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The urokinase receptor, urokinase receptor (uPAR), is a
glycosylphosphatidylinositol-anchored membrane protein
engaged in pericellular proteolysis and cellular adhesion, migra-
tion, and modulation of cell morphology. A direct matrix adhe-
sion is mediated through the binding of uPAR to vitronectin,
and this event is followed by downstream effects including
changes in the cytoskeletal organization. However, it remains
unclear whether the adhesion through uPAR-vitronectin is the
only event capable of initiating these morphological rearrange-
ments or whether lateral interactions between uPAR and inte-
grins can induce the same response. In this report, we show that
both of these triggering mechanisms can be operative and that
uPAR-dependent modulation of cell morphology can indeed
occur independently of a direct vitronectin binding. Expression
of wild-type uPAR on HEK293 cells led to pronounced vitronec-
tin adhesion and cytoskeletal rearrangements, whereas a
mutant uPAR, uPARy;,, with defective vitronectin binding,
failed to induce both phenomena. However, upon saturation of
uPARy;,, with the protease ligand, pro-uPA, or its receptor-
binding domain, the ability to induce cytoskeletal rearrange-
ments was restored, although this did not rescue the uPAR-
vitronectin binding and adhesion capability. On the other hand,
using other uPAR variants, we could show that uPAR-vitronec-
tin adhesion is indeed capable and sufficient to induce the same
morphological rearrangements. This was shown with cells
expressing a different single-site mutant, uPARy;,,, in the pres-
ence of a synthetic uPAR-binding peptide, as well as with wild-
type uPAR, which underwent cytoskeletal rearrangements even
when cultivated in uPA-deficient serum. Blocking of integrins
with an Arg-Gly-Asp-containing peptide counteracted the
matrix contacts necessary to initiate the uPAR-dependent
cytoskeletal rearrangements, whereas inactivation of the Rac
signaling pathway in all cases suppressed the occurrence of the
same events.
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The urokinase receptor (uPAR)? is a glycosylphosphatidyl-
inositol-anchored membrane protein that binds the plasmino-
gen activator, uPA and the extracellular matrix protein,
vitronectin (for review, see Ref. 1). uPAR plays several impor-
tant roles in the interplay of cells with their surrounding matrix,
including the governing of plasmin-dependent fibrinolysis and
matrix degradation (2), the direct adhesion on vitronectin-con-
taining matrices (3), and the modulation of morphology and
adhesive properties of cells toward both vitronectin and other
matrix proteins (4—6). Being expressed on tumor-associated
stromal cells (7, 8) and, in some cancers, on the tumor cells
themselves (9), uPAR is assumed to be important for cancer
invasion, both through the localization of matrix degrading
processes (10) and through the modulation of cell adhesion and
migration (11). Therefore, a considerable research effort is
devoted to the unraveling of the molecular and cellular interac-
tions of uPAR.

Recent studies on the three-dimensional structure of uPAR
(12, 13), combined with site-directed mutagenesis (14-17),
have led to a detailed understanding of the structural basis for
the binding of uPA and vitronectin to uPAR. In addition to
these binding reactions, however, an increasing number of
reports point to downstream effects of uPAR interactions that
appear to include additional molecular partners, such as 81, 2,
and B3 integrins (6, 18 —21), G-protein-coupled receptors (22),
or members of the epidermal growth factor receptor family
(23), depending on the cell type in question.

Such interactions are likely to be involved in signaling effects
that ultimately govern cell morphology and migration as well as
proliferation (6, 24, 25), but their molecular basis is still much
less well defined than that of the uPA and vitronectin binding
reactions. Therefore, although direct interactions between
uPAR and integrins have indeed been demonstrated (20, 26,
27), an unresolved question is whether the signaling reactions
do actually depend on a defined molecular interplay between
these membrane proteins and uPAR or whether they are sec-
ondary phenomena brought about, e.g. by uPAR-mediated
matrix adhesion as proposed recently (16). In this report, we
address an important aspect of this question by demonstrating
a striking uPAR-dependent effect on the cytoskeleton that is
independent of the uPAR-mediated cell adhesion.

3 The abbreviations used are: uPA, urokinase plasminogen activator; uPAR,
uPA receptor; PBS, phosphate-buffered saline; FCS, fetal calf serum; FITC,
fluorescein isothiocyanate; ATF, amino-terminal fragment of uPA; GFD,
growth factor domain of uPA; WT, wild type.
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EXPERIMENTAL PROCEDURES

Protein Reagents—The following recombinant proteins and
synthetic reagents were produced as described previously:
recombinant human full-length pro-uPA and its isolated ami-
no-terminal fragment (ATF; residues 1-143) (15), the uPA
growth factor domain (GFD; residues 1-48) (17), and the syn-
thetic peptide antagonist, AE120 (28). The cyclic peptides,
cyclo(Arg-Gly-Asp-p-Phe-Val) and cyclo(Arg-Ala-Asp-p-Phe-
Val), were purchased from Peptides International, Louisville,
KT. The following reagents were purchased from the commer-
cial sources indicated: human vitronectin (BD Biosciences) and
FITC-phalloidin (Invitrogen).

Transfection of HEK Cells with cDNAs Encoding uPAR Wild-
type and Single-site Mutants or Dominant-negative Rac
Construct—cDNA constructs encoding the human uPARy, .
full-length protein (signal peptide of 22 amino acid residues
followed by residues 1-313; numbering referring to Ref. 29) and
uPAR proteins with single site substitutions at position 32
(uPARyy3,4) and 57 (uPARy,,,) were obtained by ligating the
corresponding DNA constructs encoding soluble, truncated
uPARs (14) into the full-length uPAR expression plasmid, pRc/
CMV-uPAR (4), using appropriate restriction sites. HEK cells,
(HEK293, purchased from ECACC) were transfected with the
resulting uPAR expression vectors or with vector alone (mock-
transfected) by electroporation followed by cloning by limiting
dilution and characterization of transfectant clones by flow
cytometry. Details for these procedures can be found in the
supplemental materials. For transfection with a dominant-neg-
ative Rac construct, the plasmid pRK5-myc-Racl-T17N
(N17Rac) (4, 30) was used for electroporation. After transfor-
mation, the cells were immediately seeded on coverslips coated
with vitronectin in the presence or absence of pro-uPA. Further
details are described in the supplemental materials.

Adhesion Assays—Vitronectin adhesion assays with trans-
fected cells were done in vitronectin-coated 96-well culture
plates, using triplicate samples of 1 X 10° cells in PBS with 5 mm
EDTA and 0.5% bovine serum albumin. After incubation and
washing, adherent cells were quantified by thiazolyl blue tetra-
zolium bromide assay (31). The complete procedure is available
in the supplemental materials.

Analyses of Cell Morphology and Cytoskeletal Rearrangements—
Glass coverslips were placed in a 24-well culture plate and
coated with 50 ul of a 5 ug/ml solution of vitronectin in PBS/
calcium/magnesium (PBS with 0.9 mm CaCl, and 0.5 mm
MgCl,) followed by blocking with 2 mg/ml bovine serum albu-
min in PBS/calcium/magnesium. After washing the wells,
transfected cells were seeded on the coverslips and grown for 2
days at 37 °C in 1 ml of serum-containing growth medium (see
above), supplemented with 400 ug/ml Geneticin. In some
experiments, this was followed by the addition of pro-uPA or
other reagents, as indicated followed by culture for another 2
days with the cells still being subconfluent. In some experi-
ments, cells were cultured for different time periods, as indi-
cated. For examination of lamellipodia and cytoskeletal rear-
rangements, cells were fixed and permeabilized followed by
staining with FITC-labeled phalloidin (see supplemental mate-
rials for details). The cells were then examined by fluorescence
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microscopy, using a Leica DM4000B fluorescence microscope
with a Leica DFC-480 camera. Scoring of lamellipodia-positive
cells (16) was done blindly in randomly selected fields from
fluorescence microscopy of the FITC-phalloidin treated sam-
ples. For each cell type and each of the experimental conditions
tested, five microscope fields were examined by four skilled
researchers who were unaware of the sample identity. Each
investigator assigned the number 0 (lamellipodia-negative), 0.5
(ambiguous), or 1 (lamellipodia-positive) to each field exam-
ined. The final score of each sample was defined as the cumu-
lative number (0-20) obtained from all investigators for all
fields from the sample in question after decoding the fields and
samples. In specific experiments with uPA-free conditions, FCS
was excluded from the cell culture medium and substituted
with sterile serum from a uPA-deficient mouse (a kind gift from
Dr. Leif R. Lund, the Finsen Laboratory). For studies with cells
transfected with the dominant-negative Rac construct, quanti-
fication of lamellipodia-positive cells was done by counting of
single cells; see supplemental materials.

RESULTS

Adhesion Properties and Morphology of HEK Cells Trans-
fected with Mutated uPARs—Based on the biochemical map-
ping of the vitronectin binding determinant of soluble uPAR
(15), we set out to study the importance of this binding reaction
with cell-associated uPAR. Human embryonic kidney
(HEK293) cells were transfected with vector alone (mock-
transfected), with full-length human wild-type uPAR cDNA
(uPARy, 1), or with uPAR cDNAs with targeted alanine substi-
tutions at positions 32 (UPARy3,,) or 57 (UPARy-,). Of these
mutant proteins, when analyzed in their soluble form,
UPARy; 3, has impaired vitronectin binding but normal bind-
ing of the protease ligand, uPA/pro-uPA (15). The same was
shown to be the case for the corresponding cellular, membrane-
bound uPAR mutant in a recent report (16), published during
the course of this work. In contrast, uPARy,, has some reduc-
tion in the binding to uPA/pro-uPA (14) but, when complexed
with this ligand, this mutant binds vitronectin normally (15).

Stable transfectant cell lines were isolated and shown to
express comparable levels of cell surface uPAR by flow cyto-
metric analysis (supplemental Fig. S1). The cells were then
studied with respect to two properties, known from previous
studies to be directly or indirectly dependent on the uPAR-
vitronectin interaction, i.e. cellular adhesion on a vitronectin
matrix (3, 6) and induction of cytoskeletal rearrangements (4).
To separate the uPAR-mediated vitronectin adhesion from the
integrin-mediated matrix interactions, cell adhesion assays
were done as short term experiments in the presence of EDTA
(4) (Fig. 1A). Under these conditions, adhesion was completely
uPAR-dependent since efficient adhesion occurred with
uPARy transfectants, whereas no adhesion occurred with the
mock-transfected control cells. The two mutant uPARs both
failed to induce adhesion capability, in accordance with the
notion that neither mutant binds to vitronectin under these
conditions.

Expression of uPARy, also induced marked changes in cell
morphology. The uPAR, cells displayed pronounced protru-
sions and lamellipodia, which could be observed directly on live
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FIGURE 1. Vitronectin adhesion and cytoskeletal rearrangements in HEK
cells expressing wild-type and mutated uPAR. A, adhesion of uPAR trans-
fected cells on a reconstituted vitronectin matrix. Mock-transfected (Mock)
cells or cells expressing uPAR,,+ or uPAR mutant proteins were seeded in
vitronectin-coated culture wells in the presence of EDTA and allowed to
adhere during a 1-h incubation period at 37 °C. After washing, adherent cells
were quantified by thiazolyl blue tetrazolium bromide assay. Each column
represents the mean of a triple determination. The standard deviations are
indicated. B, morphological changes and cytoskeletal rearrangements. Mock-
transfected cells or cells expressing uPAR,+ or uPAR mutant proteins were
cultured for 5 days on vitronectin-coated coverslips. The cells were then fixed
and permeabilized followed by FITC-phalloidin staining and examination by
fluorescence microscopy. Note the exclusive appearance of lamellipodia and
cytoskeletal extensions in the uPAR,-transfected cells. C, quantification of
fields with lamellipodia-positive cells. Cells were cultured, stained, and exam-
ined by fluorescence microscopy as in B. Each cell type was assigned an arbi-
trary designation, after which five randomly selected microscope fields for
each cell type were scored blindly by four investigators for lamellipodia-pos-
itive cells (see “Experimental Procedures”). The cumulative score is repre-
sented for each sample.

cells by phase contrast microscopy (result not shown), as well as
by fluorescence microscopy after permeabilization and staining
with FITC-phalloidin (Fig. 1B). These membranous structures
were accompanied by marked cytoskeletal rearrangements, as
also evident on the phalloidin-stained cells. Lamellipodia and
cytoskeletal extensions were absent in the mock-transfected
cells. This difference between lamellipodia-positive and -nega-
tive cell samples was highly striking (Fig. 1B) and was com-
pletely unambiguous as evident by the very consistent assign-
ment of cell morphology status after unbiased scoring by four
independent researchers (Fig. 1C; see “Experimental Proce-
dures”). When analyzing the two uPAR mutants in the same
system, neither of these was capable of inducing morphological
change or cytoskeletal rearrangements (Fig. 1, B and C).
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The Role of pro-uPA in the uPAR-induced Effects—Thus, in
accordance with the results of Madsen et al. (16), transfection
with wild-type uPAR led to efficient vitronectin adhesion and
changes in cell morphology, whereas non-adhesive uPAR vari-
ants failed to induce cytoskeletal rearrangements. To further
pursue this phenomenon, we examined the role of the protease
ligand, pro-uPA, which can bind to uPAR simultaneously with
the binding of vitronectin to the latter (3).

As seen in Fig. 24, the addition of pro-uPA led to the
expected pattern of cell adhesion on vitronectin in all cases.
Thus, in accordance with the notion that pro-uPA stimulates
the interaction between wild-type uPAR and vitronectin (32,
33), an even stronger adhesion was observed with the uPAR -
expressing cells upon the addition of the protease ligand, as
compared with the same cells in the absence of pro-uPA. Fur-
thermore, as expected, the addition of pro-uPA did not lead to
adhesion of mock-transfected cells. Finally, a pronounced
adhesion capability was induced by the addition of pro-uPA to
the uPARy;,, cells, whereas adhesion was in all cases negative
with the uPARy 5, 4 cells. This was in complete agreement with
our previous binding studies with isolated uPAR mutant pro-
teins where uPAR, ., was shown to bind vitronectin efficiently
when saturated with pro-uPA, whereas no affinity for vitronec-
tin could be induced in uPARy;4,, (15).

Interestingly, however, under these conditions, studies on
cell morphology revealed a clear distinction between cellular
adhesive properties and the occurrence of cytoskeletal rear-
rangements. This distinction was evident in the case of the
UPARy4,4 cells, which formed extensive cellular protrusions
and lamellipodia in response to pro-uPA (Fig. 2, B and C),
although the same uPAR mutant was non-adhesive in the
vitronectin adhesion assay as noted above. The other transfec-
tant cell types, however, displayed the same pro-uPA depend-
ence as found in the adhesion assay. Thus, for the uPAR,,
cells, lamellipodia were formed only with cells grown in the
presence of pro-uPA (Fig. 2, B and C), whereas uPAR cells
were in all cases lamellipodia-positive (Fig. 2C). These cytoskel-
etal rearrangements were not a result of long term cell culture
or high concentrations of pro-uPA because the same outcome
was obtained after overnight cell culture with only 10 nMm pro-
uPA (supplemental Fig. S24). In conclusion, the uPAR-depend-
ent mechanism for modulation of cell morphology was found to
follow the capability for uPAR-mediated vitronectin adhesion
in some but not in all cases. The protease ligand could induce
uPAR-dependent cytoskeletal rearrangements in uPARyy3,4
transfectants without conferring vitronectin affinity.

The Effect of pro-uPA Is Exerted by the Growth Factor
Domain and Is Sensitive to Blocking of Integrins—Pro-uPA
includes a receptor-binding GFD, a Kringle domain, and a cat-
alytic domain (34), and uPA itself has been shown to have some
affinity for vitronectin (35). Thus, it was important to learn
whether the effect of pro-uPA in the phenomena studied in this
work required the complete protein or whether only part of the
molecule was needed. Therefore, we tested the effect of the
isolated receptor-binding units in the same phenomena as
studied above. As shown in Fig. 3, A and B, the effects of pro-
uPA were in all cases reproduced not only by ATF (including
the Kringle and the GED) but also by the isolated GFD, com-
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FIGURE 2. Effect of pro-uPA on vitronectin adhesion and cell morphology. Vitronectin adhesion and mor-
phological properties of transfected HEK cells were analyzed as in Fig. 1, except that pro-uPA (100 nm) was
added to the samples where indicated. Symbols designating the four transfectant cell types are indicated.
A, cell adhesion on a vitronectin matrix in the presence or absence of pro-uPA. Mock, mock-transfected.
B, cytoskeletal rearrangements as a consequence of the addition of pro-uPA during cell culture. After fixation,
permeabilization, and FITC-phalloidin staining, cells were examined by fluorescence microscopy. C, occur-
rence of lamellipodia-positive cells in the presence or absence of pro-uPA. FITC-phalloidin-stained cell samples
were scored blindly as described in the legend for Fig. 1 (panel C), after which the cumulative score for each

type of sample was calculated.

prising just 48 amino acid residues. Thus, ATF and GFD both
induced a pronounced adhesive capability in the uPARy.,,
cells but failed to induce any adhesion of the uPARy4,, cells
(Fig. 3A). In the morphology study, both reagents successfully
rescued the lamellipodia phenotype of the uPAR,, , as well as
the uPARy.,, cells, just like the effect exerted by the complete
pro-uPA protein (Fig. 3B and supplemental Fig. S2B). In con-
clusion, the GFD of uPA retains all of the structural features
required to elicit these cellular effects.

A non-natural, uPAR-binding peptide, designated AE120,
has been developed by phage display technology and combina-
torial chemistry and has been shown to interact with uPAR with
a high affinity (28). X-ray crystallography of the complex of
uPAR and a truncated version of this peptide has shown that it
binds directly in the uPA-binding pocket of uPAR (12), but the
conformation of the complex is slightly different from the com-
plex between uPAR and ATF in terms of the interdomain ori-

15220 JOURNAL OF BIOLOGICAL CHEMISTRY

ently on the vitronectin matrix, thus
precluding the washing steps
needed for fixation and phalloidin
staining. However, the cell shape
and the formation of lamellipodia
could indeed be evaluated directly
by phase contrast microscopy of
non-fixed cells (supplemental Fig.
S3). It was evident that the RGD
peptide had a strong impact on the morphology and the matrix
contact formation of the uPAR-transfected cells. In the case of
uPAR,, cells, both in the presence and in the absence of pro-
uPA, this peptide prevented the morphological changes previ-
ously observed in all cases with wild-type uPAR. In contrast to
the characteristic flattened cell morphology with large lamelli-
podia, shown above, uPAR cells in the presence of the RGD
peptide displayed a rounded shape with much smaller protru-
sions (supplemental Fig. S3, A and E). In the uPARy;, A cells,
where cytoskeletal rearrangements and lamellipodia would
otherwise be induced by the addition of the protease ligand,
pro-uPA failed to induce these alterations when the RGD pep-
tide was present (supplemental Fig. S3B). If an RAD control
peptide was used instead of the RGD peptide, uPAR, 1 cells
were in all cases lamellipodia-positive (supplemental Fig. S3, C
and G), and the uPARy3,, cells regained the ability to form
lamellipodia in response to pro-uPA (supplemental Fig. S3D),
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FIGURE 3. Dependence on different uPAR ligands and the Rac path-
way. A and B, adhesion (A) and lamellipodia-positive cells (B), analyzed as
in Fig. 2, A and C, but in the presence of the indicated ligands. Ligands
were added at final concentrations of 100 nm (pro-uPA, ATF, and GFD) or 1
uM (synthetic peptide AE120), respectively. Mock, cells transfected with
vector alone. C, inactivation of the Rac pathway. Cells were transfected
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just like the situation found when no peptide had been added.
Thus, the blocking of integrins with an RGD-containing pep-
tide had an impact on cell-matrix contact and cell morphology
irrespective of which uPAR variant was expressed by the cells.

The uPAR-dependent Cytoskeletal Rearrangements Proceed
through a Rac-dependent Pathway—In fibroblast-like cells,
expression of wild-type uPAR also leads to cytoskeletal rear-
rangements, with this effect proceeding through a signaling
pathway involving the Rho GTPase, Rac (4). Therefore, we
wanted to study whether this pathway is also operative in the
present system. Consequently, we studied the effect of trans-
fecting the uPAR-expressing HEK cells with a dominant-nega-
tive Rac expression plasmid (N17Rac), which has been posi-
tively shown to inactivate the Rac pathway (4). After
transfection with N17Rac or vector alone, cells were seeded on
vitronectin-coated coverslips in the presence or absence of pro-
uPA and studied with respect to cell morphology as above. Ini-
tial transfection studies with a green fluorescent protein-en-
coding plasmid under the same conditions showed that a 100%
transfection efficiency could not be obtained (result not
shown), indicating that all microscopy fields would include a
certain number of cells without knock-down of Rac activity.
Therefore, rather than scoring whole microscopy fields, quan-
tification in this particular experiment was done by counting of
single cells with cytoskeletal rearrangements (Fig. 3C).

Transfection with vector alone had no effect on the subse-
quent behavior of the cells, with the large majority of uPARy+
and uPARyy;,, cells being lamellipodia-positive in the pres-
ence of pro-uPA (Fig. 3C, black columns) and with uPARy+
cells also being positive without protease ligand (results not
shown). In contrast, transfection with the dominant-negative
Rac construct strongly suppressed the cytoskeletal rearrange-
ments in all cases (Fig. 3C, gray columns).

Efficient Binding of uPAR to Vitronectin Supersedes the Need
for uPA—The results shown in Fig. 2, B and C, indicated that
although the addition of pro-uPA is necessary for inducing
morphological rearrangements in cells that express the uPAR
mutants with defective vitronectin binding, this addition of
pro-uPA is not needed for the modulation of cell morphology in
the case of wild-type uPAR. However, although HEK cells
themselves do not express uPA (3),* the cells were cultured in
the presence of fetal calf serum, which contributes a low con-
centration of bovine pro-uPA. Therefore, these experiments
did not address the question whether a completely uPA-inde-
pendent function of uPAR exists in these systems. To answer
this question, we set up a new cell morphology study, substitut-
ing the FCS with serum from a uPA-deficient mouse (38). Using
medium supplemented with this serum, we analyzed the prop-
erties of mock-transfected and uPAR-transfected cells and

“T. Hillig, L. H. Engelholm, and N. Behrendt, unpublished results.

with the dominant-negative Rac expression plasmid, N17Rac, or with vector
alone, as indicated, and cultured in the presence of 20 nm pro-uPA. After
fixation, permeabilization, and FITC-phalloidin staining, randomly selected
microscope fields representing at least 50 cells were scored for the percent-
age of protrusion-positive cells.
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compared the outcome with that obtained with FCS-contain-
ing medium (supplemental Fig. S4).

In contrast to the situation observed with FCS, a slight
appearance of cellular protrusions was observed in some mock-
transfected cells when cultured with the mouse serum (supple-
mental Fig. S4). However, although the background for this
phenomenon is not known, these protrusions were much
smaller than those observed in the previous experiments with
uPAR-transfected cells and were only observed in a minority of
the microscopy fields when scoring the morphology status
(supplemental Fig. S4B). Otherwise, the result of this experi-
ment was strikingly similar to that obtained with cells cultured
in FCS. Mock-transfected cells and cells transfected with
uPARy, 3, behaved identically and showed a very low forma-
tion of protrusions, whereas transfection with the uPARy,
encoding DNA led to strong cytoskeletal rearrangements and
lamellipodia, indistinguishable from those observed in the pre-
vious experiments (supplemental Fig. S4, A and B).

In conclusion, cells that adhere efficiently to vitronectin
through a direct interaction with uPAR are capable of cytoskel-
etal rearrangements, even without a need for uPA. In the
absence of a direct uPAR-vitronectin interaction, very similar
uPAR-dependent rearrangements can be brought about by an
alternative mechanism that requires uPA binding.

DISCUSSION

The integrated role of uPAR in pericellular proteolysis, cell
adhesion, and signal transduction is the result of several molec-
ular interactions. Although the binding of uPAR to vitronectin
and to uPA has been rigorously analyzed as structurally defined
protein interactions (13-15, 17), the existence of lateral inter-
actions with other cell surface proteins has been inferred mostly
from observations of molecular function. Many of these latter
interactions seem to include matrix-binding integrins (for a
review, see Ref. 39). Thus, the function of various integrins is
assumed to be regulated through a molecular interplay with
uPAR, with this leading to signal transduction and modulation
of cell morphology. However, since the uPAR-dependent phe-
nomena often include changes in cellular adhesion, an alterna-
tive possibility has been opened in that the uPAR-dependent
signaling events may be just a consequence of the physical
adhesion process. In a recent report, Madsen et al. (16) formu-
lated the hypothesis that the uPAR-mediated formation of con-
tacts with the vitronectin matrix facilitates the engagement of
various signal-transducing membrane proteins with their
respective matrix ligands, which, in turn, leads to signal trans-
duction and cytoskeletal rearrangements. According to that
model, these latter effects are indeed induced by the uPAR-
vitronectin adhesion, but in molecular terms, they are being
conducted through other receptors that are not necessarily
associated with uPAR.

Our work serves to solve part of this controversy. It shows
that the morphological response in this system can be triggered
through more than one mechanism, depending on the inherent
vitronectin adhesion capability of uPAR as well as the availabil-
ity of the protease ligand, pro-uPA. Using a mutant uPAR
(uPARy3,,) that is defective in vitronectin binding, we suc-
ceeded in finding conditions where the formation of cytoskel-
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etal rearrangements occurs independently of a direct uPAR-
mediated adhesion. Thus, the ligation of uPARy5,, with pro-
uPA or its receptor-binding derivatives enabled the formation
of pronounced cellular protrusions and lamellipodia in the
absence of a uPAR-mediated vitronectin adhesion. A different
mutant uPAR, uPAR,.,, could be modulated with respect to
vitronectin adhesion through the addition of pro-uPA or its
derivatives in concentrations, leading to receptor saturation
(14). With this mutant, the formation of cytoskeletal rearrange-
ments in all aspects followed the adhesion ability. Thus, with
uPARy, cells, both the adhesion and the formation of lamel-
lipodia could also be induced by the synthetic peptide antago-
nist, AE120, which failed to induce morphological alterations in
the case of the uPAR 5, , mutant that has an equally high affin-
ity for the peptide (28).

Therefore, we suggest that uPAR facilitates the occurrence of
cytoskeletal rearrangements, both as a consequence of direct
vitronectin binding/adhesion and as a result of uPA-dependent,
lateral interactions with integrins on the cell surface (see fur-
ther below). This would raise the intriguing question as to how
two different interactions of uPAR, occurring at different sites
on the molecular surface (13, 15, 17), can lead to the same cel-
lular outcome. A likely explanation, however, can be suggested
based on the assumption that the morphologic response is in
both cases a consequence of the formation of physical cell-ma-
trix contacts, which engages signaling receptors. The formation
of these adhesive contacts can be brought about by the direct
binding of uPAR to vitronectin, but it can also be initiated when
uPAR stimulates the vitronectin binding of neighboring inte-
grins (6). Although the former reaction may occur even in the
total absence of uPA as shown in our experiments with cells in
uPA-deficient serum (supplemental Fig. S4), the latter process
is uPA-dependent (Fig. 2 and supplemental Fig.S3). Impor-
tantly, there is no conflict between this model and the lack of
adhesion of some mutant uPAR transfectants in our adhesion
assays. Unlike the study by Madsen et al. (16), we performed our
adhesion assays in the presence of EDTA to isolate the direct
uPAR-mediated adhesion event, thus excluding the contribu-
tion from integrins (4). Under cell culture conditions, however,
the integrin-mediated adherence can occur even with transfec-
tants that do not bind vitronectin directly through uPAR. This
was shown directly with the uPARy3,, transfectants, which
grew adherently under standard conditions but failed to do so
upon integrin blocking with an RGD peptide, a condition that
also prevented the cytoskeletal rearrangements induced by pro-
uPA. Although the detailed signaling mechanisms involved in
the cytoskeletal rearrangements are outside the scope of the
present work, we showed that they include a Rac-dependent
pathway, just like the situation previously documented thor-
oughly with fibroblast-like cells (4).

Interestingly, GFD was sufficient to induce these morpholog-
ical effects, thus excluding a need for a “bridging” function of
the rest of the uPA molecule in the formation of lateral molec-
ular contacts. Nevertheless, as noted above, the mere engage-
ment of the uPA-binding cleft of uPAR, as obtained by satura-
tion with the peptide antagonist AE120, did not lead to the
same outcome. This opens the possibility that, in the induction
of lateral interactions with integrins, an important conforma-
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tional factor may be the shift of the interdomain organization of
uPAR that occurs upon binding of GFD but not AE120 (36). It
cannot be excluded, however, that the small exposed surface of
the uPAR-bound GFD (13) could also play a role in these
interactions.

Altogether, we have shown that expression of uPAR leads to
pronounced changes in the adhesive and morphological prop-
erties of HEK cells and that these effects are modulated by both
of the extracellular uPAR ligands, i.e. uPA and vitronectin.
Importantly, the effect of each of these ligands on cell morphol-
ogy can be exerted in the absence of an interaction between
uPAR and the other ligand.
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