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Expression of urinary-type plasminogen activator
(uPA) and its receptor (uPAR) is correlated with matrix
proteolysis, cell adhesion, motility, and invasion. To
evaluate the functional link between adhesion and pro-
teolysis in gingival keratinocytes (pp126), cells were
treated with immobilized integrin antibodies to induce
integrin clustering. Clustering of a3 and b1 integrin sub-
units, but not a2, a5, a6, or b4, enhanced uPA secretion.
Bead-immobilized laminin-5 and collagen I, two major
a3b1 ligands, also induced uPA expression. Coordinate
regulation of the serpin plasminogen activator inhibitor
1 was also apparent; however, a net increase in uPA
activity was predominant. a3b1 integrin clustering in-
duced extracellular signal-regulated kinase 1/2 phos-
phorylation, and both uPA induction and extracellular
signal-regulated kinase activation were blocked by the
mitogen-activated protein kinase/extracellular signal-
regulated kinase kinase inhibitor PD98059. Integrin ag-
gregation also promoted a dramatic redistribution of
uPAR on the cell surface to sites of clustered a3b1 inte-
grins. Co-immunoprecipitation of b1 integrin with uPAR
provided further evidence that protein-protein interac-
tions between uPAR and b1 integrin control uPAR dis-
tribution. As a functional consequence of uPA up-regu-
lation and uPA-mediated plasminogen activation, the
globular domain of the laminin-5 a3 subunit, a major
pp126 matrix protein, was proteolytically processed
from a 190-kDa form to a 160-kDa species. Laminin-5
containing the 160-kDa a3 subunit efficiently nucleates
hemidesmosome formation and reduces cell motility.
Together, these data suggest that multivalent aggrega-
tion of the a3b1 integrin regulates proteinase expres-
sion, matrix proteolysis, and subsequent cellular
behavior.

Urinary-type plasminogen activator (uPA)1 (urokinase) is a

serine proteinase that functions in conversion of the circulating
zymogen plasminogen to the active, broad-spectrum serine pro-
teinase plasmin (reviewed in Ref. 1). uPA is secreted by nu-
merous cell types, and up-regulation of uPA expression has
been correlated with malignant progression of a wide variety of
neoplasms (1). The biological activity of uPA is regulated post-
translationally by a functional interplay between the protein-
ase, its receptor (uPA receptor (uPAR)), and the serpin plas-
minogen activator inhibitor 1 (PAI-1). uPAR is tethered in the
cell membrane by a glycosylphosphatidylinositol moiety and
has been postulated to play a critical role in the initiation of
extracellular matrix proteolysis by spatially concentrating uPA
at the cell-matrix interface. Receptor-bound uPA (designated
uPA/R) catalyzes plasmin formation and is also inhibited by
PAI-1, leading to endocytosis of uPAR/uPA/PAI-1 complexes
(1).

Recent studies have demonstrated that the glycosylphos-
phatidylinositol-anchored uPAR can form lateral associations
with transmembrane integrins (2–5). Integrins are ab het-
erodimeric proteins that function in cell-matrix adhesion and
participate in diverse biological processes, including migration,
proliferation, differentiation, and apoptosis (6, 7). Because in-
tegrin cytoplasmic domains can couple to both cytoskeletal and
signaling proteins, integrin engagement can control a hierar-
chy of subcellular events based on the physical nature of the
specific ligand-receptor interaction. Integrin binding by an
ECM ligand can result in receptor occupancy, aggregation, or
both, thus functionally coupling the extracellular environment
to the actin-based cytoskeleton and to specific signal transduc-
tion pathways that modulate distinct cellular responses (8–10).
Furthermore, recent studies report that uPAR ligation may
result in modulation of integrin signaling, suggesting a poten-
tial mechanism whereby uPA/R may participate in regulation
of cell cycle progression and cell motility (7, 11, 12).

Integrin engagement has been shown to regulate expression
of numerous gene products (6, 7); however, the contribution of
integrins to modulation of uPA/R expression is inconclusive. In
the current study, we evaluated the functional link between
cell-matrix adhesion and proteolysis in premalignant oral ke-
ratinocytes. We report that aggregation of a3b1 integrins exerts
multifunctional control on the uPA system by inducing expres-
sion of uPA and PAI-1 as well as regulating the membrane
localization of uPAR. Integrin-induced uPA expression re-
quires extracellular signal-regulated kinase 1/2 (ERK1/2) acti-
vation and is blocked by treatment with a MEK inhibitor. As a
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functional consequence of integrin-induced activation of the
uPA/plasmin system, limited proteolytic modification of endog-
enous matrix-associated laminin-5 was observed, providing
support for the hypothesis that integrin-mediated adhesion
regulates matrix proteolysis and subsequent cellular behavior.

EXPERIMENTAL PROCEDURES

Materials—Gelatin, BSA, type I collagen, type IV collagen, fibronec-
tin, laminin-1, aprotinin, cycloheximide, herbimycin, actinomycin D,
N-hydroxy-succinimidobiotin, D-Val-Leu-Lys-p-nitroanlilde, peroxidase
conjugates of anti-mouse IgG and anti-goat IgG, and fluorescein iso-
thiocyanate-conjugated anti-mouse IgG were purchased from Sigma.
Laminin-5 was generously provided by Desmos (San Diego, CA). Plas-
minogen and plasmin were purified by affinity chromatography from
outdated human plasma as described previously (18). Anti-human in-
tegrin b1 (clone P4C10), a5 (P1D6), and b4 (3E1) monoclonal antibodies
were products of Life Technologies, Inc. Antibodies against a2

(MAB1988) and a3 integrin (MAB2056) were obtained from Chemicon
(Temecula, CA), and anti-a6 (GOH3) was from Coulter. Laminin-5
subunit-specific monoclonal antibodies were derived as described pre-
viously (13). Antibody EM11 recognizes an epitope present in both
processed (160 kDa) and unprocessed (190 kDa) human laminin-5 a3

subunit, whereas antibody 12C4 is directed against the a3 G5 subdo-
main and thus detects only the intact 190-kDa a subunit. Affinity-
purified polyclonal antibody specific for phosphorylated p42/p44 mito-
gen-activated protein kinase (anti-ACTIVERt MAPK p42/p44) was
purchased from Promega (Madison, WI). Anti-ERK1/2 (anti-p42/p44),
which recognizes both phosphorylated and nonphosphorylated p42/p44,
was obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The
MEK1 inhibitor PD98059, which selectively inhibits the MAPK cas-
cade, was purchased from New England Biolabs (Beverly, MA). The
tyrosine kinase inhibitors genistein and herbimycin were purchased
from Calbiochem (Cambridge, MA). uPA, uPAR, and PAI-1 ELISA kits,
as well as anti-human uPAR antibodies (3936, 3937, and 399R), anti-
PAI-1 (395G), and anti-catalytic uPA antibodies (394), were obtained
from American Diagnostica (Greenwich, CT). Hydrobond-P polyvinyli-
dene difluoride membrane and SuperSignal enhanced chemilumines-
cence reagents were obtained from Amersham Pharmacia Biotech and
Pierce, respectively.

Cell Culture—Premalignant oral keratinocytes (pp126 cells) were a
gift from Dr. D. Oda (University of Washington, Seattle, WA) (14).
pp126 cells were obtained by immortalization of normal human gingival
keratinocytes with HPV16 DNA. These cells do not stratify in liquid-air
interphase organotypic culture models; however, they display normal
keratin synthesis and some degree of differentiation and are represent-
ative of a premalignant transformation to oral squamous cell carcinoma
(15). Cells were maintained in Keratinocyte-SFM (Life Technologies,
Inc.) supplemented with 20 mM L-glutamine, 100 units/ml penicillin,
100 mg/ml streptomycin, 5 ng/ml EGF, and 50 mg/ml bovine pituitary
extract (BPE) (14). Prior to treatments, cell monolayers were released
from culture flasks by the addition of trypsin/EDTA, seeded at a con-
stant density of 0.7 3 105 cells/well into 24-well tissue culture plates,
and allowed to attach overnight in the medium described above. Cells
were then washed twice with PBS, incubated for 1 h in medium lacking
BPE and EGF, and supplemented with fresh BPE-/EGF-free medium
prior to treatment with soluble antibodies (5–10 mg/ml), antibody-con-
jugated latex beads (8–10 mg/ml), or protein-conjugated latex beads as
indicated below. Following incubation, conditioned media were col-
lected for uPA activity determination, ELISA analyses, and Western
blotting as described below. Cell lysates were prepared using 50 mM

Tris, 150 mM NaCl, 1% Nonidet P-40, 0.1% SDS. Total protein concen-
tration of lysates was analyzed using a bicinchoninic acid protein de-
tection kit (Sigma). In some experiments, actinomycin D, herbimycin,
genistein (in Me2SO), or cycloheximide (in culture medium) was added
to culture wells 30 min prior to the introduction of integrin antibodies.
Cells were found to be .95% viable by exclusion of trypan blue at the
highest concentrations of all the inhibitors.

Adhesion Assays—Adhesive preferences of pp126 cells were analyzed
by evaluating cellular adhesion to ECM-coated 24-well culture plates as
described previously (16). Briefly, plates were coated by passive adsorp-
tion with the ECM proteins collagen I, collagen IV, fibronectin, lami-
nin-1, laminin-5, or bovine serum albumin (as control), washed with
PBS, and blocked by incubating the plates at 37 °C with minimum
Eagle’s medium containing 3% BSA immediately before use. pp126 cells
(105) were seeded in BPE/EGF-free medium and allowed to adhere for
45 min at 37 °C. After washing, bound cells were fixed with 50%
methanol/50% acetone (–20 °C) and enumerated with an ocular mi-

crometer by counting a minimum of 10 high powered fields. Adhesion
assays were performed in duplicate and repeated three times.

Preparation of Latex Bead-immobilized Antibodies and Proteins—
Anti-integrin subunit-specific monoclonal antibodies or control isotype-
matched IgGs were passively adsorbed onto 2.97-mm latex beads (Sig-
ma) as described (9) with the following modifications. A 1% (final
concentration) suspension of latex beads was incubated in 50 mM 4-mor-
pholineethanesulfonic acid buffer (pH 6.1) with 75 mg/ml of the appro-
priate antibody overnight at 4 °C with gentle agitation (17). Antibody-
conjugated beads were blocked with 10 mg/ml BSA for 90 min at room
temperature, centrifuged for 3 min at 3000 rpm, and washed twice by
resuspension in 2 volumes of culture medium. Bead-immobilized anti-
bodies were resuspended in BPE/EGF-free medium at a final concen-
tration of 1% by volume. Determination of total protein concentration in
unblocked bead suspensions using a bicinchoninic acid detection kit
(Sigma) indicated that 60–70% of immunoglobulins were adsorbed,
resulting in a final concentration of 8–10 mg/ml antibody beads in
culture wells. The same protocol was used to generate collagen I-,
laminin-1-, or laminin-5-conjugated beads.

Analysis of uPA, uPAR, and PAI-1—Net plasminogen activator ac-
tivity in conditioned media was quantified using a coupled assay to
monitor plasminogen activation and the resulting plasmin hydrolysis of
a colorimetric substrate (D-Val-Leu-Lys-p-nitroanlilde) as described
previously (18). Control reactions contained 10 mg/ml of the anti-cata-
lytic uPA antibody 398 (American Diagnostica). Levels of uPA, uPAR,
and PAI-1 in conditioned media and cell lysates were quantified by
ELISA (American Diagnostica) according to the manufacturer’s speci-
fications. Statistical analyses were performed using Graph Pad Prizm.
Qualitative analysis of PAI-1 antigen levels was provided by Western
blotting. Briefly, samples were electrophoresed on 9% SDS-polyacryl-
amide gels (19), electroblotted to polyvinylidene difluoride membranes
(20), and blocked overnight at 4 °C with Tris-buffered saline containing
3% BSA and 0.1% Tween 20 (TBST). Blots were probed with anti-
human PAI-1 antibody (1:2000, 2 h), washed (six times, 10 min each)
with TBST, and incubated with peroxidase-conjugated secondary IgG
(1:10,000) for 1 h at room temperature. After washing, immunoreactive
bands were visualized using enhanced chemiluminescence detection.

Immunocytochemical Staining—Untreated cells were plated on 22-
mm2 glass coverslips placed into six-well tissue culture plates (1.5 3 105

cells/well), cultured overnight, washed with PBS, and treated with
antibody-conjugated latex beads (a3, b1, or IgG beads) in BPE/EGF-free
medium for 4 h. Coverslips were then gently washed with PBS, and
cells were fixed for 15 min at room temperature with 3.7% formalde-
hyde. Coverslips were blocked for 45 min with PBS containing 1% BSA,
followed by the addition of biotinylated anti-human uPAR monoclonal
antibody 3936 (1:200, 1 h, room temperature). After washing (three
times, 10 min each with PBS containing 1% BSA), streptavidin-fluores-
cein isothiocyanate solution was added, and coverslips were gently
agitated for 1 h at room temperature in the dark and washed as
described above. Control coverslips included cells treated with a3 beads
followed by streptavidin-fluorescein isothiocyanate in the absence of
biotinylated anti-uPAR. Mounted coverslips were viewed using a Zeiss
Confocal LSM510 microscope.

Immunoprecipitation—pp126 cells were cultured in 24-well plates
coated by passive adsorption with collagen I, fibronectin, or BSA (16) for
24 h prior to lysis in (25 mM Hepes, pH 7.4, 150 mM NaCl, 5 mM MgCl2,
1% Brij, 200 kallikrein inhibitory units/ml aprotinin, 1 mg/ml leupeptin,
1 mg/ml pepstatin, 1 mM phenylmethylsulfonyl fluoride) as described
(21). Lysates (500 mg) were incubated with anti-uPAR antibody (5 mg,
antibody 3937, American Diagnostica) in a total volume of 1 ml at 4 °C
overnight. Immune complexes were precipitated by the addition of 30 ml
of a 50% slurry of protein G beads (Sigma) for 2 h at 4 °C followed by
centrifugation at 2500 rpm. Pelleted protein G complexes were washed
five times in cold lysis buffer, resuspended in 35 ml of Laemmli sample
dilution buffer containing b-mercaptoethanol, and boiled. Samples were
electrophoresed on duplicate 9% SDS-polyacrylamide gels and electro-
blotted to polyvinylidene difluoride membranes as described above.
Blots were probed with either biotinylated anti-uPAR (1:200 dilution,
antibody 399R, American Diagnostica) followed by streptavidin-conju-
gated peroxidase or with anti-b1 integrin monoclonal antibodies (1:1000
dilution, P4C10) followed by peroxidase-conjugated goat-(anti-mouse)
secondary antibodies (1:5000). Blots were developed using enhanced
chemiluminescence detection.

ERK (Mitogen-activated Protein Kinase) Activation Assays—To eval-
uate ERK (mitogen-activated protein kinase) activation, cells (0.7 3
105) were cultured overnight in serum-free medium followed by treat-
ment with IgG, a3, or b1 beads as described above. At varying time
points, cells were lysed with RIPA buffer including 1 mM sodium or-
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thovanadate (21) and extracted on ice for 20 min. The lysates were
centrifuged, protein concentration determined using the Bio-Rad pro-
tein assay kit, and equal amounts of cellular protein (20 mg) were
electrophoresed on SDS-polyacrylamide gels and electroblotted to Im-
mobilon. Blots were probed with anti-ERK1/2 antibody (1:1000) to
detect total ERK1/2 expression or with anti-ACTIVE-MAPK p42/p44
(1:5000) to detect the phosphorylated, active forms of ERK. In control
experiments, ERK activation was blocked using the MEK inhibitor
PD98059 (2 mM), and both ERK activation and b1 bead-stimulated uPA
expression were evaluated as described above.

Evaluation of pp126 Laminin-5 Matrix—The major protein compo-
nent of the pp126 matrix is the heterotrimeric protein laminin-5 (13).
The integrity of the laminin-5 a3 subunit in pp126 matrix following
treatment of cells with a3 or b1 integrin-conjugated latex beads was
evaluated by Western blotting of extracted matrix proteins as described
previously (13). Briefly, cells were cultured for 48 h to permit matrix
accumulation and then treated with anti-a3 or b1 integrin beads (to
induce uPA expression) or control IgG beads for 20 h. Plasminogen (0.02
mM) was added to the culture medium for 30 min, and matrices were
solubilized in 10 mM Tris-HCl, pH 6.8, containing 8 M urea, 1% SDS,
and 15% b-mercaptoethanol (22). Samples were electrophoresed on 6%
SDS-polyacrylamide gels, electroblotted to polyvinylidene difluoride
membranes as described above, and probed with laminin-5 a3 subunit-
specific monoclonal antibodies EM11 (1:500) or 12C4 (1:1000). Blots
were then incubated with peroxidase-conjugated goat anti-mouse IgG
and developed using enhanced chemiluminescence detection.

RESULTS

Cellular Adhesion and b1 Integrin Expression—To identify
the integrins that mediate binding of pp126 cells to ECM pro-
teins, adhesive profiles were evaluated. Preferential adhesion
to laminin-5 and interstitial type I collagen was observed (Fig.
1), implicating b1 integrins in cell-matrix binding. Adhesion to
laminin-5 and collagen I was efficiently blocked by an inhibi-
tory b1 integrin antibody (10 mg/ml), and both immunocyto-
chemical staining and Western blotting of cell membrane ex-
tracts confirmed the expression of b1 integrins (data not
shown). Integrin binding by an ECM ligand can induce distinct
cellular events based on the physical nature of the specific
ligand-receptor interaction. To mimic cellular interaction with
a three-dimensional matrix and promote multivalent integrin
aggregation, cells were treated with b1 integrin subunit-spe-
cific monoclonal antibodies immobilized on latex beads (desig-
nated b1 beads). b1 beads bound avidly to pp126 cells (Fig. 2, B
and D) relative to the loosely adherent IgG-coated control
beads (Fig. 2, A and C). To confirm that b1 beads bound to b1

integrins, bead-treated cells were lysed with modified RIPA
buffer, and beads were precipitated by centrifugation. Western
blot analysis of proteins co-precipitating with b1 beads demon-
strated the presence of b1 integrins (data not shown).

Effect of Integrin Aggregation on uPA and PAI-1 Expres-
sion—To determine whether b1 integrin aggregation regulates
proteinase expression, cells were incubated with b1 or control
IgG beads for 12–48 h. Conditioned medium was evaluated for
uPA expression by ELISA and uPA activity using a coupled
colorimetric plasminogen activation assay. A significant in-
crease in both uPA protein and activity was observed in the
conditioned medium of b1 bead-treated pp126 cells (Fig. 3, solid
bars) relative to IgG beads (Fig. 3, hatched bars) or untreated
cells (Fig. 3, open bars). In control experiments, activity was
completely blocked by preincubating with a uPA-specific anti-
catalytic antibody (Fig. 3), confirming that the induced prote-
ase was uPA. Induction of uPA was detectable as early as 6 h
after treatment with b1 beads and was maximal at 24–36 h. To
determine whether multivalent aggregation of b1 integrins is
required to induce uPA expression, pp126 cells were treated
with soluble antibodies to promote divalent integrin engage-
ment. No significant change in uPA activity was observed (Ta-
ble I), suggesting that b1 integrin aggregation, rather than
simple integrin occupation, is necessary for uPA induction.

b1 integrins can pair with numerous a subunits in oral
keratinocytes to facilitate binding to diverse ECM proteins
(23–25). To assess the effect of a subunit aggregation on uPA
activity, latex beads were coated with antibodies directed
against the a2, a3, a5, or a6 integrin subunits and incubated
with pp126 cells as described above, and the conditioned me-
dium was analyzed for uPA activity. In control experiments,
cells were incubated with either b1 or b4 beads. Although all a
subunit beads bound to pp126 cells, only a3 and b1 beads
enhanced uPA activity, whereas the remaining samples were
indistinct from IgG controls (Table II), suggesting that the a3b1

integrin regulates uPA expression in pp126 cells.
As modulation of PAI-1 levels may alter uPA function (1), the

effect of integrin clustering on PAI-1 expression was evaluated
by Western blotting (Fig. 4A) and ELISA (Fig. 4B). Similar to
results observed with uPA, aggregation of either a3 or b1 inte-
grin resulted in increased PAI-1 expression. However, as
shown in Fig. 3, a net increase in uPA activity was apparent,
indicative of an overall imbalance in the uPA:PAI-1 ratio in
favor of uPA.

The Effect of b1 Integrin Aggregation on uPAR Expression
and Distribution—Because uPAR binding is a primary mech-
anism for posttranslational control of uPA activity (1), the
effect of b1 integrin aggregation on uPAR expression was also
evaluated. ELISA of cell membrane extracts indicated that
uPAR expression was unaffected by b1 bead treatment, sug-
gesting a lack of coordinate regulation between uPA and uPAR

FIG. 1. Analysis of pp126 adhesive profiles. Wells were coated by
passive adsorption with BSA, collagen I, collagen IV, fibronectin, lami-
nin-1, or laminin-5. Cells (1 3 105) were added to wells for 45 min at
37 °C. After washing to remove nonadherent cells, bound cells were
fixed and enumerated using an ocular micrometer by counting 10 high
power fields. Data represent the mean and S.D. from triplicate exper-
iments (*, p , 0.05 relative to BSA).

FIG. 2. Binding of b1 integrin antibody-conjugated beads to
pp126 cells. Latex beads were coated with control IgG (IgG beads) (A
and C) or b1 integrin antibody clone P4C10 (b1 beads) (B and D). Beads
(8–10 mg/ml) were added to pp126 cells (105/well) in 25-well culture
plates and allowed to attach for 2 h prior to examination by phase
contrast microscopy at the indicated magnifications.
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(Table III). Although uPAR expression levels were unaltered,
immunocytochemical staining demonstrated that integrin ag-
gregation induced a significant redistribution of uPAR on the
cell surface. Whereas uPAR staining was diffuse in pp126 cells
treated with IgG-coated control beads (Fig. 5C), uPAR immu-
noreactivity was redistributed to the periphery of b1 or a3

beads bound to pp126 cells (Fig. 5, A and B). These data suggest

that protein-protein interactions between uPAR and a3b1 inte-
grin may alter the cell surface distribution of uPAR and
thereby regulate its function. To confirm this observation, cells
were cultured on collagen I or fibronectin-coated surfaces, to
engage a3b1 and a5b1 integrins, respectively, and the associa-
tion of b1 integrin with uPAR was evaluated by co-immunopre-
cipitation and Western blotting. A significant increase in b1

integrin co-precipitating with an anti-uPAR antibody was ob-
served in cells cultured on collagen I (Fig. 6, left lane) relative
to those cultured on fibronectin (Fig. 6, middle lane) or plastic
(Fig. 6, right lane), providing further evidence that a3b1 inte-
grin aggregation promotes physical interaction between uPAR
and b1 integrin.

ERK Activation and uPA Expression—In keratinocytes
plated on fibronectin, association of uPAR with b1 integrins
increases both the magnitude and duration of ERK activation
(3). Furthermore, inhibition of ERK activity using a dominant
negative mutant blocks transcription of a reporter gene from
the uPA promoter in oral carcinoma cells (26). To determine
whether a3b1 integrin aggregation induced ERK activation,
cells were incubated with a3 or IgG beads, and both total
ERK1/2 expression and ERK activation were evaluated by

FIG. 3. b1 integrin regulation of uPA expression. pp126 cells
(0.7 3 105) were cultured in 24-well tissue culture plates and left
untreated as a control (open bars) or incubated with latex bead-immo-
bilized IgG (hatched bars) or b1 integrin antibodies (solid bars) for 18 h
at 37 °C. Conditioned media were collected and analyzed for uPA ac-
tivity using a coupled colorimetric plasminogen activation assay or for
uPA antigen by ELISA. uPA activity was also evaluated in the presence
of an anti-catalytic uPA antibody (10 mg/ml) as indicated. Data repre-
sent the mean and S.D. of three experiments repeated in triplicate, and
are expressed as fold increase relative to untreated controls (designated
as 1).

TABLE I
Effect of soluble b1 integrin antibodies on uPA expression

Cells (0.7 3 105) were cultured with soluble b1 integrin antibodies or
isotype-matched control IgG for 24 or 48 h. Conditioned media were
removed after 24 or 48 h and evaluated for uPA activity using a coupled
colorimetric plasminogen activation assay as described under “Experi-
mental Procedures.” Results are expressed as fold increase in uPA
activity relative to untreated controls (designated as 1) and shown as
the mean and S.D. of three experiments repeated in triplicate.

Treatment
uPA Activity (fold increase)

24 h 48 h

Control 1.000 1.000
IgG (5 mg/ml) 0.861 6 0.037 0.723 6 0.136
IgG (10 mg/ml) 0.773 6 0.084 0.903 6 0.095
b1 (5 mg/ml) 0.986 6 0.102 0.856 6 0.227
b1 (10 mg/ml) 0.993 6 0.090 0.847 6 0.069

TABLE II
Effect of integrin a subunit aggregation on uPA induction

Cells (0.7 3 105) were cultured for 18 h with integrin a subunit-
specific monoclonal antibodies conjugated to latex beads as described
under “Experimental Procedures.” Control experiments included beads
conjugated with b subunits or isotype-matched IgG. Conditioned media
were evaluated for uPA activity as described under “Experimental
Procedures.” Results are expressed as fold increase in uPA activity
relative to untreated controls (designated as 1) and show the mean and
S.D. of five experiments.

Treatment uPA activity

Fold increase

Control 1.0
IgG 1.167 6 0.058
a2 0.933 6 0.153
a3 2.067 6 0.208a

a5 1.067 6 0.153
a6 0.987 6 0.103
b1 2.160 6 0.250a

b4 1.000 6 0.089
a P , 0.001 relative to untreated control.

FIG. 4. Effect of integrin clustering on PAI-1 expression. pp126
cells (0.7 3 105) were incubated for 18 h at 37 °C with the bead
immobilized anti-integrin subunit-specific antibodies or control IgG as
indicated. Conditioned media were collected and analyzed for PAI-1. A,
Western blot. Samples were electrophoresed on 9% SDS-polyacrylamide
gels and immunoblotted for PAI-1 using monoclonal antibody 395G
(1:2000) followed by peroxidase-conjugated secondary antibody
(1:10,000) and developed using enhanced chemiluminescence detection.
B, ELISA. Samples were analyzed by ELISA according to the manufac-
turer’s specifications.

TABLE III
Effect of b1 integrin aggregation on uPAR expression

Cells (0.7 3 105) were cultured for 18 h with b1 integrin antibody-
conjugated latex beads or isotype-matched control IgG beads. Quanti-
tation of uPAR expression in cell lysates was performed by ELISA.
Results are expressed as fold increase in uPAR expression relative to
untreated controls (designated as 1) and show the mean and S.D. of six
experiments.

Treatment uPAR expression

Fold increase

Control 1.000
IgG bead 1.020 6 0.028
b1 integrin bead 1.000 6 0.010
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Western blotting. Although total ERK1/2 expression levels
were unchanged (Fig. 7B), a3 integrin aggregation resulted in a
significant increase in ERK phosphorylation (Fig. 7A, second
lane from right) relative to cells cultured with IgG beads (Fig.
7A, second lane from left) or untreated controls (Fig. 7A, left
lane). Treatment of pp126 cells with a3 beads in the presence of
the MEK inhibitor PD98059 blocked both ERK phosphoryla-
tion (Fig. 7A, right lane) and uPA induction (Fig. 7C), indicat-
ing that a3b1 integrin aggregation induces a signal propagated
through the MEK-ERK pathway resulting in up-regulation of
uPA expression. The requirement for tyrosine kinase signaling

with subsequent activation of transcription and de novo protein
synthesis is supported by data showing that b1 integrin-stim-
ulated uPA expression is blocked by the general tyrosine kinase
inhibitors genistein and herbimycin, as well as inhibitors of
transcription (actinomycin D) and translation (cycloheximide)
(Fig. 8).

Functional Consequences of uPA Induction—Epithelial cells
utilize a3b1 integrin for adhesion to both collagen I and lami-

FIG. 5. Clustering of a3b1 integrins induces uPAR redistribu-
tion. pp126 cells were plated at 50% confluence on 22-mm glass cover-
slips and cultured for 18 h at 37 °C prior to treatment with b1 beads (A),
a3 beads (B and D), or IgG beads (C) for 4 h. Cells were fixed in 3.7%
formaldehyde, blocked with BSA and incubated with biotinylated anti-
uPAR antibody (A–C) followed by streptavidin-conjugated fluorescein
isothiocyanate (A–D). In control experiments, biotinylated anti-uPAR
was omitted from cells treated with a3 beads (D). Cells were visualized
by confocal (left column) or phase contrast (right column) microscopy, as
indicated.

FIG. 6. Co-immunoprecipitation of uPAR and b1 integrin.
pp126 cells were cultured on plastic, collagen I (Col-I), or fibronectin
(FN) for 24 h. Cells were lysed and subjected to immunoprecipitation
with an anti-uPAR antibody (antibody 3937). Immunoprecipitates were
electrophoresed on 9% SDS-polyacrylamide gels and immunoblotted
with anti b1 integrin (clone P4C10, 1:1000) followed by peroxidase-
conjugated secondary antibody (top panel) or biotinylated anti-uPAR
(antibody 399R, 1:200) (bottom panel) followed by streptavidin-peroxi-
dase and enhanced chemiluminescence detection.

FIG. 7. Analysis of ERK activation and uPA expression. Cells
(105) were cultured overnight in serum-free medium followed by treat-
ment with buffer, IgG, or a3 beads. After 3 h, cells were lysed with RIPA
buffer and lysates (20 mg) evaluated by Western blotting for ERK
activation (A) or ERK expression (B). Blots were probed with anti-
ACTIVE-MAPK p42/p44 (1:5000) to detect the phosphorylated, active
form of ERK (A) or with anti-ERK1/2 antibody (1:1000) to detect total
ERK1/2 expression (B). The arrows designate the migration positions of
p42 and p44. Left lane, untreated control; second lane from left, IgG
bead-treated cells; second lane from right, a3 bead-treated cells; right
lane, a3 bead-treated cells incubated with the MEK inhibitor PD98059
(2 mM). C, inhibition of ERK activation blocks a3 bead-mediated uPA
induction. Cells (105) were treated with IgG beads (open columns) or a3
beads (solid columns) for 8 h in the presence of the MEK inhibitor
PD98059 at the indicated concentrations or with vehicle control. Con-
ditioned media were evaluated for uPA activity as described above.
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nin-5 (24, 27). To evaluate the effect of these natural ligands on
uPA expression, cells were cultured on collagen I-, laminin-5-,
or BSA-coated surfaces. As observed in experiments using sol-
uble antibodies (Table I), a3b1 engagement was not sufficient
for uPA induction (Table IV). However, treatment of pp126
cells with bead-immobilized collagen I or laminin-5 resulted in
up-regulation of uPA expression (Table IV), providing addi-
tional evidence of the requirement for a3b1 integrin aggrega-
tion in the regulation of uPA activity in pp126 cells. This is
supported by data showing that clustering of a6b4, a predomi-
nant laminin-5-binding integrin on epithelial cells (24, 27), did
not alter proteinase production (Table II). In control experi-
ments using laminin-1 or BSA-coated beads, no modulation of
uPA expression was observed (Table IV).

Although collagen I is not susceptible to cleavage by uPA or
plasmin, we have previously demonstrated that limited plas-
min proteolysis removes the G5 subdomain of the laminin-5 a3

subunit and thus alters epithelial cell behavior (13). Intact
laminin-5 contains a 190-kDa a3 subunit and promotes cell
motility, whereas plasmin cleavage of laminin-5 produces a
160-kDa a3 subunit, leading to diminished motility and in-
creased hemidesmosome assembly. As uPA efficiently cata-
lyzes pericellular plasmin formation, the effect of a3b1 integrin-
induced uPA expression on the laminin-5 a3 subunit structure
was evaluated by Western blot analysis of endogenous lami-
nin-5 present in the subcellular matrix deposited by pp126
cells. Increased proteolysis of the 190-kDa a3 subunit to the
160-kDa form was observed in the matrix of b1 bead-treated
cells (Fig. 9A, right lane) or a3 bead-treated cells (not shown)
relative to IgG bead-treated controls (Fig. 9A, left lane) when
probed with an antibody that recognizes both intact and plas-
min-modified laminin-5 a3 subunit (EM11 (13)). This result
was confirmed using an antibody specific for the laminin-5 a3

G5 subdomain (12C4 (13)), showing diminished immunoreac-
tivity of intact (190 kDa) laminin-5 in matrices extracted from
b1 bead-treated cells (Fig. 9B, right lane) relative to IgG bead
controls (Fig. 9B, left lane). Together, these data suggest that
integrin-mediated proteinase induction may modulate cellular
behavior by modifying matrix proteins to support specific phys-
iological functions.

DISCUSSION

To evaluate the potential functional link between adhesion
and proteolysis in premalignant oral keratinocytes, in the cur-

rent study we have analyzed the role of cell-matrix interactions
in modulation of uPA expression. Although association be-
tween uPA/R and matrix proteins has been shown to regulate
cell adhesion (2, 4, 11), matrix proteolysis (28–30), and cellular
invasion (1), the influence of integrin-mediated matrix binding
on uPA expression is not well characterized. Our results dem-
onstrate that multivalent aggregation of the a3b1 integrin in
pp126 oral keratinocytes induces expression of both uPA and
its primary inhibitor PAI-1; however, a net increase in proteo-
lytic activity is predominant. Proteinase induction is specific to
the a3b1 integrin, as clustering of a2, a5, a6, or b4 subunits does
not influence uPA expression. In addition to antibody-induced
integrin aggregation, integrin clustering with the intact sub-
epithelial matrix a3b1 ligands laminin-5 and collagen I also
induce uPA expression. Furthermore, multivalent integrin en-
gagement is necessary for uPA induction, as ligation with sol-
uble antibodies or thin layer matrix proteins is not sufficient to
alter expression.

Although uPAR expression levels are unaffected by a3b1

integrin aggregation, integrin clustering induces a dramatic
redistribution of uPAR on the cell surface. Furthermore, co-

FIG. 8. Effect of inhibitors on b1 integrin-mediated uPA induc-
tion. pp126 cells were incubated with actinomycin D (ACT-D) (1 ng/ml),
cycloheximide (CHX) (1 ng/ml), genistein (GEN) (1 mg/ml), or herbimy-
cin (HERB) (160 nM) prior to the addition of IgG beads (open columns)
or b1 beads (solid columns). After 18 h at 37 °C, conditioned media were
analyzed for uPA activity as described above. Data represent the mean
and S.D. of six experiments.

TABLE IV
Effect of a3b1 integrin ligands on uPA expression

Cells (0.7 3 105) were cultured for 18 h in tissue culture wells
passively adsorbed with a thin layer of laminin-1, laminin-5, or collagen
I or in the presence of latex bead-conjugated proteins. Conditioned
media were evaluated for uPA activity using a coupled colorimetric
assay as described under “Experimental Procedures.” Results are ex-
pressed as fold increase in uPA activity relative to untreated controls
(designated as 1) and represent the mean and S.D. of triplicate exper-
iments.

Treatment uPA activity

Fold increase

Control 1.000
BSA 1.03 6 0.026
Laminin-1 1.06 6 0.02
Laminin-5 1.00 6 0.03
Collagen I 1.06 6 0.035
BSA beads 1.100 6 0.100
Laminin-1 beads 1.200 6 0.100
Laminin-5 beads 2.227 6 0.261a

Collagen I beads 1.947 6 0.150a

a P , 0.001 relative to untreated controls.

FIG. 9. Processing of laminin-5 a3 subunit. pp126 cells were
treated with IgG beads (left lanes) or b1 beads (right lanes) as indicated.
After incubation for 20 h, plasminogen (0.02 mM) was added for 30 min
at 37 °C prior to removal of cells and harvest of the subcellular matrix
using 10 mM Tris-HCl, pH 6.8, containing 8 M urea, 1% SDS and 15%
b-mercaptoethanol. Samples were electrophoresed on 6% gels and im-
munoblotted using the following anti-human laminin-5 a3 subunit-
specific monoclonal antibodies: EM11, which recognizes both intact
(190 kDa) and processed (160 kDa) laminin-5 a3 chain (A), and 12C4,
which recognizes only the 190-kDa a3 subunit (B).
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immunoprecipitation of uPAR and b1 integrin is observed when
cells are cultured under conditions of a3b1 integrin ligation,
providing additional support for a physical interaction between
uPAR and b1 integrin. These data suggest that protein-protein
interactions between the glycosylphosphatidylinositol-an-
chored uPAR and the transmembrane b1 integrin may control
uPAR cell surface distribution. This hypothesis is supported by
previous studies that show that uPA/R is localized to focal
adhesions, integrin-rich sites of cell-matrix contact (31, 32).
Similar results were obtained using fluorescence resonance
energy transfer to evaluate uPAR interaction with b1 and b3

integrins in HT1080 cells cultured on various matrix protein
surfaces, in which lateral association of uPAR with distinct
integrin a and b subunits was found to be specified in part by
the adhesive substratum (5). In addition to regulation of uPAR
localization, uPA/R-integrin associations may also modify inte-
grin function. For example, ligation of uPAR with uPA pro-
moted uPAR/b1 integrin association in kidney 293 cells and
resulted in altered adhesion profiles (2). A more recent study
demonstrated that uPA/R association with fibronectin-ligated
a5b1 integrin increased both the magnitude and duration of
ERK activation (3), indicating that uPA/R can function as an
accessory molecule to promote integrin-mediated signal trans-
duction. Integrin signaling and cell motility were also en-
hanced in prostate and breast carcinoma cultures following
ligation of uPAR with uPA (12, 47), providing further evidence
that uPA/R-integrin association may modulate cell behavior.

In addition to promoting uPAR redistribution, our current
data demonstrate that b1 integrin aggregation induced expres-
sion of uPA via signal transduction through a MEK/ERK-de-
pendent pathway. Pharmacologic inhibition of MEK blocked
both ERK activation and uPA expression. A large body of
evidence supports the involvement of ERK in integrin-medi-
ated signaling pathways (reviewed in Ref. 33), and a subset of
integrins has been shown to couple via the a subunit to the
adaptor protein Shc, leading to Ras signaling and subsequent
activation of MAPK (34). Although the a3b1 integrin was not
shown to activate the Shc pathway, a recent study demon-
strated that a3b1 signaling through MAPK regulates epithelial
cell proliferation (35). Furthermore, it has previously been
demonstrated that ERK phosphorylation leads to uPA pro-
moter activation (26). In addition, cytoskeletal reorganization
caused by pharmacologic disruption of the actin-based micro-
filament network also induces uPA gene expression via activa-
tion of ERK-2 (36). Together, these data suggest that a3b1

integrin aggregation results in ERK phosphorylation and the
subsequent activation of transcription factors that control uPA
expression. As mono- and divalent integrin ligation and multi-
valent integrin clustering induce varying degrees of cytoskel-
etal reorganization (8, 9), it is interesting to speculate that
proteinase expression may be controlled by both the specific
matrix microenvironment and the cellular integrin repertoire.
Thus, in pp126 cells, multivalent aggregation of a3b1 may
prompt subsequent matrix remodeling via induction of uPA.
Furthermore, these data suggest that the relative structural
integrity of specific matrix protein components may dictate
subsequent matrix proteolysis via integrin-mediated control of
proteinase expression. It should be noted, however, that “in-
side-out” signaling via Rho-driven actin reorganization also
induces integrin clustering and is dependent on structural
remodeling of the extracellular matrix (37). Cells may be un-
able to remodel a thin matrix deposit immobilized to a tissue
culture well, thereby limiting the extent of integrin clustering
to that dictated solely by the valence of the matrix at immedi-
ate sites of cell-matrix contact.

uPA ligation of uPAR has been shown to induce both FAK

phosphorylation and ERK activation in endothelial cells, al-
though the potential requirement for concomitant integrin en-
gagement was not evaluated (38). However, these data suggest
a hypothetical regulatory loop wherein integrin-induced uPA
expression results in sustained uPA/R ligation, thus potentiat-
ing ERK activation and subsequent uPA transcription. Studies
are currently under way to determine whether uPA/R ligation
is sufficient for ERK activation in pp126 cells. However, pre-
liminary experiments in which uPAR was ligated using bead-
immobilized anti-uPAR antibodies showed no effect on uPA
expression levels,2 supporting an additional requirement for
a3b1 integrin signaling. Whether physical association of uPA/R
with a3b1 integrin is necessary to induce or sustain uPA ex-
pression is currently under investigation.

To assess the potential functional consequences of enhanced
uPA activity at sites of cell matrix contact, the structural
integrity of the epithelial basement membrane protein lami-
nin-5 was evaluated. This heterotrimeric protein (a3b3g2) par-
ticipates in the formation of hemidesmosomes, which promote
stable cell-matrix adhesion (39–41). However, laminin-5 has
also been identified at the invasive edge of both tumors and
healing wounds, where cells are actively migrating (42–45).
These apparently contradictory functions of laminin-5 can be
explained by the presence of distinct laminin-5 structural iso-
forms in the subepithelial matrix. We have previously demon-
strated that limited plasmin proteolysis of unprocessed lami-
nin-5 specifically modifies the globular domain of the a3

subunit, resulting in cleavage from 190 to 160 kDa (13). As a
functional consequence of plasmin cleavage, epithelial cells
exhibit a 3-fold decrease in motility and an 11-fold increase in
hemidesmosome number. Results from the current study dem-
onstrate increased uPA and pericellular plasmin activity fol-
lowing a3b1 integrin clustering by either antibodies or matrix
ligands (including laminin-5). Under these conditions, the plas-
min-modified (160 kDa) laminin-5 a3 subunit was the predom-
inant form present in pp126 matrix, indicative of a transition
from a pro-migratory to an adhesive substratum. Interestingly,
this modified form of laminin-5 is susceptible to additional
cleavage within the g2 subunit by matrix metalloproteinase-2,
exposing a cryptic epitope that promotes motility (46). To-
gether, these data suggest that stepwise limited proteolytic
modification of matrix proteins may function as a fine regula-
tory mechanism for control of cellular adhesion and migration.
Furthermore, it is interesting to speculate that integrins may
play a dual role in proteinase targeting to extracellular matrix
substrates by participating in both ligand-induced control of
proteinase gene expression and in protein-protein interactions
with proteinase receptors to bring about localized changes in
enzyme concentration at sites of cell matrix contact.
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