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Interactions between specific cell-surface molecules,
which include the urokinase receptor (uPAR) and inte-
grins, are crucial to processes of tumor invasion and
metastasis. Here we demonstrate that uPAR and �1-
integrins may cluster at distinct sites at the cell surface
of metastatic MDA-MB-231 breast cancer cells and form
functional complexes. Attachment assays performed in
the presence of a synthetic peptide (p25), which inter-
feres with the formation of uPAR-integrin complexes,
reveal that uPAR is able to regulate the adhesive func-
tion of integrins in breast cancer cells. On dissociation
of the uPAR-integrin complexes by p25, tumor cell at-
tachment to the extracellular matrix was either de-
creased (vitronectin) or increased (fibronectin). More-
over, the tumor cells display remarkable morphological
changes when cultured on fibronectin in the continu-
ous presence of p25, leading to increased cell spreading
and attachment. In marked contrast to control condi-
tions, increased cellular adhesion to fibronectin after
p25 treatment was entirely �1-integrin-mediated. The
role of uPAR-integrin complexes in tumor progression
was studied in an in vivo bone xenograft model. Stably
transfected MDA-MB-231 cells that overexpress p25
showed a significant reduction in tumor progression in
bone (P < 0.0001 versus mock-control). In line with
these observations, continuous administration of p25
(25 �g/mouse/day, osmotic minipumps) for 28 days
resulted in significantly reduced tumor progression of
MDA-MB-231 cells in bone (P < 0.005) when compared
to scrambled control peptide. In conclusion, our data
demonstrate that uPAR can act as an adhesion receptor
in breast cancer and is capable of regulating integrin
function. Our findings strongly suggest that adhesive
and proteolytic events are tightly associated in meta-

static breast cancer cells and that functional integrin-
uPAR complexes are involved in tumor progression in
vivo. (Am J Pathol 2001, 159:971–982)

Tumor invasion and metastasis is a multistep process
that depends on coordinated expression and temporal
regulation of a series of proteolytic and adhesive
events.1–11 Integrins and the urokinase receptor (uPAR)
are two cell-surface molecules that participate in adhe-
sion, detachment, and proteolytic disruption of neighbor-
ing structures.1–10 Integrins are noncovalently associated
heterodimers that consist of � and � chains. The compo-
sition of �-� heterodimers determines the specificity of
the integrin for its ligand, in most cases an extracellular
matrix molecule. Integrins are expressed by a large va-
riety of tumors, including breast cancer cells.12 We and
others have shown that malignant breast cancer cells
express �1 and �3 integrins that are functionally involved
in their adhesion to different extracellular matrix mole-
cules.13–17 Clinical studies have provided evidence that
altered integrin expression patterns, especially those of
the �1-integrin subfamily, correlate with metastatic be-
havior of cancer cells and poor prognosis in patients with
breast cancer.12,18–24

Additionally, invasion and metastasis requires proteo-
lytic degradation of surrounding matrices. The plasmino-
gen-activator/plasmin system and matrix metalloprotein-
ases have been implicated in these processes in a large
variety of tumors including breast cancer.7 The genera-
tion of pericellular plasmin by urokinase (uPA) in tumor
cells may lead to direct plasmin-mediated proteolysis or,
indirectly, may lead to activation of other proteinases (eg,
matrix metalloproteinases) that are capable of extracel-
lular matrix breakdown. Both plasminogen and uPA bind
to specific cell-surface receptors, localizing plasmin ac-
tivity to the cell surface where it can be used by migrating
cells to degrade tissue barriers during normal and patho-
logical processes.7,25–32 One of these receptors, uPAR,
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plays a crucial role in the activation of plasminogen into
plasmin, and is thus primarily responsible for the initiation
of the plasminogen activator/plasmin cascade. Accumu-
lating clinical evidence indicates that uPA and uPAR are
overexpressed in breast cancer and that high uPA/uPAR
levels correlate with poor prognosis of patients with
breast cancer.5,25,27,28,33

Adhesive and proteolytic events may not be separate
and independent processes in highly migratory cells. Wei
and co-workers34 provided the first direct evidence that
uPAR, after binding to uPA, is not only involved in prote-
olysis, but may also act as a high-affinity receptor for
vitronectin in embryonic kidney cells. More recently, it
was shown that uPAR physically associates with integrins
in highly migratory, uPAR-expressing cells.1,31,35–43

uPAR can form a complex with activated integrins when
attached to specific extracellular matrix molecules. It was
shown that these uPAR-integrin complexes both inhibited
the native integrin adhesive function and promoted the
chemotaxis and adhesion to vitronectin via a ligand-bind-
ing site on uPAR.35

The uPAR-integrin complexes could be specifically
disrupted by a 17-amino acid peptide sequence (p25),
isolated from a phage peptide library.35 The p25 peptide
interfered with uPAR-mediated adhesion resulting in de-
creased adhesion of uPAR-expressing cells to vitronec-
tin, a substrate for uPAR when associated to integrins.
These results support the notion that uPAR is capable of
altering integrin function without affecting ligand binding
of both cell surface receptors.35 Recently, a critical non-
I-domain-binding site for uPAR on CD11b (M25, residues
424 to 440) was identified by homology with this p25
phage display peptide.41 The M25 peptide also blocked
the association of uPAR with �1-integrins and impaired
�1-integrin-dependent cellular spreading and migration
on various substrates.41 Moreover, recent observations
verify that protease-independent functions of uPAR operate
in vivo and identify uPAR as a potential target in certain
pathological conditions.42 Taken together, these experi-
mental data indicate that uPAR associates with integrins
directly and that disruption of this association broadly im-
pairs integrin function, suggesting a novel strategy for reg-
ulation of integrins in the pathological processes.

In this study we demonstrate that uPAR-integrin com-
plexes exist in malignant MDA-MB-231 breast cancer
cells in vitro and in experimentally induced metastatic
bone lesions in nude mice. It is shown that uPAR is able
to regulate the adhesive function of integrins in breast
cancer cells using in vitro attachment assays. Results
from in vivo experiments described in this article strongly
suggest that uPAR-integrin complexes are functionally
involved in tumor progression because administration of
p25 resulted in significantly reduced tumor progression.

Materials and Methods

Breast Cancer Cell Lines

The breast cancer cell line MDA-MB-231 was purchased
from the American Type Culture Collection (Rockville,

MD). This cell line was established from a single pleural
effusion obtained from a 51-year-old white woman with
poorly differentiated adenocarcinoma.44 Cells were cul-
tured in RPMI 1640, 10% fetal bovine serum, and peni-
cillin/streptomycin (Life Technologies, Breda, the Nether-
lands) in a humidified incubator at 37°C at 5% CO2 until
confluency. For attachment assays, tumor cells were cul-
tured until �90% confluency and were dissociated into
single cell suspensions from the tissue culture flasks
using 0.125% w/v trypsin and 0.05% w/v ethylenediami-
netetraacetic acid in phosphate-buffered saline (PBS) for
3 minutes (see Attachment Assays).

Proteins, Antibodies, and Reagents

Bovine serum albumin was purchased from Miles Scien-
tific Inc. (Naperville, IL) Serum-free conditioned medium
(SFCM) was obtained from confluent MC3T3E1 mouse
osteoblasts (a kind gift from Dr. Merregaert, University of
Antwerp, Belgium) that were incubated for 24 hours in
serum-free medium supplemented with 0.5% v/v ITS�

(insulin, transferrin, 2.5 �g/ml selenium, 0.5 mg/ml bovine
serum albumin, and 0.5 �g/ml linoleic acid; Collaborative
Research, Inc., Bedford, MA). SFCM contains a mixture
of various extracellular bone matrix components and re-
flects the diversity and composition of extracellular bone
matrix in vivo as described earlier.13,14

Human fibronectin and vitronectin were obtained from
Life Technologies and were used in attachment assays
(see below). The following antibodies were used in at-
tachment assays and/or immunoprecipitation procedures
(see below); mouse anti-human �1-integrin antibodies
(P4C10, Life Technologies; mAb 1977, Chemicon Inter-
national Inc., Temecula, CA), rabbit anti-human uPAR
antibodies (399R; American Diagnostics, Greenwich, CT)
and the mouse-anti-human uPAR monoclonal antibody
H2.36,45

Peptide Synthesis

Two synthetic peptides were used in attachment assays:
p25, AESTYHHLSLGYMYTLN-NH2; and in scrambled or-
der NYHYLESSMTALYTLGH-NH2 (scrambled control
peptide, sc25) as described earlier.35

Peptides (p25 and its scrambled control) were synthe-
sized by solid-phase strategies on an automated multiple
peptide synthesizer (AMS422; Abimed Analysen-Technik,
Langenfeld, Germany) using Fmoc chemistry. The purity of
the peptides was determined by reverse-phase HPLC.

Cell Attachment Assays; Proteins Coated onto
Plastic

Cell attachment assays were performed in bacteriologi-
cal 96-wells plates and dotted with glycoproteins or
SFCM as described previously.13,14

In brief, 10 �l of SFCM or extracellular matrix protein in
PBS containing 1 mmol/L Ca2� was applied, resulting in
a protein-coated area (dot) of 0.12 cm2. After 16 hours at
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4°C, the fluid was removed and 100 �l of 60% v/v meth-
anol was added to each well for 2 hours at 4°C. The
methanol fixation was found to improve the stability and
durability of the protein-coated area without altering the
biological activity of the substrate.13,14 The methanol was
removed and wells were washed for 30 minutes at 4°C
with washing buffer (50 mmol/L Tris-HCl, pH 7.8, 110
mmol/L NaCl, 5 mmol/L CaCl2, 0.1 mmol/L phenylmethyl
sulfonyl fluoride, 1% w/v bovine serum albumin, and so-
dium azide) to block unbound sites on the plastic. After
removal of the washing buffer, the wells were washed
three times with serum-free medium RPMI 1640 supple-
mented with glutamine and 0.5% v/v ITS�.

Cells were precultured in RPMI 1640 (and Hepes),
10% fetal bovine serum, and penicillin/streptomycin in a
humidified incubator at 37°C at 5% CO2 until 90% con-
fluency. For attachment assays tumor cells were dissoci-
ated from the flasks using 0.125% w/v trypsin, 0.05% w/v
ethylenediaminetetraacetic acid solution in PBS (pH 7.2)
for 3 minutes. Cells were washed and resuspended in
serum-free medium (RPMI 1640 containing 0.5% v/v
ITS�) and seeded at a density of 10,000/cm2 (2800 cells/
150 �l) on the matrix-coated 96 wells. The 96-well dishes
were incubated at 37°C at 5% CO2 for a maximum of 3
hours. Each well was washed three times with serum-free
medium and attached cells were fixed for 20 minutes with
80% methanol at 4°C and stained with AmidoBlack. Two
nonoverlapping microscopic fields (2.54 mm2/field)
within each protein-coated area were counted. Each
group was performed in fourfold and experiments were
repeated three times.

Breast cancer cell attachment to SFCM, vitronectin,
and fibronectin was determined in the absence or con-
tinuous presence of the p25 peptide and/or function
blocking anti-�1 antibody (P4C10). Scrambled peptide
sequences and/or nonimmune IgGs were used as neg-
ative controls.

The scrambled peptide was used as a negative control
for p25 and did not significantly alter the adhesion of the
tumor cells compared to control conditions (no addition
of peptide) at a concentration range between 0 to 250
�mol/L (results not shown).

To exclude the potential effect of trypsinization on re-
moval of uPAR from the cell surface control experiments
were performed (fluorescence-activated cell sorting anal-
yses, attachment assays). Data from these experiments
showed that uPAR is expressed (and functionally active)
at the cell surface of MDA-MB-231 cells throughout the
entire adhesion experiment (results not shown).

In Vivo Models of Experimental Metastasis

MDA-MB-231 breast cancer cells (105 cells/100 �l) were
injected into the left heart ventricle of 8-week-old female
BALB-c nu/nu mice according to the protocol described
by Arguello and co-workers.46 Subsequent to tumor cell
administration, breast cancer growth of the cancer cells
in the skeleton was assessed by radiographs (Kodak
X-OMAT TL; Eastman Kodak Company, Rochester, NY)
using a Hewlett-Packard X-ray systems Faxitron 43805.

Five weeks after tumor cell inoculation the animals devel-
oped osteolytic bone metastases as expected47,48 and at
the end of the experiment mRNA was isolated from the
bone/bone marrow of all long bones. The presence of
tumor cells in the bone/bone marrow was checked with
reverse transcriptase-polymerase chain reaction (RT-
PCR) using human-specific �2-�-globulin primers as de-
scribed below.49,50

Bone Xenograft Model for Breast Cancer Cells

We have established a bone xenograft model for breast
cancer cells to study the role of uPAR-integrin complexes
in tumor progression in bone as described earlier for
prostate tumors.51,52 Parental MDA-MB-231 breast can-
cer cells (105 cells/�l) were injected directly into the bone
marrow cavity of the tibiae from BALB-c nu/nu mice and
visible osteolytic lesions were formed after 3 weeks. Os-
teolytic lesions are because of the presence of numerous
actively resorbing osteoclasts surrounding the metastatic
lesions.47–49

To establish the role of uPAR-integrin complexes in
tumor progression, parental MDA-MB-231 breast cancer
cells were stably transfected with a p25 expression con-
struct (or empty pCR 3 vector) under a CMV promoter
(see below). Subsequently, 105 p25-overexpressing
MDA-MB-231 cells (MDA-p25) or mock-transfected cells
(MDA-mock) were injected into the left and right tibiae of
the same animal (8-week-old female BALB-c nu/nu mice),
respectively. Subsequent to tumor cell administration,
breast cancer growth of both cell lines in the skeleton of
the same animal was assessed by radiographs as de-
scribed above. mRNA was isolated from the bone/bone
marrow of both tibiae 3 weeks after intra-osseous injec-
tions. The presence of tumor cells in the bone marrow
was checked with RT-PCR using human-specific �2-�-
globulin primers as described below.

In addition, the progression of parental MDA-MB-231
breast cancer cells in the in vivo bone xenograft model
was studied during continuous administration of 25 �g/
mouse/day of p25 or a scrambled control peptide for 28
days with subcutaneously implanted osmotic minipumps
(200 �l, 0.25 �l/hr, model 2004; Alzet Scientific Products,
Alza Corporation, Mountain View, CA).

Detection of Tumor Cells and Expression of
Tumor-Derived Factors Using RT-PCR

Total RNA was isolated from bone metastases or bone
lesions according to the method of Chomczynski and
Sacchi.50 Tissues were homogenized in the lysis buffer
using an Ultra-Turrax T25 (Janke & Kunkel, Staufen, Ger-
many), extracted with phenol and chloroform, precipi-
tated at �20°C with 100% isopropanol, resuspended in
autoclaved denatured water, and stored at �80°C. RNA
concentration was determined spectrophotometrically
assuming 40 �g/ml per optical density at a wavelength of
260 nm (1-cm path length) and quality was checked on a
1% agarose gel containing 0.5 �g ethidium bromide
(EtBr)/ml. The RNA was reverse-transcribed into cDNA
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using MMLV reverse transcriptase (MBI Fermentas,
Vilnius, Lithuania) and used for PCR amplification with
Goldstar DNA polymerase (Eurogentec, Seraing, Bel-
gium). Expression of tumor-derived factors was deter-
mined using 10 ng of cDNA for each PCR reaction in an
end volume of 25 �l per tube (32 cycles, 58°C annealing
temperature, 2.0 mmol/L MgCl2) using a GeneAmp PCR
system 9700 (Perkin Elmer, Branchburg, NJ).

Sense (S) and antisense (AS) primers were designed to
specifically hybridize with tumor (human) transcripts and
not with host transcripts (mouse) during the PCR reactions
and the conditions specified above. This way we have been
able to specifically amplify tumor-derived transcripts and
not mouse (host) transcripts (see results). The following
sense (S) and antisense (AS) primers were used in RT-PCR
reactions: �1-integrin (S � 5�-AAT.GAA.GGG.CGT.GTT.
GGT.AG-3�, AS � 5�-CTG.CCA.GTG.TAG.TTG.GGG.TT-3�,
amplicon size 290 bp); tPA (S � 5�-TCT.TAG.ATT.TCG.
TGT.GCC.AG-3�, AS � 5�-CTC.TGA.GCT.GTA.CTT.CCC.
CG-3�, amplicon size 296 bp); uPA (S � 5�-GCC.ATC.
CCG.GAC.TAT.ACA.GA-3�, AS � 5�-AGG.CCA.TTC.TCT.
TCC.TTG.GT-3�, amplicon size 416 bp); uPAR (S � 5�-
CTG.GAG.CTG.GTG.GAG.AAA.AG-3�, AS � 5�-TGT.
TGC.AGC.ATT.TCA.GGA.AG-3�, amplicon size 406 bp);
PAI-1 (S � 5�-ATA.CTG.AGT.TCA.CCA.CGC.CC-3�, AS �
5�-GTG.GAG.AGG.CTC.TTG.GTC.TG-3�, amplicon size
320 bp); PAI-2 (S � 5�-ATG.GTC.TAC.ATG.GGC.TCC.AG-
3�, AS � 5�-CGC.AGA.CTT.CTC.ACC.AAA.CA-3�, ampli-
con size 285 bp); �2-�-globulin (S � 5�-CCA.GCA.
GAG.AAT.GGA.AAG.TC-3�, AS � 5�-GAT.GCT.GCT.
TAC.ATG.TCT.CG-3�, amplicon size 268 bp).

Immunoprecipitation Protocol

MDA-MB-231 breast cancer cells were cultured in a 9-cm
Petri dish until subconfluent and washed twice with PBS.
Subsequently the cells were washed twice with PIPES
buffer and 5 ml PIPES and 0.2% v/v Triton X-100 was
added and incubated for 5 minutes on ice as described
earlier.35,53,54 The supernatant was transferred to a tube
and 5 ml of 2� RIPA buffer was added. The insoluble
fraction was used for immunoprecipitation as described
earlier.35

Immunoprecipitation was performed using either
mouse anti-human �1-integrin antibodies (P4C10) or rab-
bit anti-human uPAR antibodies (399R).

After sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis, the gel was blotted to an activated Immo-
bilon membrane (Amersham Pharmacia Biotech, Essex,
UK) and detection of �1-integrin (mAb 1977) and uPAR
(399R) was performed using the enhance chemilumines-
cence-blotting and detection method for Western blotting
according to the manufacturer’s protocol (Amersham
Pharmacia Biotech).

In addition total cell lysates of cultures MDA-MB-231
cells were prepared as described earlier55 and analyzed
by Western blotting with two different antibodies for hu-
man uPAR (399R, H2) and �1-integrins (P4C10, mAb
1977).

Immunofluorescence

MDA-MB-231 cells were seeded on sterilized SFCM-
coated glass coverslips at a density of 10,000 cells/cm2.
After 2 days the coverslips were washed twice with PBS
and cells were fixed for 30 minutes with buffered formalin
at room temperature. Subsequently, the tumor cells were
washed three times with PBS and stored in PBS until use.

After removal of PBS, the fixed cells were quenched for
10 minutes in 50 mmol/L NH4Cl. After three washes with
PBS the cells were permeabilized for 4 minutes with 0.1%
v/v Triton X-100 in PBS. After removal of the fluid, the cells
were preincubated for 1 hour in 0.5% w/v Boehringer milk
powder (BMP; Boehringer Mannheim, Mannheim, Ger-
many) in PBS. Subsequently the cells were incubated
overnight (18 hours) with primary antibody in 0.5% w/v
BMP-PBS at 4°C. The following primary antibodies were
used; P4C10 (mouse anti-human �1-integrin monoclonal

Figure 1. mRNA expression of members of the PA/plasmin system (t/uPA,
uPAR, PAI 1, PAI 2 (A) and �1-integrin (B) in MDA-MB-231 cells derived
from a skeletal metastasis from nude mice as determined by RT-PCR (10 ng
cDNA, 32 cycles, 56°C annealing temperature).
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antibody, 1:500) and 399R (rabbit anti-human uPAR poly-
clonal antibody, 1:200).

After overnight incubation, the glass coverslips were
washed three times with 0.5% w/v BMP-PBS and subse-
quently the cells were incubated for 1 hour with 1:500
diluted Cy-Dyes (Amersham Pharmacia Biotech) at room
temperature. The following fluorescent secondary anti-
bodies were used: Cy-2 (anti-mouse) and/or Cy-3 (anti-
rabbit). After 1 hour the secondary antibodies were re-
moved and the cells were washed three times in distilled
water and air dried. The stained cells were mounted in
Fluormount (BDH; Brunschwig Chemie, Amsterdam, The
Netherlands) and examined by confocal microscopy
(Zeiss LSM 510) at excitation wavelengths of 488 nm
(Cy2) and 543 nm (Cy3).

Stable Transfection of MDA-MB-231 Cells with
cDNA for p25

A preproPTHrP-p25 cDNA was subcloned into pCR 3
(Invitrogen, San Diego, CA) expression vector. The pre-
proPTHrP signal peptide, positions 6 to 130 (GenBank
Accession no. M17183) was ligated to the p25-coding
sequence containing a stop codon at position 176 to 178
bp of the expression construct (total length, 178 bp). The
p25-coding sequence was derived from the peptide
sequence A-E-S-T-Y-H-H-L-S-L-G-Y-M-Y-T-L-N36 and in-
cluded a stop codon at the 3� end; GCT.GAA.TCT.
ACA.TAT.CAC.CAT.CTG. TCC.CTT.GGC.TAC.ATG.TAT.
ACA.CTC.AAC.TGA. The preproPTHrP-p25 or empty
pCR 3 vector (mock) was transfected into MDA-MB-231

cells by calcium phosphate precipitation. Single clones
were isolated by limiting dilution in the presence of
the selective marker G418 (Sigma Chemical Co., St.
Louis, MO). Clones were screened and selected by mea-
suring mRNA expression of p25 using RT-PCR. The fol-
lowing PCR primers were used for screening of the MDA-
MB-231 clones; sense, 5�-GAG.CGC.GAG.CGG.AGA.
CGA.TG-3�; and antisense, 5�-CAT.GTA.GCC.AAG.GGA.
CAG.ATG-3� (expected amplicon size, 160 bp).

No differences in viability and growth rate of the pa-
rental, mock-transfected, and p25-expressing MDA-MB-
231 cells were found (results not shown).

Statistics

Significant differences between the experimental groups
within each experiment were calculated using a factorial
one-way analysis of variance followed by a Fisher’s PLSD
test.

Figure 2. The urokinase receptor (uPAR) and �1-integrins co-localize (a–c).
MDA-MB-231 cells were cultured for 3 days on glass coverslips in �-MEM
plus 10% FCS, fixed in 2% paraformaldehyde, and subsequently stained with
polyclonal uPAR (399R) antibody and �1-integrin (P4C10) monoclonal an-
tibodies. Secondary antibodies were then used to visualize optical planes of
the cells by confocal microscopy (Zeiss LSM 510): integrins (Cy2 � green, a),
uPAR (Cy3 � red, b), and sites of co-localization (yellow, c). d: The negative
control (no primary antibody added, Cy2 and Cy3 secondary antibodies).
Original magnifications, �400.

Figure 3. The urokinase receptor (uPAR) and �1-integrins co-localize. MDA-
MB-231 cells were cultured for 3 days on glass coverslips in �-MEM plus 10%
FCS, fixed in 2% paraformaldehyde, and subsequently stained with poly-
clonal uPAR (399R) antibody and �1-integrin (P4C10) monoclonal antibod-
ies followed by Cy3-conjugated goat anti-rabbit antibodies (red) and Cy2-
conjugated rat anti-mouse antibodies (green), respectively. Bottom: A
graphic representation of the co-localization of both receptors (intensities of
red and green) after measurement of both signals along the optical plane
visualized by the blue line of the top. Intensity measurements were per-
formed with Zeiss LSM 510 software.
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Results

Expression of PA/Plasmin Members and
Integrins in Bone Metastases

Figure 1 depicts the expression of t/uPA, uPAR, and
PAI-1 and PAI-2, and �1-integrin transcripts by MDA-MB-
231 cells derived from a bone metastasis that was formed
5 weeks after inoculation of the tumor cells into the left
heart ventricle of nude mice. The steady-state mRNA

levels were analyzed by semiquantitative RT-PCR using
human-specific oligonucleotides (see Materials and
Methods). Our data show that metastatic breast cancer
cells strongly express uPA and other members of the
PA/plasmin system including uPAR, tPA, and PAI-1 (Fig-
ure 1A) and �1-integrins in vivo (Figure 1B). Similar results
were found in cell cultures of MDA-MB-231 cells in vitro.48

uPAR-Integrin Complexes in Breast Cancer
Cells

The presence of functional uPAR-integrin complexes in
highly invasive breast cancer cells was studied using
attachment assays, and immunohistochemical and im-
munoprecipitation procedures.

Figures 2 and 3 show the double-immunofluorescence
staining of human MDA-MB-231 cells for �1-integrins and
uPAR in vitro. Using confocal microscopy we found that
uPAR and �1-integrins co-localize at the cell surface of
MDA-MB-231 cells (Figure 3).

In Western blot analyses of total MDA-MB-231 cell
lysates (Figure 4A), the anti-uPAR Abs (399R and H2)

Figure 4. A: Analysis of the detergent phase of Triton X-114 cell extracts
from MDA-MB-231 cells by Western blot using two antibodies for uPAR (H2,
399R) and �1-integrins (P4C10, mAb 1977) as described previously.55

Cleaved uPAR (30 kd) is present in cultured MDA-MB-231 cells as expect-
ed,55,56 which may represent uPAR(2 � 3). B: Complex formation between
uPAR and �1-integrins and the effect of p25. After immunoprecipitation with
an anti-�1-integrin antibody (P4C10) the precipitate was separated using
SDS-PAGE. Subsequently, the precipitate was blotted onto an Immobilon
membrane and stained with either the anti-�1-integrin antibody (P4C10) or
an anti-uPAR antibody (399R) using the ECL method for Western blotting
according to the manufacturer’s protocol (see Materials and Methods). Lane
1: Negative control (nonspecific primary antibody, nonimmune mouse IgG).
Lanes 2 and 3: Negative controls (nonspecific secondary antibodies, non-
immune mouse and rabbit IgGs, respectively). Lane 4: Immunoprecipitation
with the anti-�1-integrin antibody P4C10 and subsequent staining with
the anti-�1-integrin antibody mAb 1977. Lane 5: Immunoprecipitation with
an anti-�1-integrin antibody (P4C10) and subsequent staining with an anti-
uPAR antibody (399R). Lanes 6 and 7: Same as lane 5 but now in the
presence of 100 �mol/L p25 or scrambled control peptide sc25, respectively.

Figure 5. Attachment of MDA-MB-231 breast cancer cells to vitronectin (A)
or fibronectin (B) in the presence of increasing concentrations of p25 pep-
tide. A scrambled peptide was used as a negative control (concentration
range, 0 to 100 �mol/L), and did not alter the attachment characteristics of
the cancer cells (data not shown). Values are expressed as p25/scrambled
peptide ratio � 100 (treatment/control ratio � 100). (Scrambled VN control
at 100 �mol/L � 67.5 � 3.7 cells/cm2, Scrambled FN control at 100 �mol/L �
114 � 24.7 cells/cm2). *, P � 0.05.

976 van der Pluijm et al
AJP September 2001, Vol. 159, No. 3



detected two forms of the uPAR as expected.55 These
bands may represent the intact uPAR (49 kd) and
cleaved 2 � 3 domain form of uPAR (30 kd).56 In addition,
�1-integrins were detected in the same cell lysates using
P4C10 and mAb 1977 antibodies (130 kd). When the
membrane fraction of MDA-MB-231 cells was immuno-
precipitated with an anti-�1-integrin antibody P4C10,
separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and blotted onto a Immobilon membrane,
�1-integrins were detected on staining with the anti-�1-
integrin antibody mAb 1977 (Figure 4B, lane 4), whereas
no bands were detected in the negative control groups
(Figure 4B, lanes 1 to 3). When the membrane fraction of
MDA-MB-231 cells was immunoprecipitated with an anti-
�1-integrin antibody P4C10 and subsequently separated
and blotted, the 30-kd uPAR(2 � 3) was detected on
staining with the rabbit anti-uPAR antibody 399R (Figure
4B, lane 5) suggesting co-precipitation of uPAR(2 � 3)
with �1-integrins in metastatic breast cancer cells. In
contrast, addition of p25 (100 �mol/L) to the cell lysates
completely disrupted co-precipitation of uPAR(2 � 3)
with �1-integrins (Figure 4B, lane 6), whereas a scram-
bled peptide sc25 (100 �mol/L) had no effect (Figure 4B,
lane 7).

uPAR-Integrin Complexes and Cancer Cell
Attachment

Attachment assays performed with MDA-MB-231 breast
cancer cells using function blocking �1-integrin antibod-
ies and a 17-amino acid peptide sequence (p25) are
depicted in Figures 5 to 7. The p25 peptide specifically

disrupts uPAR-integrin complexes and was found to in-
terfere with uPAR-mediated adhesion without affecting
ligand binding of both cell surface receptors.35 In the
presence of increasing amounts of synthetic p25 pep-
tide, adhesion of MDA-MB-231 cells to vitronectin was
decreased dose dependently (Figure 5A), suggesting
the existence of uPAR-integrin complexes and the func-
tional involvement of uPAR in adhesion. In contrast, at-
tachment of MDA-MB-231 cells to the extracellular matrix
component fibronectin was stimulated dose dependently
in the presence of p25 (Figure 5B).

The involvement of uPAR as an adhesion receptor in
regulating integrin function was studied further in cell
attachment assays in the absence or presence of anti-
�1-integrin antibodies and p25. Figure 6, A through L,
depicts representative micrographs of these experiments
for three extracellular matrices (osteoblast extracellular
matrix, vitronectin, and fibronectin, respectively). Addi-
tion of anti-�1-integrin antibodies during attachment of
the breast cancer cells to fibronectin and osteoblast ex-
tracellular matrix inhibited both the number of adherent
cells and cellular spreading (Figure 6, B and J). In con-
trast, in the presence of p25 not only significantly more
breast cancer cells adhered to fibronectin but cellular
spreading on fibronectin was also strongly increased
(Figure 6K). Conversely, adhesion of the breast cancer
cells to vitronectin was not significantly affected by anti-
�1-integrin antibodies whereas with p25 the attachment
was significantly decreased (Figure 6, F and G). No
additional effect was observed when anti-�1-integrin an-
tibodies and p25 were added simultaneously during at-
tachment of MDA-MB-231 cells to vitronectin (Figure 6H).

Figure 6. Representative micrographs of the attachment of MDA-MB-231 cells to osteoblast extracellular matrix (OB), vitronectin (VN), and fibronectin (FN) in
the absence or presence of anti-�1-integrin antibodies alone or in combination with p25.
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Quantitative measurements of these attachment exper-
iments are shown in Figure 7, A through C. Figure 7A
shows that adhesion of MDA-MB-231 cells to bone matrix
was inhibited by anti-�1-integrin antibodies (92% inhibi-
tion) and p25 peptide (70% inhibition). When anti-�1-
integrin antibodies and p25 were added simultaneously
during attachment (Figure 7A), adhesion was almost
completely inhibited (97% inhibition). In the presence of
anti-�1-integrin antibodies, cellular attachment to vitro-
nectin was not altered significantly. In contrast, adhesion
of MDA-MB-231 cells was inhibited significantly in the
presence of p25 (Figure 7B), demonstrating that vitronec-
tin binding, under these conditions, is mediated by uPAR

rather than �1-integrins (see also Figure 5A). When p25
and anti-�1-integrin antibodies were added simulta-
neously (Figure 7B), adhesion of MDA-MB-231 cells to
vitronectin was not significantly different from p25 alone.

Adhesion of MDA-MB-231 cells to fibronectin was not
affected by anti-�1-integrin antibodies, but was strongly
stimulated by p25 (303%, Figure 7C), suggesting reacti-
vation/participation of integrins in adhesion to fibronectin
on addition of the p25 peptide. The latter was demon-
strated further when anti-�1-integrin antibodies were
added simultaneously to p25. Under these conditions,
attachment of the breast cancer cells was almost com-
pletely inhibited when compared to p25 alone (Figure 6C;
p25 alone � 267 � 7 versus p25 � anti-�1-integrin anti-
body � 21 � 0.6, P � 0.0001).

These data, therefore, suggest the involvement of
uPAR-integrin complexes in the modulation of cellular
adhesion to extracellular matrices. The ability of uPAR to
act as an adhesion receptor for vitronectin in MDA-MB-
231 cells was further investigated with the monoclonal
antibody H2, which was shown previously to specifically
recognize u-PAR,36 prevent u-PA binding to its receptor
on endothelial cells and significantly inhibits endothelial
cell attachment to vitronectin.45 In the presence of 10
�g/ml of monoclonal antibody H2, adhesion of MDA-MB-
231 cells to vitronectin was significantly decreased (Fig-
ure 8) as shown previously for endothelial cells in an
identical assay.45

Taken together, these in vitro results suggest the exis-
tence of functional uPAR-integrin complexes on malig-
nant breast cancer cells and indicate that uPAR can act
as an adhesion receptor for vitronectin and is capable of
regulating integrin function.

Involvement of uPAR-Integrin Complexes in
Tumor Progression in Vivo

The putative involvement of uPAR-integrin complexes in
tumor progression in vivo was investigated using stably
transfected p25-overexpressing MDA-MB-231 cells

Figure 7. Attachment characteristics of MDA-MB-231 cells to osteoblast ex-
tracellular matrix (A), vitronectin (B), or fibronectin (C) in the presence/
absence anti-�1-integrin antibody and/or p25. *, P � 0.01.

Figure 8. The anti-uPAR monoclonal function-blocking antibody H2 (10
�g/ml) inhibits adhesion of MDA-MB-231 cells to vitronectin. *, P � 0.01.
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(MDA-p25) in a bone xenograft model (Figure 9). For
comparison, the right and left tibiae of the same animal
were injected with 105 MDA-mock and MDA-p25, respec-
tively (Figure 9A). Three weeks after intra-osseous inoc-
ulation, cancer growth in the skeleton was assessed by
radiographs (Figure 9A) and revealed extensive tumor
progression and large osteolytic lesions in control MDA-
mock cells (arrows) but not p25-overexpressing MDA-
p25 cells in the same animal. PCR analyses of tumor-
derived �2-�-globulin steady-state mRNA levels from
both tibiae confirmed the presence of viable MDA-mock
and MDA-p25 cells in the bone microenvironment (Figure
9B) and demonstrated strong expression of p25 by MDA-
p25 cells (Figure 9C). Tumor burden was significantly
reduced in the MDA-p25 group when compared to MDA-
mock (Figure 9D). It is important to note that surface
expression of uPAR and �1-integrin as determined by
fluorescence-activated cell sorting analyses did not differ
between mock- and p25-transfected cell lines (results not
shown). Moreover, no difference was observed in the
proliferation of both cell lines in vitro (doubling time for
both cell lines, 18 hours).

In an attempt to confirm the in vivo data, we have studied
the tumor progression of parental MDA-MB-231 breast can-
cer cells in the in vivo bone xenograft model during contin-

uous administration of 25 �g/mouse/day of p25 or a scram-
bled control peptide (sc25) for 28 days with subcutaneously
implanted osmotic minipumps (model 2004; Alzet Scientific
Products). Growth of the breast cancer cells in the bone/
bone marrow microenvironment was significantly inhibited
on administration of p25 when compared to the scrambled
peptide control (P � 0.05) (Figure 10). Our data, therefore,
strongly suggest that uPAR-integrin complexes can modu-
late tumor progression in vivo.

Discussion

The data presented in this study strongly suggest the
existence of uPAR-integrin complexes in highly tumori-
genic breast cancer cells. It was found that �1-integrins
and uPAR are localized at the cell surface and cluster at
focal contacts and that integrins and uPAR may form
functional complexes in these tumor cells. Attachment
assays revealed that uPAR is able to regulate the adhe-
sive function of integrins on breast cancer cells. Overex-
pression of p25 by MDA-MB-231 cells resulted in a sig-
nificant decrease in tumor progression in a bone
xenograft model for breast cancer. Moreover, in vivo ad-
ministration of p25 for 28 days (osmotic minipumps) sig-

Figure 9. Tumor progression after intra-osseous injection of MDA-MB-231 control cells (MDA-mock) and p25 overexpressing MDA-MB-231 cells (MDA-p25 stable
transfectants). Tibiae of the same nude mouse were either injected with 105 MDA-mock (control cells, right tibia) or MDA-p25 (p25 expressing cells, left tibia).
Three weeks after intra-osseous inoculation, cancer growth in the skeleton was assessed by radiographs (A) and reveal extensive tumor progression and large
osteolytic lesions in control MDA-mock cells (arrows) but not p25-overexpressing MDA-p25 cells. RT-PCR analyses of steady-state mRNA levels for the human
housekeeping gene �2-�globulin reveal the presence of MDA-mock (lanes 1 to 4) and MDA-p25 cells (lanes 6 to 9) in the bone marrow compartment of the
tibiae (B) (n � 4). Lanes 5 and 10 depict RT-PCR analyses of normal mouse bone marrow (no tumor cells) steady-state mRNA. C: RT-PCR analysis of steady-state
mRNA expression of MDA-p25 cells. 1, Negative control, no reverse transcription; 2, cDNA from MDA-mock cells from right tibia; 3, cDNA from MDA-p25 cells
from left tibia. Tumor areas (sq. pixels) was determined using image analysis software (NIH-Image 1.62b7 software) and show significant reduction of tumor
volume (D) (*, P � 0.0001; n � 8).
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nificantly reduced the growth of breast cancer cells in
vivo, strongly suggesting the functional involvement of
uPAR-integrin complexes in tumor growth and invasion.

Cancer metastasis results from several interdependent
processes that encompass a variety of adhesive and
proteolytic events. The cell surface receptors uPAR and
integrins have been implicated in these processes. We
have shown previously that adhesion of MDA-MB-231
breast cancer cells to different extracellular matrix mole-
cules was mediated, at least in part, by adhesion recep-
tors from the integrin family.13,14 In addition, our group
reported earlier that uPA-uPAR pathway of plasmin acti-
vation are directly involved in the proteolytic breakdown
of extracellular bone matrices by various tumor cell lines
including MDA-MB-231.48

In this article we provide evidence that uPAR and
integrins form functional complexes in metastatic breast
cancer. In line with previous studies,55,56 we have found
that MDA-MB-231 cells express two forms of uPAR that
are anchored to the cell surface. Western blot analyses
revealed that, in particular, the uPAR(2 � 3)-cleaved form
on MDA-MB-231 cells produces functional complexes

with �1-integrins. This may be because of the fact that
�1-integrins only associate with uPAR(2 � 3) and that
binding binding/interaction is shielded by domain 1 or
that cleavage induces conformational changes that
makes the binding site available in uPAR(2 � 3). Alter-
natively uPAR(2 � 3), which is more abundantly ex-
pressed at the cell surface than full-length uPAR, may
compete for �1-integrin binding. Attachment assays per-
formed with a synthetic peptide (p25), which interfered
with the formation of uPAR-integrin complexes by affect-
ing ligand binding of both receptors,35 revealed that the
attachment characteristics can change dramatically on
dissociation of the uPAR-integrin complex. Furthermore,
we found that changes in adhesion depended on the
nature of the extracellular matrix. Adhesion of breast
cancer cells to vitronectin, a ligand for uPAR when asso-
ciated to integrins at the cell surface,34 was inhibited
dose dependently in the continuous presence of p25.
These data indicate that uPAR acts as an adhesion re-
ceptor for vitronectin in these tumor cells. In contrast,
adhesion of breast cancer cells to another extracellular
matrix molecule, fibronectin, was strongly increased after

Figure 10. Tumor progression after intra-osseous injection of parental MDA-MB-231 control cells. Tibiae of nude mice were injected with 105 MDA-MB-231 cells.
After intra-osseous inoculation with 105 MDA-MB-231 breast cancer cells nude mice were treated with p25 or scrambled control peptide (25 �g/mouse/day) using
osmotic minipumps (top left radiograph). Three weeks after intra-osseous inoculation, cancer growth in the skeleton was assessed by radiographs and reveal
extensive tumor progression and large osteolytic lesions in the control group (scrambled peptide, sc25) whereas tumor burden in p25-treated animals was
significantly decreased (P � 0.05) (bottom right). Tumor areas (sq.pixels) was determined using image analysis software (NIH-Image 1.62b7 software) and show
significant reduction of tumor volume (top right) (*, P � 0.05; n � 8).
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p25 treatment. When attached to fibronectin, the tumor cells
demonstrated a remarkable change in their morphology in
that spreading of MDA-MB-231 cells was strongly in-
creased on p25 treatment. Addition of function-blocking
anti-�1-integrin antibodies in the presence of p25 com-
pletely blocked tumor cell attachment to fibronectin. These
results suggest that �1-integrins become reactivated on
p25 treatment because of dissociation of uPAR-integrin
complexes and, subsequently, mediate the adhesion of
MDA-MB-231 cells to fibronectin.

The data presented in this article suggest a functional
role of uPAR-integrin complexes in tumor progression in
vivo, because in vivo administration of p25 and p25 over-
expression by MDA-MB-231 cells strongly and signi-
ficantly decreased the tumor load in bone. Our in vitro
and in vivo data support the notion that tumor cell inva-
sion depends on cooperation between adhesive and
proteolytic events and that uPAR plays a central role in
these processes.1,4,7,10,11,31,32,34–38,40–43 There is ample
evidence indicating that other adhesion receptors and
proteolytic enzymes are tightly linked and may mutually
influence each other. For instance, matrix metalloprotein-
ase-2 may be localized to the surface of invasive cells
through integrin receptors.57,58 Moreover, it was found
that specific CD44 splice variants are involved in tumor
cell migration and MMP-9 association.59 It seems, there-
fore, that invasion and metastasis depend on regulation
of a variety of adhesive and proteolytic processes.

The results presented in this article suggest that uPAR
is capable of regulating the activity and availability of
integrins depending on the nature of the extracellular
matrix. It seems that the interaction between �1-integrins
and uPAR influences cellular attachment characteristics
because formation of complexes between the two cell
surface receptors promotes the adhesion to specific ma-
trix proteins, vitronectin, and suppresses the normal ad-
hesive function of the integrins (fibronectin). Our data are
in line with observations in other nonmalignant uPAR-
expressing embryonic kidney cells.35 Wei and co-work-
ers35 demonstrated that uPAR is able to regulate integrin
function in these cells stably transfected with uPAR. Xue
and colleagues1 showed that uPAR associates with cer-
tain members of the �1- and �3-integrin families in fibro-
sarcoma cells when adherent to certain matrix molecules.
Our observations provide novel evidence that metastatic
breast cancer cells form uPAR-integrin complexes, which
determine the attachment characteristics of the tumor
cells for various substrata.

The data presented here indicate that uPAR is not only
involved in processes that are related to plasminogen
activation but show that adhesive and proteolytic events
are tightly associated in metastatic breast cancer. Our in
vivo studies emphasize the importance of uPAR-integrin
complexes in breast cancer progression. Further re-
search is warranted to study the mechanism, involvement
and regulation of uPAR-integrin complex formation dur-
ing cancer progression and metastasis. Results from
these studies may provide new insights in the treatment
of neoplastic disease.
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