Insoluble material
was removed by centrifugation at 12,500 � g for 10 min. One milligram of
precleared cell lysates was incubated with 1 �g/ml FRS2 antibody and
protein A-Sepharose for 2 h at 4°C.

For both immunoprecipitations, the immunocomplexes were then washed
three times in the lysis buffer and twice in PBS. The samples were boiled in 2�
sample buffer, subjected to electrophoresis and transferred. After blocking,
membranes were incubated with the appropriate antibodies in their respec-
tive blocking buffer. Before reprobing, membranes were stripped by incuba-
tion for 45 min in 62.5 mM Tris-HCl, pH 6.8, 2% SDS and 100 mM �-mercap-
thoethanol at 65°C. For all blots, proteins were detected through

Figure 2. E-cadherin and �-catenin localization and �-catenin im-
munoprecipitation of FGF-producing NBT-II cells. (A) �-catenin
immunostaining (green) was performed on NBT-II (a), NSF14 (b),
cl37 (c), and cl1 (d) cells. Nuclei were stained with DAPI (blue) in
zoomed (inserted) �-catenin sections. Sections were observed at
630� magnification under a Leica SP2 confocal microscope (Rueil-
Malmaison, France) and acquired with the LSM 5 Image browser
software. Z sections were taken in a plane through the nucleus. (B)
E-cadherin immunostaining (red) was performed on NBT-II (a),
NSF14 (b), cl37 (c), and cl1 (d) cells. Sections were observed at 400�
magnification under a Leica SP2 confocal microscope and acquired
with the LSM 5 Image browser software. (C) Lysates of control (�)
or sodium orthovanadate (Na3VO4)-treated (�) cells, containing an
equivalent amount of protein (1 mg), were subjected to immuno-
precipitation with a monoclonal anti-�-catenin antibody. Proteins
were resolved by SDS-PAGE and probed with the following anti-
bodies: polyclonal antiphosphotyrosine coupled to HRP (a, �P-Tyr),
monoclonal anti-�-catenin (b, ��-cat), monoclonal anti-E-cadherin
(c, �E-cad) and monoclonal anti-�-catenin (d, ��-cat). For cell no-
menclature, see Materials and Methods.
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chemiluminescence detection of the peroxydase coupled secondary antibod-
ies with ECL reagent (Amersham).

RT-PCR Amplifications
Total RNA was isolated from cell lines by the RNA PLUS extraction kit
(Qbiogene, Illkirch, France). One microgram of total RNA was reverse-tran-
scribed into cDNA using the RNA PCR kit (AMV-RT, Takara Biomedicals,
Tokyo, Japan). The resulting cDNAs were amplified using specific primers for
the genes of interest (see Table 1) together with primers for the cDNA of the
18S rRNA subunit.

Real-Time PCR Amplifications
The cDNA were the same as those used for RT-PCR amplifications. We
applied the real-time PCR method using the SYBR Green PCR Master Mix as
recommanded by the manufacturer (PE Applied Biosystems, Foster City, CA).
The relative expression was converted in quantity (pg), and HPRT (hypoxan-
thine guanine phosphoribosyl transferase) was used as an internal control.
Two isoforms of LAR-PTP were expressed in the NBT-II cell system: wild-
type LAR-PTP and exon 13–deleted LAR-PTP. The total LAR-PTP quantity
was relative to the amount of these two isoforms amplified by two distinct
primer sets (see Table 1). The LAR-PTP quantity was estimated by the ratio:
the quantity of total LAR-PTP divided by the quantity of HPRT with SE of the
mean. The results are representative of three independent experiments.

RESULTS

The E-cadherin/�-catenin Complex Localizes in the
Cytoplasm of NBT-II Cells that Are Autocrine for FGF-1
or -2
The biological status of the E-cadherin/�-catenin complex
was assessed in the NBT-II cell lines producing FGF-1 or -2
in an autocrine or nonautocrine manner. We have previ-
ously reported the production and characteristics of these
cells (Billottet et al., 2002; see Materials and Methods). NBT-II

Figure 3. uPAR, c-fos, and c-jun expression upon a time-course of
FGF stimulation. RT-PCR for uPAR, c-fos, c-jun, and 18S using RNA
of NBT-II and NBT-II-FGFR1 cells, respectively, exogenously stim-
ulated by FGF-1 (top panel) or FGF-2 (bottom panel). RNA 18 S was
used as an internal control. For cell nomenclature, see Materials and
Methods.

Figure 4. Expression of LAR-PTP by real time RT-PCR. (A) Real
time RT-PCR for LAR-PTP using RNA of parental cells (NBT-II),
nonautocrine cells (bGF22 and cl37), and autocrine cells (cl1 and
NSF14). (B) Time course of real-time RT-PCR for LAR-PTP using
RNA of NBT-II cells stimulated by FGF-1. (C) Time course of
real-time RT-PCR for LAR-PTP using RNA of NBT-II-FGFR1 cells
stimulated by FGF-2. HPRT was used as an internal control and the
quantity of LAR-PTP (arbitrary unit) is expressed as a ratio: the
quantity of total LAR-PTP divided by the quantity of HPRT, �SE of
the mean. The results were representative of three independent
experiments. For cell nomenclature, see Materials and Methods.
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cells that are autocrine for FGF-1 or -2 possess a transmem-
brane receptor (FGFR) and produce and secrete the growth
factor, whereas the nonautocrine cells produce and secrete
the growth factor but have no functional FGFR. The pres-
ence of and interaction between E-cadherin and �-catenin
were investigated by semiquantitative RT-PCR, Western
blotting, immunostaining, and immunoprecipitation. RT-
PCR analyses showed that E-cadherin and �-catenin were
produced in all cell types, with low levels of E-cadherin
expression in cells that are autocrine for FGF-1 or -2 (unpub-
lished data). As evidenced by Western blotting (Figure 1a),
NBT-II cells that are nonautocrine for FGF-1 or -2 and pa-
rental NBT-II cells expressed similar amounts of E-cadherin,
whereas in cells that are autocrine for FGF-1 and -2 the
amounts of E-cadherin were lower. Interestingly, the level of
�-catenin protein remained the same in all the cells (Figure
1c). Subcellular localization of these molecules was per-
formed using immunofluorescence for E-cadherin and
�-catenin. Cells that are nonautocrine for FGF-1 or -2, like
parental NBT-II cells, expressed E-cadherin and �-catenin in
a uniform pattern along the cell membrane (Figure 2A, a and
c, and B, a and c). Conversely, cells that are autocrine for
FGF-1 and -2 were dissociated, with predominantly inter-
nalized E-cadherin and with �-catenin localized mostly in
the cytoplasm around the nucleus and also within the nu-
cleus (Figure 2A, b and d and B, b and d). Immunofluores-
cence for E-cadherin in autocrine cells was weak and con-
sistent with the Western blots, showing a down-regulation
of E-cadherin expression (Figures 1a and 2B, b and d).

Cell extracts were subjected to immunoprecipitation using
�-catenin antibodies. Western blotting of these immunopre-
cipitates revealed that E-cadherin could also be detected in
the �-catenin immunoprecipitates, demonstrating the inter-
action between E-cadherin and �-catenin, both at the cell
membrane and in the cytoplasm (Figure 2C, b and c).

Altogether, these results indicate that parental cells and
cells that are nonautocrine for FGF-1 or -2 have a cohesive
epithelial phenotype with E-cadherin/�-catenin complexes
at the cell membrane. Conversely, cells that are autocrine for
FGF-1 or -2, and thereby constitutively activated, have a
mesenchymal phenotype associated with a low level of
E-cadherin, a pool of E-cadherin/�-catenin complexes within
the cytoplasm, and a pool of free �-catenin in the nucleus.

�-catenin and �-catenin Are Tyrosine Phosphorylated in
Autocrine Mesenchymal NBT-II Cells
Although �-catenin is localized both in the cytoplasm and
nucleus of NBT-II cells that are autocrine for FGF-1 or -2, its
level of expression remains unchanged. Therefore, we deter-
mined whether tyrosine phosphorylated �-catenin is present in
the mesenchymal and invasive autocrine NBT-II cells. Analy-
ses of the tyrosine phosphorylation of immunoprecipitated
�-catenin clearly showed that more �-catenin was phosphory-
lated in autocrine cells than in parental and nonautocrine cells
(Figure 2C, a and b). In all NBT-II–derived cells, the reactivity
of �-catenin with the antiphosphotyrosine antibody increased
after pretreatment of cells with sodium-orthovanadate, an in-
hibitor of PTPs. However, immunoprecipitation results ob-
tained with untreated cells show that �-catenin was less ty-
rosine phosphorylated in parental cell, suggesting that
phosphatase activity is greater in these cells. Furthermore,
�-catenin (plakoglobin) that links the tail of E-cadherin to the
underlying actin cytoskeleton at cell-cell junctions was phos-
phorylated in all cells and after the tyrosine phosphorylation of
�-catenin (Figure 2C, a and d).

uPAR Is an Early Target Gene of FGF/FGFR Signaling
NBT-II carcinoma cells autocrine for FGF-1 or -2 overpro-
duce uPAR. To investigate the impact of FGF-1 and -2 sig-
naling on uPAR gene expression, NBT-II cells and NBT-II-
FGFR1 cells were exogenously stimulated by FGF-1 or -2,
respectively. In both situations, a time course of stimulation
from 0 min to 48 h was performed. The expression of uPAR
was assessed by semiquantitative RT-PCR using 18 S RNA
as an internal control. From 30 min after stimulation, uPAR
expression was increased. This positive modulation is cor-
related with the increased expression of the transcriptional
factors c-fos and c-jun (Figure 3). These results are consistent
with the fact that the uPAR promoter possesses AP-1 re-
sponsive elements (Dang et al., 1999) and suggests that
uPAR is an early target of the FGF-1 and -2 signaling.

Autocrine Carcinoma Cells Have Enhanced Tumor-
associated Properties Correlated with a Decrease of LAR-
PTP Tumor-suppressive Activities
We have previously reported that cells that are autocrine for
FGF-1 or -2 induced large tumors in nude mice within 2–3 wk,
whereas nonautocrine cells induced tumors with a delay sim-
ilar to those induced by control NBT-II cells (6–7 wk after
injection; Billottet et al., 2002). To understand the impact of
autocrine FGF/FGFR signaling in this process, we searched for
molecular mediators of the tumorigenic behavior.

Using the NBT-II cell system, Muller et al. (1999) have
reported that the tyrosine phosphatase LAR-PTP can mod-
ulate the tyrosine phosphorylation of �-catenin . As reported
above we have shown that �-catenin tyrosine phosphoryla-

Figure 5. Production of FRS2 in FGF-producing NBT-II cells. (A)
Western blotting was performed with total cell extracts of NBT-II,
NBT-II-FGFR1, and FGF-producing NBT-II cells with the same
amount of protein (100 �g) and the membrane was probed with the
following antibodies: polyclonal anti-FRS2 (a, �FRS2), monoclonal
antiphosphotyrosine antibody coupled to HRP (b, �P-Tyr), and
monoclonal anti-�-actin (c, ��-act). (B) Lysates of control NBT-II-
FGFR1 and NBT-II cells that are autocrine for FGF-2 containing an
equivalent amount of protein (500 �g), were subjected to immuno-
precipitation with a polyclonal anti-FRS2 antibody. Proteins were
resolved by SDS-PAGE and probed with the following antibodies:
polyclonal anti-FRS2 (a, �-FRS2) and monoclonal anti-LAR-PTP (b,
�LAR). For cell nomenclature, see Materials and Methods.
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tion depends on FGF signaling; we therefore investigated
whether LAR-PTP, like E-cadherin and �-catenin, might be a
target of the FGF/FGFR signaling. We first studied the
expression and production level of LAR-PTP by real-time
RT-PCR (Figure 4A) and by Western blotting (Figure 1b).
The results demonstrated that NBT-II parental cells and
nonautocrine cells expressed and produced similar amounts
of LAR-PTP, whereas this level is greatly reduced in cells
that are autocrine for FGF-1 or -2.

The decrease of E-cadherin, a molecule known as a tumor
suppressor, is correlated with an increase in the invasive and
tumorigenic potential of autocrine NBT-II cells. In addition,
the partial loss of LAR-PTP expression in autocrine NBT-II
cells could result in a reduction in the phosphatase activity
in these cells. Thus, we hypothesized that in autocrine car-
cinoma cells, the LAR-PTP protein level and subsequent
activity is not sufficient enough to counterbalance the kinase
activity resulting from the FGFR signaling. On the basis of
this hypothesis, we looked at the status of FRS2, a substrate
of LAR-PTP involved in the FGFR signaling (Wang et al.,
2000). The level of FRS2 expression by parental cells and
FGF producing NBT-II cells was similar (Figure 5Aa), indi-
cating that the FGFR level neither affects nor modulates the
FRS2 expression; however, FRS2 was strongly tyrosine phos-
phorylated in cells that are autocrine for FGF-2 (Figure 5Ab).
Interestingly, FRS2 was found to interact with LAR-PTP in
parental cells (Figure 5Bb). These results suggest that LAR-
PTP is active in parental NBT-II cells. Therefore, in cells that
are autocrine for FGF-2, the down-regulation of LAR-PTP
could result in an increase of tyrosine phosphorylated FRS2.

E-cadherin and LAR-PTP Are Late Targets of FGF/FGFR
Signaling
From the data described above, it appears that E-cadherin and
LAR-PTP could be either direct or indirect targets of FGF/
FGFR signaling. Time lapse videomicroscopy experiments per-
formed �20 h on NBT-II and NBT-II-FGFR1 cells show that
from 6 h of FGF treatment, cells loose their epithelial pheno-
type and undergo an epithelial-mesenchymal transition (EMT;
unpublished data). These morphological changes are corre-
lated with a decrease of LAR-PTP after more than 6 h of
exogenous stimulation of carcinoma cells by FGF-1 or -2 (Fig-
ure 4, B and C). As evidenced from Western blotting of cell
protein extracts, the amount of E-cadherin and LAR-PTP pro-
tein was inversely correlated with FGF incubation time, be-
tween 6 and 24 h of stimulation (Figure 6A). After 48 h of FGF
stimulation, cells had a mesenchymal phenotype (Figure 7, b
and d), correlated with a relocalization of E-cadherin and
�-catenin from the cell membrane to the cytoplasm around the
nucleus and the presence of �-catenin in the nucleus (Figure 7,
f, h, j, and l). Immunostaining for E-cadherin in cells stimulated
for 48 h was weak, consistent with Western blotting and
showed a down-regulation of E-cadherin level between 6 and
24 h of stimulation (Figure 6A). Furthermore, the impact of
FGF-2 stimulation on the FGFR1 (Figure 6Bb) seemed more
potent than that of FGF-1 on FGFR2b (Figure 6Ba). E-cadherin
and LAR-PTP had almost disappeared and �-catenin was sig-
nificantly reduced 48 h after FGF-2 stimulation, whereas the
�-catenin level remained high throughout the stimulation pe-
riod of NBT-II cells with FGF-1. Immunostaining for �-catenin
in cells stimulated for 48 h by FGF-1 revealed a high percentage
of cells with �-catenin in the nucleus (63 cells with nuclear

Figure 6. E-cadherin, LAR-PTP, and
�-catenin production upon a time course
of FGF stimulation. (A) E-cadherin (�E-
cad), LAR-PTP (�LAR), �-catenin (��-cat),
and �-actin (��-act) were detected by
Western blotting of total cell extracts of
NBT-II cells exogenously stimulated by
FGF-1 (left panel) and total cell extracts of
NBT-II-FGFR1 cells exogenously stimu-
lated by FGF-2 (right panel). �-actin was
used as an internal loading control. (B)
Analyses of Western blots of NBT-II cells
stimulated by FGF-1 (a) and NBT-II-
FGFR1 cells stimulated by FGF-2 (b) using
NIH image 1.63 software. The pixel den-
sity of each protein was measured and
divided by the pixel density of �-actin for
each time point. For cell nomenclature, see
Materials and Methods.
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�-catenin/151 total cells � 42%) compared with cells stimu-
lated for 48 h by FGF-2 (16 cells with nuclear �-catenin/160
total cells � 10%). These results indicate that FGF-1 stimulation
through the FGFR2 induces enhanced translocation of �-cate-
nin into the nucleus and preserves its stability, whereas FGF-2
stimulation through the FGFR1 results in the partial loss of
�-catenin. To confirm that activation of the FGFR1 is more
effective in the down-regulation of the described targets than
FGFR2 activation, control NBT-II cells and NBT-II cells that
express both the FGFR2b and the FGFR1 receptors, were stim-
ulated with either FGF-1 or -2 for 1 wk. The cells developed a
mesenchymal phenotype (Figure 8A) and Western blot analy-
sis on the stimulated cell extracts revealed that FGFR1 activa-
tion, through FGF-1 or -2, was more efficient than FGFR2b
activation through FGF-1 in reducing E-cadherin, LAR-PTP,
and �-catenin levels (Figure 8B).

DISCUSSION

Oncogenic transformation may be associated with signaling
pathways induced by growth factors and their tyrosine ki-
nase receptors (Blume-Jensen and Hunter, 2001). It has been
reported that FGF-1 and -2 are expressed in some human
cancers and that autocrine loops for these factors could be
linked to aggressive clinical behavior (Yoshimura et al., 1998;
Chandler et al., 1999; Powers et al., 2000; Steele et al., 2001).
These findings are consistent with constitutive FGF-1 and -2
production directly affecting cell motility, invasiveness, tu-
morigenicity, and tumor angiogenesis. Furthermore, we
suggest that the results obtained do not depend on clonal
variation arising after transfection because concordant re-

sults were obtained with activated autocrine cells and exo-
geneously stimulated parental cells.

In this study we show that autocrine or paracrine FGF-1
and -2 signaling can influence the invasiveness and tumor-
igenic potential of carcinoma cells by mechanisms involving
more than just changes in cellular adhesion through E-cad-
herin/�-catenin. A cascade of signaling events also results in
the modulation of proteolytic systems and tumor suppres-
sive molecules. (see Figure 9)

uPAR Is an Early Target of FGF/FGFR Signaling
We have previously concluded that NBT-II carcinoma cells
that are autocrine for FGF-1 or -2 display similar high inva-
sive behavior and proteolytic activities, including up-regu-
lation in these cells of metalloproteases (MMP-9 and MMP-
2), urokinase (uPA) and uPAR, the cell receptor required for
activation of the urokinase. (Billottet et al., 2002). Further-
more, in this report, we demonstrate that uPAR is up-regu-
lated upon FGF stimulation of the parental cells and is an
early target gene of the FGF/FGFR signaling, most likely
through the transcriptional control of c-fos and c-jun, which
are concomitantly expressed. This is consistent with the fact
that the 5�-flanking region of the uPAR gene promoter con-
tains several putative cis-regulatory elements including two
AP-1 responsive elements (Dang et al., 1999).

E-cadherin Is a Late Target of FGF/FGFR Signaling
We have demonstrated that E-cadherin is a late target of the
FGF/FGFR signaling. Several years ago, it was shown that
reexpression of E-cadherin in malignant cells has a tumor
suppressive effect (Vleminckx et al., 1991) and that this tu-

Figure 7. Cell morphology and E-cadherin
and �-catenin localization in cells stimu-
lated by FGF for 48 h. Parental NBT-II and
NBT-II-FGFR1 cells were cultured for 48 h
in complete medium (a and c, respectively)
or in complete medium supplemented with
FGF-1 for NBT-II cells (b) and FGF-2 for
NBT-II-FGFR1 cells (d). Photographs were
taken with an inverted microscope at 100�
magnification. �-catenin immunostaining
(green) and E-cadherin immunostaining
(red) were performed on control parental
NBT-II cells (e and i) and NBT-II-FGFR1
cells (g and k) in complete medium or stim-
ulated by FGF-1 (f and j) and FGF-2 (h and
l), respectively, for 48 h. Nuclei were stained
with DAPI (blue) in zoomed (inserted)
�-catenin sections. Sections were observed
at 400� magnification under a Leica SP2
confocal microscope and acquired with the
LSM 5 Image browser software. Z sections
were taken in a plane through the nucleus.
For cell nomenclature, see Materials and
Methods.
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mor suppressor molecule, which is associated with �-cate-
nin can be linked to growth factor signaling such as EGFR
signaling (Hoschuetzky et al., 1994). Interaction of E-cad-
herin with the actin cytoskeleton through �-, �-, and
�-catenins is necessary for the adhesive function of E-cad-
herin (Gumbiner, 2000) and the E-cadherin/�-catenin com-
plex plays an important role in tumor development (Nollet
et al., 1999; Behrens, 2000). We therefore checked the status
of E-cadherin and �-catenin in nonactivated cells and both
constitutively or exogenously activated cells. Our results
demonstrate that autocrine cells have a reduced steady state
level of E-cadherin expression and that E-cadherin and
�-catenin are found colocalized in the cytoplasm around the
nucleus. E-cadherin and �-catenin have almost disappeared

from the cell surface of activated cells but can persist at some
cell-cell contacts in densely plated cells. The presence of
�-catenin in the nucleus of NBT-II cells that are autocrine for
FGF-1 or -2 is weak but could be responsible for the activa-
tion of target genes such as c-myc, cyclin D1, uPAR, or
matrilysin (Hsu et al., 1998). Presence of �-catenin in the
nucleus of NBT-II cells that are autocrine for FGF-1 or -2
could result in the nuclear translocation of �-catenin from
the tyrosine-phosphorylated �-catenin pool. Unexpectedly,
in parental and nonautocrine cells �-catenin is also found to
be tyrosine phosphorylated. This could reflect a basal and
permanent cytoplasmic pool of phosphorylated �-catenin
proteins, not linked to the tail of the transmembrane
E-cadherin; although as cells were only cultured for 24 h and
did not have a complete cohesive phenotype. In this model,
cell density is a strong and important modulator of E-cad-
herin and �-catenin status. In autocrine cells, high cell den-
sity favors partial localization of E-cadherin and �-catenin to
the cell membrane, whereas low cell density is associated
with a cytoplasmic E-cadherin/�-catenin complex and free
�-catenin both in the cytoplasm around the nucleus and in
the nucleus (unpublished data).

On the basis of these results, we can conclude that the
mesenchymal and invasive phenotype of NBT-II cells that
are autocrine for FGF-1 or -2 is correlated with the modula-
tion of the cell adhesion molecules E-cadherin and �-catenin
with a loss of adherent E-cadherin.

LAR-PTP Is a Late Target of FGF/FGFR Signaling
The tyrosine phosphorylation status of �-catenin might be a
critical molecular event that regulates cellular adhesion of
epithelial cells. It has been shown that tyrosine phosphory-
lation of �-catenin is correlated with a reduction in cellular
adhesion and its liberation from the cadherin adhesion com-
plex to the cytoplasm and/or nucleus (Roura et al., 1999).
The data presented in this article demonstrates that FGF-1 or
-2 treatment reduces cell-cell adhesion and promotes cell
scattering in the NBTII carcinoma system associated with
tyrosine phosphorylation of several signaling molecules.
The presence of tyrosine phosphorylated �-catenin and
�-catenin in autocrine cells could be correlated with the
dissociation of the E-cadherin-catenin complexes and thus
with their increased invasive and tumorigenic behavior.

LAR-PTP is thought to be a putative tumor suppressor
gene that plays an important role in cellular adhesion (Kypta
et al., 1996; Beltran and Bixby, 2003). LAR-PTP may dephos-
phorylate �-catenin, thereby favoring its interaction with
E-cadherin and the maintenance of adherens junctions at the
plasma membrane (Muller et al., 1999). LAR-PTP is also
implicated in the regulation of FGF/FGFR signaling as it
interacts with and dephosphorylates FRS2, a FGFR docking
protein, resulting in the blockade of downstream signaling
via pathways such as the MAPKs and PI3K pathways (Wang
et al., 2000).

We have demonstrated that autocrine cells produce a
lower level of LAR-PTP protein than parental and nonauto-
crine cells and that in parental cells LAR-PTP interacts with
FRS2. By direct interaction with intracellular signaling mol-
ecules such as �-catenin and FRS2, it is possible that LAR-
PTP regulates their degree of tyrosine phosphorylation. A
low level of LAR-PTP protein could explain the level of
tyrosine-phosphorylated �-catenin and FRS2 in autocrine
cells. Modulation of LAR-PTP activity in these cells and the
possible redistribution of this protein into the cytoplasm
may well be a response to FGF/FGFR signaling.

Exogenous FGF stimulation of parental cells results in a
time-dependent down-regulation of both LAR-PTP and

Figure 8. Cell morphology and E-cadherin, LAR-PTP and �-cate-
nin production upon 1 wk of FGF stimulation. (A) NBT-II cells and
NBT-II-FGFR1 cells were cultured for 1 wk in complete medium (a
and b, respectively), complete medium supplemented with FGF-1 (c
and d, respectively), or complete medium supplemented with
FGF-2 (e and f, respectively). Photographs were taken with an
inverted microscope at 100� magnification. (B) E-cadherin (a, �E-
cad), LAR-PTP (b, �LAR), �-catenin (c, ��-cat), and �-actin (d,
��-act) were detected by Western blotting of control parental cell
extracts and cells stimulated by FGF-1 or -2 for 1 wk. �-actin was
used as an internal loading control. For cell nomenclature, see
Materials and Methods.
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E-cadherin. Furthermore, immunostaining for E-cadherin
and �-catenin revealed that these two proteins are redis-
tributed from the plasma membrane to the cytoplasm
where they can still interact (Piedra et al., 2001) and that
�-catenin is localized in the nucleus. Altogether, these
results show that the E-cadherin/�-catenin complex and
LAR-PTP are late targets of FGF/FGFR signaling.

Our results show that at the cellular level there is nothing
distinguishing between FGFR2 and FGFR1 activation; however,
at the molecular level, FGF signaling through FGFR1 is more
efficient at down-regulating E-cadherin, LAR-PTP, and �-catenin.
Nevertheless, we cannot exclude the possibility that our results
could, at least in part, be dependent on the expression level of the
transfected FGFR1 receptor compared with the endogenous
FGFR2 density. Endogenous FGFR2 is expressed at 5000 recep-
tors/NBT-II cell (Valles et al., 1990), whereas transfected cells
expressed 60,000 FGFR1 receptors/cell (Savagner et al., 1994). The
ratio in favor of the FGFR1, which could be activated by both
FGF-1 and -2, may favor the FGFR1 signaling cascade; although
this seems unlikely, because FGF-1 stimulation through FGFR2b
is more efficient than FGFR1 signaling in targeting �-catenin to the
nucleus. In BaF3 lymphoid and L6 myoblast cells it has been
shown that signaling and biological responses elicited by different

FGFRs differ substantially (Wang et al., 1994). Freeman and col-
laborators have demonstrated that FGFR1 and FGFR2 activation
affect the development of prostate cancer differently, showing that
equivalent activation of FGFR1 and FGFR2 leads to quantitative
differences in activation of downstream targets such as phosphor-
ylation of Erk and expression of tumor-associated osteopontin
(Freeman et al., 2003).

In the NBT-II carcinoma model, FGF-1 and -2 signaling,
through the FGFR1 and the FGFR2, induce a series of cellu-
lar and molecular changes associated with the EMT, which
affect the organization of several complexes involving
uPAR, E-cadherin, �-catenin, FGFR, and LAR-PTP. These
results highlight the importance of FGF/FGFR signaling as a
target for antitumor therapy.
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