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Abstract

The urokinase receptor (uPAR) stimulates cell proliferation by forming a macromolecular complex with avf3 integrin and
the epidermal growth factor receptor (EGFR, ErbB1 or HER1) that we name the uPAR proliferasome. uPAR transactivates
EGFR, which in turn mediates uPAR-initiated mitogenic signal to the cell. EGFR activation and EGFR-dependent cell
growth are blocked in the absence of uPAR expression or when uPAR activity is inhibited by antibodies against either uPAR
or EGFR. The mitogenic sequence of uPAR corresponds to the D2A motif present in domain 2. NMR analysis revealed
that D2A synthetic peptide has a particular three-dimensional structure, which is atypical for short peptides. D2A peptide
is as effective as EGF in promoting EGFR phosphorylation and cell proliferation that were inhibited by AG1478, a specific
inhibitor of the tyrosine kinase activity of EGFR. Both D2A and EGF failed to induce proliferation of NR6-EGFR-K721A
cells expressing a kinase-defective mutant of EGFR. Moreover, D2A peptide and EGF phosphorylate ERK demonstrating
the involvement of the MAP kinase signalling pathway. Altogether, this study reveals the importance of sequence D2A of
uPAR, and the interdependence of uPAR and EGFR.
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of other membrane receptors, which transmit uPAR-initiated
signal to the cell [1-6]. Most important lateral partners of
uPAR include G protein-coupled receptors (GPCRs), recep-
tor tyrosine kinases (RTKSs) or integrins [4]. However, uPAR
is also capable of activating integrins distally through bidi-
rectional signalling mediated by moesin [7]. This wide array
of partners explains the physiological and physiopathologi-
cal functions of uPAR in cell migration, adhesion and pro-
liferation [8-10].

Interactions of uPAR with external soluble molecules and
lateral partners are facilitated by its tridimensional structure
[11-14]. uPA, the main ligand of uPAR, binds into the cen-
tral pocket constituted by its three homologous domains,
while other ligands bind on the back of the receptor where
specific sites of interactions have been identified in particu-
lar in domains 2 and 3 [15-19].

uPA has been shown to stimulate cell proliferation
[20-23]. These effects may be achieved via the activation
and/or release of growth factors such as transforming growth
factor-p and hepatocyte growth factor [24, 25]. Since integ-
rins regulate cell proliferation and are partners of RTKs and
uPAR [26, 27], the interaction of uPA with integrins may
also be involved [8, 28, 29]. Better yet, uPA (or its catalyti-
cally inactive amino terminal fragment, ATF) can directly
promote cell proliferation through binding to uPAR promot-
ing the association of the latter with RTKs such as the EGF
receptor (EGFR, ErbB1 or HER1) or the PDGF receptor-f3
[18-21, 23, 30-32]. Factor XII, another ligand of uPAR
also promotes cell growth [19, 33, 34]. uPAR expression is
upregulated by EGF and other mitogens [35, 36]. Moreover,
uPAR ™~ cells grow slower than wild-type cells underlining
the importance of uPAR in the proliferative response [35,
37, 38]. However, to date, the role of uPAR in the regulation
of cell proliferation is far from being completely known.
Understanding the growth-promoting function of uPAR is
also important because in the general view of cancer devel-
opment, tumour growth precedes invasion and metastasis.

In this study, we report that uPAR stimulates cell prolif-
eration through lateral interactions with integrins and EGFR
(ErbB1 or HER1), forming a macromolecular complex that
we called the uPAR proliferasome. EGFR is inactive in the
absence of uPAR or when uPAR activity is inhibited. The
first identified mitogenic sequence of uPAR corresponds to
the D2A motif present in its domain 2 that we previously
discovered for its functions in the regulation of cell migra-
tion [15]. NMR analysis showed that the derived D2A syn-
thetic peptide has a specific three-dimensional (3D) struc-
ture. Lastly, D2A peptide transactivates EGFR and is as
potent as EGF in stimulating cell growth.
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Materials and methods
Materials

HT-1080 (a human fibrosarcoma cell line), HEK-293 and
HEK-293-uPAR (transformed human kidney cell lines),
NR6-EGFRwt and NR6-EGFR-K721A (derived from
murine 3T3 cells) cells were cultured in DMEM plus 10%
FCS. Medium of NR6-EGFRwt and NR6-EGFR-K721A
cells was supplemented with 2 pg/ml puromycin. HT-29 (a
human colorectal adenocarcinoma cell line) was cultured
in McCoy 5A plus 10% FCS. All peptides have been pre-
viously described and provided by Eurogentec [15]: D2A
peptide has been derived from sequence *’IQEGEEGR-
PKDDR'#? harboured in the domain 2 of human uPAR;
D2A-Ala peptide IQEGAAGRPKDDR is the inhibitory
version of D2A peptide; scrambled D2A corresponds to
DEIGQDKERPGRE; GEEG and GAAG are the minimal
stimulatory and inhibitory peptides, respectively. The rea-
gents used were: mouse monoclonal anti-avp3 (LM609)
blocking antibody (Chemicon); monoclonal anti-phospho-
tyrosine clone 4G10 (Upstate); monoclonal anti-EGFR
(Ab-1) clone 528 blocking antibody, inhibitors AG1478
and PD98059 (Calbiochem); polyclonal anti-EGFR and
monoclonal anti-ERK 1/2 (C-9, sc-514302) antibodies
(Santa Cruz Biotechnology); polyclonal anti-phospho-
rylated ERK 1/2 (9101, Cell Signaling Technology) and
unrelated polyclonal and monoclonal antibodies (Sigma).
Polyclonal SI5S17 and SI518 anti-D2A antibodies were
produced in rabbit using standard procedure (Eurogen-
tec). Anti-uPAR monoclonal R3 and polyclonal SI369
antibodies have been described [37, 39, 40]. Full-length
human soluble uPAR (suPAR) was purified as previously
described [41, 42]. EGF was from Millipore.

NMR analysis and three-dimensional modelling

D2A peptide was dissolved in 0.5 ml of 'H,0/*H,0 (90/10
v/v) to yield concentrations in the range 2-3 mM. The pH
was adjusted to 6.8 by adding HCI or NaOH. Deuterated
water was obtained from CortecNet (France). Homonu-
clear 2D clean TOCSY and NOESY spectra were recorded
at 280 K on an Avance 400 Bruker spectrometer operating
at 400.13 MHz using an inverse multinuclear probehead
fitted with gradients along the x-, y- and z-axes, by stand-
ard techniques and incorporating the excitation sculpting
sequence for water suppression. We used a pulsed-field
gradient double echo with a soft square pulse of 4 ms at
the water resonance frequency, with the gradient pulses of
1 ms each in duration. 480 equally spaced evolution time-
period ¢, values were acquired, averaging 32 transients of
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2048 points, with 5208 Hz of spectral width. ¢, dimen-
sion was all zero-filled to 2048, yielding a digital resolu-
tion of 2.54 Hz/pt. Prior to Fourier transformation, reso-
lution enhancement was applied with a Lorentz—Gauss
window to both ¢, and ¢, dimensions for all the experi-
ments. NOESY spectra were obtained at different mix-
ing times (150 and 250 ms); TOCSY experiments were
recorded with a spin-lock period of 68 ms, achieved with
the MLEV 17 sequence. Spectra were referenced to sodium
3-(trimethylsilyl)-[2,2,3,3-*H,]propionate. 3JNH_(X values
were estimated in a 1D spectrum acquired in 'H,0/°H,0
(90/10 v/v). The time-domain was zero-filled to 131072
points yielding a resolution of 0.040 Hz/pt, and apodized
with a strong Lorentz—Gauss window. The natural abun-
dance 'H-'3C HSQC spectra were recorded at 300 K on a
DRX-600 Bruker spectrometer operating at 150.90 MHz
for 13C, using an inverse TCI CryoProbe fitted with gradi-
ent along the z-axis. 128 equally spaced evolution time-
period ¢, values were acquired, averaging 40 transients of
2048 points and using GARP for decoupling. #; dimension
was zero-filled to 2048, and apodized before Fourier trans-
formation by a shifted cosine window function in ¢, and in
t,. Spectra were referenced to methanol.

Migration assays

Chemotaxis assays were performed as previously described
[15, 41] using chemotaxis microchamber (Neuro Probe).
Filters (8 pm pore, Neuro Probe) were coated with colla-
gen I (100 pg/ml) (Roche). 50,000 cells were added into the
upper part of each well and allowed to migrate overnight at
37 °C. All experiments were performed at least three times
in triplicate. Migration in the absence of chemoattractant is
considered 100%.

Cell invasion was determined using 24-well plates and
Transwell inserts (8 pm pore size, Corning) coated with
thick layer of matrigel (100 pl per square centimetre of
growth surface) (BD Biosciences). 200,000 cells were
seeded on the top in serum-free medium. The molecule to
be tested was diluted in serum-free medium and added in the
well of the plate. After 24 h of invasion, cells remaining on
the top of matrigel were scraped off, filters were fixed in 20%
(v/v) methanol, stained using Diff-Quick solution (Medion
Diagnostics) and cells were counted under the microscope
(Iens 40) in five high power fields per filter. The experiments
were performed at least three times in duplicate. Invasion
in the absence of stimulator (control) was given the value
of 100%.

Cell proliferation assays

20,000 cells were added in each 2-cm? well of a 24-well
plate and cultured overnight in medium plus 10% FCS.

Then, cells were washed twice with PBS pH 7.4, and fur-
ther cultured in serum-free medium. The mitogenic agent
to be tested was added in solution everyday in each well.
Cell numbers were estimated by detaching the cells with
trypsin/EDTA (Sigma) and counting the cells under the
microscope using a Biirker chamber. Negative (cells cul-
tured in serum-free medium) and positive controls (cells
cultured in medium plus 10% FCS) were included. Experi-
ments were performed at least three times in triplicate.

Immunoblotting

Subconfluent cell monolayers (50%) were serum-starved
for 24 h, and challenged with the appropriate reagent as
indicated. When present, inhibitors were added 15 min
prior stimulation. Then, cells were washed with PBS,
lysed in JS buffer: 1% Triton X-100, 150 mM NaCl, 1%
Glycerol, 50 mM HEPES, pH 7.5, 1.5 mM MgCl,, 5 mM
EGTA, 0.5% Na-deoxycholate, 0.1 M phenylmethylsul-
fonyl fluoride (PMSF), 500 mM sodium orthovanadate
(all reagents from Sigma) and lysates incubated for 4 h
at 4 °C, in the presence of 1 pg of specific antibody and
protein G-Sepharose. Samples were boiled in reducing
SDS-sample buffer; protein content of each sample was
determined using Bradford assay (Pierce, Thermo Fisher
Scientific) and equal amount of proteins (50 pg) loaded
into the acrylamide gels using specific gel-loading pipet
tips and separated in SDS-PAGE using 10% acrylamide
gel. After protein transfer to the membrane but before
immunological detection, the qualitative visualization of
proteins present on the membrane was performed using
red ponceau (Sigma) staining. Then, blots were incubated
in blocking solution (5% non-fat dry milk in TBS-T or 3%
BSA in TBS), incubated in the presence of the appropriate
primary and HRP-conjugated secondary antibody (Santa
Cruz Biotechnology) and then revealed using the Super-
Signal West Pico chemiluminescent substrate (Pierce) and
exposure to X-ray film. Immunoprecipitation was omitted
for the detection of phosphorylated ERK and total ERK.

Statistical analysis
Student’s ¢ test was employed for pairwise comparison of
treatments. An ANOVA model was used for the evaluation

of treatments with increasing doses of a reagent. Calcula-
tions were performed using Prism software.
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Fig.1 EGFR activity is dependent on uPAR expression. a The mito-
genic effect of EGF depends on uPAR expression on the cell surface.
Comparison of the effects of increasing doses of EGF in the pres-
ence or in the absence of suPAR on HEK-293 (devoid of uPAR) and
HEK-293-uPAR cells (expressing uPAR). Cell numbers expressed as
mean + SD (n = 3) were determined at day 4. The number of cells
cultured without EGF and suPAR is considered to be 100% cell prolif-
eration (control). *p < 0.01 compared to control (white bar). b Serum-
starved HEK-293 and HEK-293-uPAR cells were stimulated with
either 1 ng/ml EGF or 100 pM D2A. When present, cells were pre-
treated for 15 min with the EGFR tyrosine kinase inhibitor AG1478
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before being further stimulated for 10 min with EGF or D2A. Then,
cells were lysed, and immunoprecipitated EGFR was blotted for phos-
photyrosine (EGFR-P, upper pictures) and total EGFR (EGFR total,
middle pictures) as described in the “Materials and methods” section.
Each panel is representative of one independent experiment out of at
least three. The bar graphs show the standardized densitometric anal-
ysis expressed as mean + SD (n = 3, left panel; n = 4, right panel)
of the ratio EGFR-P/EGFR total. Control (C, without AG1478) was
given the arbitrary value of 100%. *p < 0.05 and **p < 0.01 com-
pared to control
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Results

uPAR expression is required for EGF-induced cell
proliferation and EGFR phosphorylation

We tested the capacity of EGF to stimulate the prolifer-
ation of parental HEK-293 cells, which do not express
uPAR, and of uPAR-transfected cell line HEK-293-uPAR.
EGF at doses ranging from 1 ng/ml (0.16 nM) to 100 ng/
ml (16 nM) failed to promote HEK-293 cell proliferation
(left panel, Fig. 1a). In contrast, HEK-293-uPAR cells
expressing human uPAR proliferated when stimulated with
EGF (right panel, Fig. 1a). These latter cells appeared to
be extremely sensitive to EGF with a maximal response
observed at very low doses of 1-2 ng/ml (0.16-0.32 nM)
(Fig. 1a). However, EGF still promoted cell proliferation at
the highest dose of 100 ng/ml. Thus, the mitogenic effect
of EGF is dependent on uPAR expression. In an attempt
to rescue HEK-293 cell proliferation, full-length soluble
uPAR (10 pM) was added in the presence or in the absence
of the same increasing doses of EGF (1-100 ng/ml). How-
ever, the addition of suPAR failed to restore HEK-293 cell
proliferation in response to EGF (Fig. 1a). Furthermore,
suPAR failed to influence HEK-293-uPAR cell prolif-
eration either in the absence or in the presence of EGF
(Fig. 1a). Therefore, the stimulation of cell proliferation
by EGF requires the presence of membrane-bound uPAR.

Since EGF is known to induce EGFR autophosphoryla-
tion, we examined the levels of EGFR phosphorylation in
HEK-293 and HEK-293-uPAR cells. EGF induced EGFR
phosphorylation in HEK-293-uPAR cells but not in parental
HEK-293 cells (Fig. 1b). Moreover, AG1478, the specific
inhibitor of the tyrosine kinase activity of EGFR, blocked
EGF-induced phosphorylation of EGFR in HEK-293-uPAR
cells but had no effect on parental HEK-293 cells (Fig. 1b).
These data show that EGF-induced EGFR phosphorylation
is due to the intrinsic tyrosine kinase activity of EGFR,
which requires the expression of uPAR. The tyrosine kinase
activity is defective and EGFR not functional when uPAR
is not present on the cell surface.

Targeting uPAR blocks EGF-induced cell
proliferation

To further establish the crucial role of uPAR in the mito-
genic response to EGF, we used HT-29 cells derived from
a colorectal adenocarcinoma expressing both EGFR and
uPAR, in which EGF promoted proliferation in a dose-
dependent manner (Fig. 2a). HT-29 cells are highly sensitive
to EGF responding to doses as low as 1 ng/ml with a maxi-
mum at 5 ng/ml (0.80 nM) (Fig. 2a). The apparent inhibitory
effect of higher doses (10-100 ng/ml = 1.6-16 nM) is due to
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Fig.2 EGF-induced cell proliferation is dependent on uPAR activ-
ity. a EGF promotes cell proliferation. HT-29 cells were treated with
increasing doses of EGF ranging from 1 ng/ml (0.16 nM) to 100 ng/
ml (16 nM). Cell number was estimated after 4 days of culture and is
represented as mean + SD from three experiments. Number of cells
kept in serum-free media without EGF is referred to as 100% prolit-
eration (control). *p < 0.05 and **p < 0.01 compared to control. b
EGF-promoted cell proliferation is blocked by anti-uPAR antibod-
ies. The effects of EGF (5 ng/ml = 0.80 nM) on HT-29 cell prolif-
eration were determined in the presence or in the absence of either
SI517 or SI518 (each at 40 pg/ml) anti-uPAR polyclonal antibody. An
unrelated antibody (40 pg/ml) serves as negative control. Data are the
mean + SD (n = 3). Statistical significance is p < 0.05 in an ANOVA
model, for 10% FCS, EGF and EGF + unrelated Ab conditions

the fact that at these doses EGF induced cell rounding and
detachment from substrate (Online Resource 1).

In time-course experiments, EGF at the optimal dose
of 5 ng/ml stimulated cell proliferation inducing a sixfold
increase in cell number compared to day 0 or a 2.5-fold
increase compared to negative control (0% FCS) at day 6
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(Fig. 2b). To target uPAR, we used SI517 or SI518 anti-
uPAR polyclonal antibody, which entirely inhibited EGF-
induced cell growth, whereas an unrelated polyclonal anti-
body employed as control had no inhibitory effects (Fig. 2b).
On their own, none of these three antibodies influenced cell
proliferation. 0% FCS and 10% FCS served as negative and
positive controls, respectively. Thus, EGF-induced cell pro-
liferation mediated by EGFR is dependent on uPAR activity.

uPAR, through its D2A sequence, is capable
of promoting cell proliferation

The above data prompted us to further investigate the func-
tions of uPAR in the regulation of cell proliferation. Since
SI517 and SI518 antibodies were raised against the D2A
epitope of uPAR, we particularly explored the functions of
this D2A sequence, which we previously identified [15].

We investigated the effects of D2A peptide on cell prolif-
eration using HT-29 cells and HT-1080 cells isolated from
a highly invasive fibrosarcoma, which also express both
uPAR and EGFR. Firstly, we checked that HT-1080 cells
proliferate in response to EGF challenge. Online Resource
2 shows that EGF induced proliferation of HT-1080 cells in
a dose-dependent manner. However, HT-1080 cells are less
sensitive than HT-29 cells displaying a maximal response
at the dose of 50 ng/ml (8 nM), which was used thereaf-
ter (Online Resource 2). HT-29 cell growth was stimulated
by D2A in a dose-dependent manner reaching a plateau
at 100 pM (Fig. 3a). D2A also promoted proliferation of
HT-1080 in a dose-dependent manner (Fig. 3b). Then,
we tested the GEEG peptide, the shorter version the D2A
peptide corresponding to 33 GEEG'? sequence of human
uPAR, which was previously proved to be as potent as D2A
in stimulating cell migration [15]. HT-29 and HT-1080 cell
proliferation were dose-dependently stimulated by GEEG
peptide (Fig. 3c, d). In contrast, scrambled D2A (which has
no GEEG sequence) failed to stimulate the proliferation of
HT-29 and HT-1080 cells (Fig. 3e, f). In time-course experi-
ments, D2A and GEEG equally stimulated proliferation of
HT-29 and HT-1080 cells, while scrambled D2A and GAAG
peptides (both harbouring no GEEG sequence) failed to pro-
mote cell growth (Fig. 4a, b). These data suggest that uPAR
through its D2A sequence located in domain 2 is capable of
promoting cell proliferation. Moreover, GEEG is the mini-
mum mitogenic sequence of D2A.

The growth-promoting effect of peptide D2A
matches the effect of EGF

Next, we compared the effects of D2A peptide on cell pro-
liferation with those of EGF. D2A peptide stimulated cell
proliferation to an extent similar to that of EGF demonstrat-
ing that peptide D2A is equally potent as EGF in inducing
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Fig.4 D2A and GEEG peptides are equipotent in stimulating cell
proliferation. a, b Time-course experiments showing the effects of
optimal dose (100 pM) of peptides D2A, GEEG, scrambled D2A
(Scr. D2A) and GAAG on proliferation of HT-29 (a) and HT-1080
(b) cells. Cell proliferation was enhanced to similar levels by D2A
and GEEG peptides, whereas scrambled D2A and GAAG peptides
harbouring no GEEG sequence failed to promote cell proliferation.
Number of cells cultured in serum-free media without peptide is
referred to as 100% proliferation (control). Data are the mean + SD
from three experiments. The conditions 10% FCS, D2A, GEEG are
significantly different (a p < 0.01; b p < 0.05) from control as deter-
mined by ANOVA test

cell proliferation (Fig. 5a, b). However, the mitogenic effects
of D2A and EGF were not additive, since the combination of
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Fig.5 EGFR mediates both D2A- and EGF-induced cell prolifera-
tion. a EGFR is essential for the induction of cell proliferation by
either D2A peptide or its main ligand EGF. HT-29 cell prolifera-
tion was stimulated with either 100 pM D2A or 5 ng/ml (0.80 nM)
EGF with or without the addition of an anti-EGFR (1 pg/ml) block-
ing monoclonal antibody. An unrelated (1 pg/ml) antibody served as
negative control. Data are the mean + SD from three experiments.
Number of cells cultured in serum-free media without D2A, EGF
and antibody is referred to as 100% proliferation (control). The con-
ditions 10% FCS, D2A, D2A + unrelated Ab, EGF, EGF + Unre-
lated Ab are significantly different (p < 0.01) from control. b Both
peptide D2A- and EGF-promoted cell proliferations are inhibited by
either AG1478 or PD98059 inhibitors. Proliferation of HT-29 cells
was induced by the addition of 100 pM D2A or 5 ng/ml (0.80 nM)
EGF in the absence or in the presence of either 1 pM of AG1478
(a specific inhibitor of EGFR tyrosine kinase activity) or 5 pM of
PD98059 (an inhibitor of MEK). Data are the mean + SD from three
experiments. Number of cells cultured in serum-free media without

optimal doses of peptide D2A (100 pM) and EGF (5 ng/ml
or 0.80 nM) did not further increase HT-29 cell proliferation
(Fig. 5¢). These equivalent but not additive effects of EGF
and peptide D2A led us considering whether EGFR was the
actual mediator of the D2A-promoted mitogenic signal. A
blocking monoclonal antibody against EGFR entirely inhib-
ited D2A-induced cell growth. EGF-promoted cell prolifera-
tion was also blocked by this antibody while an unspecific
control antibody had no effect (Fig. 5a). Either of these two
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D2A, EGF or inhibitor is referred to as 100% proliferation (control).
The statistical significance of the results is p < 0.01 in an ANOVA
model, for 10% FCS, D2A and EGF. ¢ D2A and EGF mitogenic
effects are not additive. Proliferation of HT-29 cells was stimulated
with optimal dose of D2A (100 pM), EGF (5 ng/ml or 0.80 nM) or
both mixed together as indicated. Cell numbers were determined at
day 4. Data are the mean + SD (n = 3). Control corresponds to the
number of cells cultured in serum-free media without D2A and EGF
(100% proliferation). **p < 0.01 compared to control. d—g Stimula-
tion of cell proliferation by D2A or EGF is dependent on the intact
tyrosine kinase activity of EGFR. NR6 cells expressing either wild-
type EGFR (EGFRwt) or the tyrosine kinase-deficient mutant EGFR
K721A were treated with increasing doses of either D2A peptide (d,
e) or EGF (f, g). Cell number was estimated after 4 days of culture
and is represented as mean + SD (n = 3). Numbers of cells kept in
serum-free media without D2A or EGF are referred to as 100% pro-
liferation (control). *p < 0.05 and **p < 0.01 compared to control

antibodies alone had no effects. 0 and 10% FCS served as
negative and positive controls, respectively (Fig. 5a). Moreo-
ver, AG1478 fully blocked D2A- and EGF-promoted cell
proliferation suggesting that EGFR tyrosine kinase activity
transduced both D2A- and EGF-induced mitogenic signals
(Fig. 5b). To further support this latter idea, we used NR6
cells (derived from murine 3T3 cells) [43] lacking endog-
enous EGFR, which were transfected to express either wild-
type human EGFR or K721A, a kinase-defective mutant of
EGFR [41, 44, 45]. Peptide D2A and EGF were mitogenic
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Fig.6 Effects of peptide D2A and EGF on EGFR activation and
ERK phosphorylation. a—¢ Serum-starved HT-29 cells were treated
with either 5 ng/ml (0.80 nM) EGF (a), 100 pM D2A (b) for differ-
ent times as indicated. In ¢, cells were pretreated or not for 15 min
with the EGFR tyrosine kinase inhibitor AG1478 (1 uM) before
being further stimulated for 10 min with 5 ng/ml (0.80 nM) EGF or
100 pM D2A. Then, cells were lysed, and immunoprecipitated EGFR
was blotted for phosphotyrosine (EGFR-P, upper pictures) and total
EGFR (EGFR, middle pictures). Each panel is representative of one
independent experiment out of three. Bar graphs show the standard-

for NR6-EGFRwt cells (Fig. 5d, f), but failed to induce
the proliferation of NR6-EGFR-K721A cells (Fig. Se, g).
Altogether these data reveal that the EGF-matching growth-
promoting effect of peptide D2A is transmitted to the cell
through the tyrosine kinase activity of EGFR.

Then, we compared the activation of EGFR by its
ligand EGF with the effects triggered by D2A. Both EGF
and D2A activated EGFR but the kinetics of EGFR phos-
phorylation were slightly different (Fig. 6a, b). EGF elic-
ited a maximal response at 2 and 10 min (Fig. 6a), while
D2A effect was visible after 1 min and lasted up to 60 min
(Fig. 6b). The addition of the EGFR tyrosine kinase
inhibitor AG1478 completely prevented both EGF- and
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ized densitometric analysis expressed as mean + SD (n = 3) of the
ratio EGFR-P/EGFR total. *p < 0.05 and **p < 0.01 compared to
control. d, e Serum-starved HT-29 cells were stimulated with 5 ng/
ml (0.80 nM) EGF (d) or 100 pM D2A (e) for increasing times as
indicated. Then, phosphorylated ERK (ERK-P, upper pictures) and
total ERK (ERK, middle pictures) were detected in cell lysates by
immunoblotting. Each panel is representative of one independent
experiment out of three. Bar graphs show the densitometric analysis
of ERK activation (ERK-P) normalized to total ERK and expressed
as mean + SD (n = 3). *p < 0.05 and **p < 0.01 compared to control

D2A-induced EGFR activations (Fig. 6¢). Therefore, D2A
transactivates EGFR, which mediates the mitogenic signal
to the cell.

D2A and EGF activate the MAP kinase pathway

We explored the effects of D2A on the mitogen-activated
protein (MAP) kinase signalling pathway, which has been
reported to be activated by uPA/uPAR [46] through EGFR
[30]. Western blotting analysis showed that EGF activated
ERK 1/2 with a peak of activity observed after 5-10 min
(Fig. 6d), while D2A-induced ERK activation was maximal
at 1-2 min (Fig. 6e). Furthermore, the MAP kinase kinase
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Fig.7 uPAR, integrin avf3 and EGFR form a functional signalling
complex. a uPAR and integrin avp3 are involved in the transduction
of the mitogenic signal promoted by D2A and EGF. Time-course
experiment showing the effects of peptide D2A (100 pM) or EGF
(5 ng/ml = 0.80 nM) in the absence or in the presence of various anti-
bodies (each at 1 pg/ml): LM609, a blocking monoclonal anti-avf3;
R3, a monoclonal anti-uPAR; SI369, a polyclonal anti-uPAR and an
unrelated control antibody on proliferation of HT-29 cells. Data from
three experiments are the mean + SD. Number of cells cultured in
serum-free media without D2A or EGF and in the absence of any
antibody is referred to as 100% proliferation (control). The condi-
tions 10% FCS, D2A, D2A + unrelated Ab, EGF and EGF + unre-
lated Ab are significantly different (p < 0.01) from control (0% FCS)
as determined by ANOVA test. b The proliferation-promoting effects
of D2A and EGF requires uPAR expression, however, D2A and EGF

(MEK) inhibitor PD98059 entirely abolished the mitogenic
effects of D2A and EGF (Fig. 5b). These data suggest that
both peptide D2A and EGF activate EGFR that in its turn
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mitogenic effects are not additive. Proliferation of either HEK-293
or HEK-293-uPAR cells was stimulated with D2A (100 pM), EGF
(1 ng/ml or 0.16 nM) or both mixed together as indicated. Data are
the mean + SD (n = 3) of cell numbers determined at day 4. Con-
trol corresponds to the number of cells cultured in serum-free media
without D2A and EGF (100% proliferation). *p < 0.05 compared to
control. ¢, d Cell proliferation in response to D2A challenge requires
the expression of uPAR. Comparison of the effects of increasing
doses of D2A in the presence or in the absence of suPAR on HEK-
293 cells (devoid of uPAR) (c), and HEK-293-uPAR cells (expressing
uPAR) (d). Cell numbers were determined at day 4. Number of cells
cultured in serum-free media and in the absence of D2A and suPAR
is considered to be 100% cell proliferation (control). Data shown as
mean + SD (n = 3), *p < 0.01 compared to control

stimulates the MAP kinase signalling pathway, which is
involved in the regulation of D2A- and EGF-promoted cell
growth.
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Mechanism of action of D2A: an involvement
of uPAR, integrin av33 and EGF receptor

We previously reported that peptide D2A binds to integ-
rin avp3 [15]. Furthermore, integrins are capable of trans-
activating EGFR [30, 47, 48]. Therefore, we explored the
involvement of avfp3 in the mechanism of transduction of
D2A-induced mitogenic signal. LM609, a blocking mono-
clonal anti-avp3 antibody totally inhibited D2A-promoted
cell proliferation, while an unrelated control monoclonal
antibody had no effect (Fig. 7a). Moreover, LM609 also
blocked EGF-induced cell proliferation (Fig. 7a). The
importance of uPAR in the transduction of the growth sig-
nal promoted by D2A or EGF was further demonstrated
by the fact that two anti-uPAR antibodies R3 and SI369
completely prevented D2A- and EGF-induced cell prolif-
eration (Fig. 7a). Moreover, the combination of D2A and
EGF failed to restore the capacity of HEK-293 cells to pro-
liferate in response to EGF or D2A (Fig. 7b). In contrast,
HEK-293-uPAR proliferated when challenged with either
D2A or EGF but in line with data shown above in Fig. 5c,
the mitogenic effects of D2A and EGF were not additive
(Fig. 7b). These results underline the prerequisite for the
expression of uPAR at the cell surface. This idea is further
supported by the fact that when added to increasing doses
of D2A (0.1-10° pM), suPAR failed to rescue the prolifera-
tion of HEK-293 cells (Fig. 7c). Actually, suPAR does not
appear to exert any effects on cell proliferation for either
D2A alone or the mix D2A + suPAR led to similar levels
of growth in HEK-293-uPAR cells (Fig. 7d). Thus, to be
mitogenic D2A (like EGF) needs membrane-bound uPAR on
the cell surface. This view is reinforced by the fact that D2A
triggered the phosphorylation of EGFR in HEK-293-uPAR
cells but not in HEK-293 cells devoid of uPAR (Fig. 1b). In
HEK-293-uPAR cells, this effect of D2A was blocked by the
EGEFR tyrosine kinase inhibitor AG1478 (Fig. 1b). There-
fore, D2A activates EGFR only when cells express uPAR
(Fig. 1b). Taken together these results suggest that D2A
promotes cell proliferation through interactions with the

integrin avp3, which actually transactivates EGFR. Since
uPAR expression is also required, it is reasonable to con-
ceive that an uPAR-integrin avp3-EGFR macromolecular
complex is responsible of the transduction of the mitogenic
signal induced by D2A or EGF.

D2A peptide has a specific three-dimensional
structure

The 3D structure of D2A was investigated by NMR analy-
sis. Assignment of proton spin systems for D2A peptide
was obtained with the sequential methodology outlined by
Wiithrich [49]. From the amide protons, TOCSY experi-
ments allowed identification of alpha and beta protons of
almost all of the amino acids. Residues with a long side-
chain were identified by a combination of TOCSY and
NOESY experiments. Individual spin systems were placed
in the primary structure by identification of characteristic
short-range NOE connectivities. From the analysis of D2A,
NOESY spectra 32 sequential and 6 short- and medium-
range unambiguous NOEs were obtained apart from the
intraresidual ones. Sequential medium-strong NH;-NH;_
NOEs were clearly identified for most of the amino acids
from Gly4 to Argl3, while strong «CH;-NH_ | effects were
identified from GIn2 to Argl3, with only two interruptions
due to the presence of Pro9 and to a cross-peak overlap.
These effects were indicative of the absence of general
helical structures. However, the presence of NH;-NH,_,
and medium-weak unambiguous PCH;-NH, ., cross-peaks
(Glu6-Gly7, Pro9-Lys10, Lys10-Asp11 and Aspl2-Argl3)
together with some unambiguous medium-range connec-
tivities (GIn2 -Glubyyy, Glubyy-Arg8yy, Arg8yg-Aspl Iy,
Gly7,-Lys104, Arg8,-Aspl1, Lys105-Aspl2yy) were indic-
ative of local structure and short-range order. No conforma-
tional heterogeneity was observed as far as the prolyl residue
is concerned; in fact only the trans form was identified by
the NH;-delta; ;| NOE cross-peaks.

Since the region spanning residues 4—11 appeared to be
partially structured, the ten models compatible with the

Fig.8 Model of the three-dimensional structure of the D2A peptide.
The average 3D structure of D2A peptide, as obtained from NMR
data, is shown in thick black rod while the extended conformation of
the peptide is represented as thick grey rod. All the possible 3D struc-

tures of D2A compatible with NMR constraints are also displayed as
thin grey rod. D2A peptide corresponds to sequence *’[QEGEEGR-
PKDDR'** of human uPAR
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NMR constraints and the peptide in the extended confor-
mation were superimposed pairwise on the average structure
minimizing root mean square distances in the range 4-11. A
stereo view is shown in Fig. 8 where the compatible mod-
els are represented as thin grey rod connecting the o back-
bone carbons (Ca), the average structure is represented in
thick black rod and the extended peptide is represented as
thick grey rod. These data show that D2A peptide presents
a folded (average) 3D structure most likely relevant for its
biological activity.

Discussion

In this report, we have studied the molecular mechanism
that uPAR uses to regulate cell proliferation. We show that
uPAR stimulates cell proliferation by forming a macromo-
lecular complex with integrins and EGFR (ErbB1 or HER1)
that we name the uPAR proliferasome. uPAR-initiated sig-
nal transactivates EGFR, which in its turn mediates uPAR-
initiated mitogenic signal to the cell. Further investigations
revealed that the mitogenic sequence of uPAR corresponds
to the D2A motif present in its domain 2 [15]. NMR analysis
showed that D2A synthetic peptide presents a well-defined
3D structure, which might explain its activity. In the X-ray
structure of uPAR (PDB code 3BT1), the corresponding
sequence forms a hairpin between the third and the forth
strand in the second domain, GEEG (155-158 protein num-
bering) being in bend conformation. This peptide is as effec-
tive as EGF in promoting cell proliferation. Furthermore,
uPAR is required for D2A- and EGF-induced EGFR phos-
phorylation and EGFR-dependent cell proliferation, which
are blocked in the absence of uPAR expression or when
uPAR activity is inhibited.

D2A sequence was previously reported to stimulate cell
migration [15]. Herein, we show that this sequence also pro-
motes cell proliferation. Differences between the effects on
cell migration and proliferation suggest that the molecular
mechanisms are distinct. Certainly, the most obvious dif-
ference resides in the two diverse optimal doses inducing
cell migration (1 pM) and proliferation (100 pM) [15]. Fur-
thermore, the kinetics of the two processes are counted in
minutes for the former and in days for the latter.

Our present data evidence the co-involvement and the
importance of uPAR, integrins and EGFR suggesting that
a macromolecular complex is in fact responsible for the
transduction of the cell proliferation signal induced by D2A
and EGF. In agreement with the literature underlining the
crucial role of macromolecular complexes involving uPAR
and other receptors [18, 19, 30, 31, 41, 46, 48, 50-52], HKa,
a ligand of uPAR, inhibits migration and invasion of can-
cer cell initiated by an uPAR-a5p1 integrin—~EGFR complex
[52]. Another ligand of uPAR, factor XII, reportedly induced
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endothelial cell proliferation and angiogenesis through an
uPAR-f1 integrin—~EGFR complex activating the MAP
kinase pathway. The role of EGFR was not exactly deter-
mined [18]. However, it was previously reported that uPAR
binds to a581 integrin that associates with and phosphoryl-
ates EGFR, which mediates uPAR-dependent signal [30]. An
uncleavable mutant of uPAR was also reported to activate
EGFR by forming an uPAR-a5f1 integrin—~EGFR complex
[48]. Moreover, pro-uPA regulates angiogenesis through an
uPAR-P1 integrin-VEGFR2 complex [19].

The involvement of a macromolecular complex is
strengthened by the fact that in the absence of uPAR, EGFR
is not functional [38, 53]. HEK-293 cells do not express
uPAR [54]; however, these cells express EGFR (ErbB1
or HER1) (~ 20,000 EGFRs/cell) [55]. Therefore, HEK-
293 cells possess the required receptor to proliferate in
response to EGF. Yet, in our hands, HEK-293 cells failed
to proliferate when stimulated with D2A or EGF or with
D2A + EGF, while their counterparts transfected to express
uPAR grew normally. This no/yes proliferative response of
HEK-293 and HEK-293-uPAR cells cannot be explained
by an upregulation of EGFR when cells are transfected to
express UPAR. Rather, the expression of uPAR and EGFR
appears inversely correlated. Downregulation of uPAR
enhances EGFR expression [56]. Conversely, EGFR over-
expression suppresses UPAR expression [57]. This inversely
correlated expression of uPAR and EGFR has also been
proposed to be responsible of the development of EGFR
resistance to tyrosine kinase inhibitors [56-58]. In addi-
tion, EGFR expression was similar in both uPAR™~ and
uPAR** mouse embryonic fibroblasts (MEFs); however,
EGF was mitogenic only in uPAR** MEFs demonstrating
the necessary expression of uPAR for EGF-induced cell
proliferation [38]. The specificity of the alteration of the
proliferative response to EGF in the absence of uPAR is
further supported by the fact that uPAR™~ MEFs grow faster
in 10% FCS than their counterparts expressing uPAR [59].
Attempting to rescue the proliferation of HEK-293 cells,
which do not express uPAR and do not produce uPA [54],
with full-length suPAR failed because this form of suPAR
binds very poorly to integrins due to an incorrect conforma-
tion [15]. Only uPA-bound suPAR associates with integ-
rins [15]. In addition, suPAR did not further enhance either
D2A- or EGF-promoted proliferation of HEK-293-uPAR.
These data show that not only expression of uPAR but also
its correct conformation are required for uPAR interaction
with the integrins, and thus for initiating cell proliferation.
Indeed, the conformation of uPAR is known to be crucial
for the interactions with the integrins. Full-length uPAR
has been reported to associate with the integrins but not
D2D3-uPAR [30, 60]. Moreover, antibodies against uPAR
blocked both D2A- and EGF-dependent cell proliferations.
Interestingly, a blocking anti-EGFR antibody also inhibited
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Fig.9 D2A promotes cell DZAJ
proliferation via the activation

of EGFR. In cells constitu- \\
tively expressing uPAR on the

cell surface, the association

of domain 3 of uPAR with the .. 0'
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integrin complex. D2A binding uPAR >
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leading to the dimerization and
phosphorylation of EGFR, acti-
vation of ERKSs and stimulation
of cell proliferation

D2A- and EGF-induced cell proliferation. These functional
effects are closely related with the molecular activation state
of EGFR. uPAR expression is required for D2A- and EGF-
induced EGFR phosphorylation. Both D2A and EGF failed
to phosphorylate EGFR when cells do not express uPAR,
whereas D2A and EGF activated EGFR in cells expressing
uPAR. Furthermore, D2A- and EGF-promoted cell growths
as well as D2A- and EGF-induced EGFR phosphorylation
were blocked by AG1478, a specific inhibitor of EGFR
tyrosine kinase. Thus, our data imply that uPAR exerts a
permissive effect on the tyrosine kinase activity and func-
tions of EGFR. Our results are in line with previous reports
suggesting a pivotal influence of uPAR on EGFR function-
ing, which depends on uPAR [31, 38, 53]. Furthermore, the
phosphorylation of EGFR on Tyr845 and EGFR-dependent
activation of Stat5b have also been shown to be dependent
on uPAR [31, 38]. The fact that Iressa (ZD1839 or Gefitinib,
a specific inhibitor of the EGFR tyrosine kinase activity)
exerts its inhibitory effects on cell proliferation, migration
and invasion in a uPAR-dependent manner further supports
our conclusion [61].

In our model, the association of D2A with avp3 integrin
triggers EGFR activation, which transmits the mitogenic sig-
nal to the cell (Fig. 9). However, the presence of uPAR on
the cell membrane is prerequisite for D2A activity. When we
discovered D2A, we hypothesized the existence of required
interactions between domain 3 of uPAR and integrins [15],
which were later reported [16, 17]. Therefore, to explain
uPAR-integrin interactions and the signalling capacity of
D2A, we suggest that the association of domain 3 of uPAR
with the integrin stabilizes the uPAR—integrin complex
while the connection between D2A and the integrins induces
signalling (Fig. 9). The target of our D2A and GEEG pep-
tides, the integrins, can transactivate EGFR [30, 62-64]. The
fact that integrins actually transactivate EGFR is supported
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by two sets of data. Firstly, D2A peptide binds to integrins
[15], and D2A-promoted cell proliferation is inhibited by
LM609, a blocking anti-avf3 integrin antibody. Secondly, as
shown by the requirement for uPAR expression, the induc-
tion of cell proliferation by D2A peptide necessitates other
sequences of uPAR involved in creating contacts with the
integrins [16, 17]. Furthermore, EGF-dependent stimula-
tion of the MAP kinase pathway, i.e. ERK activation was
observed only when integrins were occupied by ligand and
aggregated [62], which can be induced by uPAR for this
receptor is known to induce integrins clustering [41]. Yet,
integrins activate many RTKs [65], thus we cannot exclude
that other RTKs such as VEGFR2 might take the place of
the EGFR in order to stimulate cell growth. For this reason,
we suggest that uPAR—integrin—RTK represents the minimal
configuration of the uPAR proliferasome. Targeting compo-
nents of this macromolecular complex with blocking anti-
bodies against either uPAR, avfp3 integrin or EGFR, or with
specific inhibitors AG1478 or PD98059 effectively inhib-
ited uPAR- or EGFR-promoted cell growth. Therefore, these
data indicate that blocking the signalling macromolecular
complex represents an efficient strategy to inhibit biologi-
cal processes such as cell proliferation and migration. This
novel strategy may allow to control the activity of several
valuable receptors and various signals. For example, target-
ing macromolecular complexes rather than receptors alone
should let fewer alternatives to the cancer cells to counteract
and escape by using other receptors/signalling pathways as
substitute.

Both D2A and EGF stimulatory effects on cell prolif-
eration are equivalent (see Figs. 5, 7), and both promoted a
similar two-fold increase in the phosphorylation of EGFR
(see Fig. 6). Furthermore, the mitogenic effects of D2A and
EGF are not additive suggesting that both activates simi-
lar signalling pathways as shown in Fig. 6. Nevertheless,
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Western blotting analysis also revealed a subtle difference:
D2A-induced phosphorylation of EGFR lasted longer,
from 2 up to 30 min, than that promoted by EGF, which
was only observed from 2 to 10 min. There are several pos-
sible explanations for this difference and all deserve further
investigations and dedicated publications. Briefly, this dif-
ference may be due to (but not limited to): (1) D2A and
EGF may induce different stoichiometry while forming the
uPAR-avf3 integrin—~EGFR complex. Indeed, it is known
that dimerization and/or aggregation plays an important role
in the functioning of uPAR, integrins and EGFR, thus upon
D2A or EGF challenge the number of copy of each receptor
present in the uPAR-avp3 integrin—-EGFR complex may be
different [1, 8-10, 26, 62, 66]. (2) There are numerous sites
of phosphorylation within the EGFR cytoplasmic domain.
Therefore, D2A and EGF may possibly induce EGFR phos-
phorylation on multiple but different sites. However, some
sites may be also common as EGFR phosphorylation on
Tyr845 was shown to be dependent on uPAR expression
and/or activity, and required for uPA- and EGF-induced cell
proliferation and Stat5b activation [31, 38]. (3) As shown
here in Fig. 6, EGFR phosphorylation by either D2A or EGF
exhibits different kinetics. Yet, the inactivation of EGFR also
follows diverse kinetics. EGF-induced EGFR phosphoryla-
tion decreased abruptly after peaking at 10 min, whereas
phosphorylation of EGFR promoted by D2A reached its
maximum at 2 min and then declined slowly, only disappear-
ing after 60 min. Since endocytosis is the major mechanism
responsible of the inactivation of EGFR through dephos-
phorylation or receptor degradation, it is reasonable to con-
ceive that EGFR internalization, thus EGFR inactivation,
after D2A or EGF stimulation is not identical. (4) D2A and
EGF challenges lead to distinct recruitment of intracellular
adaptors and signalling components, which may influence
EGFR phosphorylation. For example, the Src family of
kinases (which is composed of nine members) is involved
in EGFR- and uPAR-dependent signalling [41, 67]. Moreo-
ver, c-Src was reported to phosphorylate EGFR on a site,
Tyr845, which is dependent on uPAR [31, 38, 68]. Thus, a
diverse regulation of the Src family of kinases by D2A and
EGF may produce the difference in the phosphorylation of
EGEFR reported above (see Fig. 6).

Nevertheless, phosphorylation of EGFR by D2A and
EGF triggers the transient activation of ERKs (see Fig. 6).
This result confirms previous studies showing that uPAR
activates the MAP kinase signalling pathway [30, 41, 46,
69]. This result is also in line with the literature stating that
cell proliferation is commonly produced by transient activa-
tion of ERK 1/2, whereas cell differentiation is usually the
consequence of sustained activation of the same [70]. EGF
binding to EGFR is known to induce a transient activation of
ERKSs, which is involved in the stimulation of cell prolifera-
tion. In this study, D2A also promoted a transient activation
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of ERKs that correlated with its mitogenic effects. Thus,
these data agree with the fact that D2A is a mitogen (like
EGF) and with the general rule: transient activation of ERKs
leads to cell proliferation. Still, the slight difference in ERK
activation by either D2A or EGF may be the consequence
of the points 1-4 discussed above.

uPAR is highly expressed in numerous if not all malig-
nant cells and a tumour marker of various types of cancer
[71]. uPAR is involved in many processes regulating tumour
development such as cell survival, tumour dormancy, angio-
genesis, epithelial-mesenchymal transition, tumour invasion
and metastasis [18, 19, 72-75]. However, as shown herein
by permitting and maintaining EGFR activity, uPAR has
now potentially acquired the capacity to regulate neo-plas-
tic transformation as the EGFR gene is a proto-oncogene
[58, 63]. Thus, uPAR may be involved in very early steps
of tumourigenesis [59, 76]. Moreover, EGFR-dependent
transformation occurs through the RAS/RAF/MEK/ERK
pathway [77], which is also regulated by uPAR [46]. The
connection between uPAR and EGFR is tight as uPAR-
induced ERK activation is EGFR-dependent when cells
express EGFR [30, 69].

Still, evidencing a clear relationship in cancer develop-
ment between uPAR, integrin, EGFR and their ligands is far
from being obvious for all players are connected and regulate
each other [8]. EGFR ™~ mice die shortly after birth showing
defects in epithelial tissues, thereby primarily affecting cells
in which EGFR is overexpressed in tumours, i.e. epithelial
and glial cells [78, 79]. In contrast, EGF~'~ mice are viable
and do not exhibit any obvious phenotype [80]. Similarly,
uPAR knockout mice are viable displaying no observable
phenotype [81, 82]. However, metastasis was shown to be
both dependent and independent of uPAR [83, 84]. In addi-
tion, uPAR expressed by the environment of the tumour
also exerts an important role as evidenced using a synge-
neic ovarian cancer model in which tumour growth and pro-
gression were reduced, whereas survival time was extended
in uPAR™~ mice [85]. A similar conclusion was drawn for
EGFR expression by stroma in colorectal cancer [86]. If
there are numerous articles of the literature leaving no doubt
on the important role of uPAR in cancer [1-6, 8-10, 83, 85],
the generation of uPAR™~ mice suggested that uPAR may
play a less important role than expected and/or a redundant
role [87, 88]. Nonetheless, uPAR null mice display delayed
wound healing due to impaired keratinocyte migration and
proliferation [53]. Importantly, uPAR™~ keratinocytes
failed to proliferate in response to EGF; a response that
was rescued by expressing uPAR [53]. Thus, these results
are in perfect agreement with our data. Inhibition of uPA,
the main ligand of uPAR, blocks metastasis [89]. Further-
more, like uPAR, elevated uPA expression is associated with
many cancer types [90]. uPA and uPAR exert overlapping
functions for two main reasons: 1) uPA interacts with other
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components such as integrins, PAI-1 or LRP-1 [4, 28, 29];
2) uPAR is a multi-ligand receptor binding to factor XII
another serine protease, and interacting with other receptors,
i.e. integrins, RTKs or GPCRs [1-6]. Inhibiting uPA activity
decreases tumour growth and metastasis but increases apop-
tosis [91-93]. In both uPA™~ and uPAR ™~ mice, tumour
volume is reduced but diminution is more pronounced in
uPA ™'~ mice with significantly less macrophage infiltration
[94]. In uPA~~ mice, tumoural cells do not progress into
melanoma showing that uPA participates in tumourigen-
esis [95]. Here again, uPA released by stroma surrounding
the tumour plays an important role [92]. In another model
of transgenic breast cancer mice, uPA deficiency did not
alter the growth of the primary tumour but reduced metas-
tasis [96]. On the other hand, uPA null mice were shown
to exhibit more colon adenoma than their wild-type coun-
terparts [97]. In addition, uPAR-dependent sustained ERK
activation and concomitant apparition of cancer stem cell-
like properties appear to be vitronectin (VN)-dependent and
uPA-independent [98, 99]. VN is both a ligand of integrins
and uPAR [1-6]. However, VN- and uPA-dependent signal-
ling are different [46], and VN induces cell migration via
integrins not uPAR [15, 100]. Although an important role
has been attributed to VN-uPAR interaction [101], stem cell
differentiation and tumour formation occur via a VN/avp3
integrin-dependent mechanism [102]. VN knockout mice are
viable but display delayed blood vessel growth and wound
healing, reduced macrophage infiltration and leaky blood
vessels [103]. The role of VN in angiogenesis and tumour
formation is further supported by conditional av integrins
knockout mice, which showed that av is essential for vascu-
lar remodelling [104]. In B3 knockout mice, the formation
of larger tumours goes along with pathological angiogen-
esis [105, 106]. Another mouse model revealed that DiYF
(two Y to F mutations) 3 knock-in mice with defective 3
phosphorylation have highly impaired angiogenesis due
to altered cell adhesion and spreading, cell migration and
formation of capillary tubes [107]. B3 integrins knockout
mice also exhibit vascular leak [108], but reduced osteolytic
bone metastasis [109]. These mice have poorly functioning
osteoclasts and increased bone mass [109]. Osteoclasts are
also affected in EGFR ™~ mice, which show delayed ossifi-
cation due to impaired recruitment of both osteoclasts and
osteoblasts, and decreased osteoblast proliferation [110,
111]. Interestingly, bone homeostasis is likewise disturbed in
uPAR ™~ mice [112]. Bone mass is augmented with altered
osteoclasts and highly proliferative osteoblasts [112].

In this report, we also investigated the correlation
between the structure of uPAR and its function as signal-
ling receptor promoting cell growth. We identified the mito-
genic epitope of uPAR as the D2A sequence present in its
domain 2, and we precisely demonstrated that its mitogenic

activity is associated with the GEEG motif harboured by
this D2A sequence. The growth-promoting activity of D2A
is comparable to that of EGF promoting the phosphorylation
of EGFR, and subsequently triggering similar intracellular
signalling as shown by ERK phosphorylation. Polyclonal
antibodies raised against the D2A epitope inhibited both
D2A and EGF-induced cell proliferation. The reverse rela-
tionship is also true as a blocking antibody against EGFR
blocked D2A- and EGF-promoted cell growth. Furthermore,
the EGFR tyrosine kinase inhibitor, AG 1478, and MEK
inhibitor, PD98059, equally blocked uPA- and EGF-induced
effects on cell proliferation and EGFR phosphorylation.
Lastly, both D2A and EGF failed to induce proliferation
of NR6 cells expressing EGFR-K721A, a kinase-defective
mutant of EGFR, whereas the same promoted the growth of
NRG6 cells expressing wild-type EGFR.

The data showing that D2A has a particular 3D structure
are especially encouraging. Most of the time, peptides have
no special 3D structure and assume the correct conformation
only when they bind to their corresponding site. D2A pep-
tide stands apart and has a specific 3D structure. By using
this structure template, it will be possible to design new
agonistic and antagonistic molecules of integrins for the
treatment of diseases where cell proliferation and migration
play a leading role including inflammation, vascular diseases
and cancers.

Conclusion

We have shown in this study that uPAR promotes cell pro-
liferation through transactivation of EGFR, which mediates
uPAR-induced cell proliferation. The region responsible of
the growth-promoting activity of uPAR is sequence D2A
located in domain 2. The derived synthetic D2A peptide
matches the effects of EGF on cell proliferation and pos-
sesses a particular 3D structure. Moreover, uPAR expression
and activity are required for EGFR functioning. EGF failed
to induce cell proliferation and EGFR phosphorylation when
uPAR is not expressed or its activity blocked.
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