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Background: Fibroblasts from patients with idiopathic pulmonary fibrosis (IPF) overexpress the urokinase-type plasmin-
ogen activator receptor (uPAR) and are hypermotile.
Results: uPAR ligation increases fibroblast motility by localizing �5�1 integrin-Fyn signaling complexes to lipid rafts.
Conclusion: The hypermotile phenotype of IPF fibroblasts is due to lipid raft-localized uPAR-integrin-Fyn signaling complexes.
Significance: These unique lipid raft signals may be therapeutic targets for IPF.

The urokinase-type plasminogen activator receptor (uPAR) is
a glycosylphosphatidylinositol-linked membrane protein with
no cytosolic domain that localizes to lipid raft microdomains.
Our laboratory and others have documented that lung fibro-
blasts from patients with idiopathic pulmonary fibrosis (IPF)
exhibit a hypermotile phenotype. This study was undertaken to
elucidate the molecular mechanism whereby uPAR ligation
with its cognate ligand, urokinase, induces a motile phenotype
in human lung fibroblasts. We found that uPAR ligation with
the urokinase receptor binding domain (amino-terminal frag-
ment) leads to enhanced migration of fibroblasts on fibronectin
in a protease-independent, lipid raft-dependent manner. Liga-
tion of uPAR with the amino-terminal fragment recruited �5�1
integrin and the acylated form of the Src family kinase, Fyn, to
lipid rafts. The biological consequences of this translocation
were an increase in fibroblast motility and a switch of the integ-
rin-initiated signal pathway for migration away from the lipid
raft-independent focal adhesion kinase pathway and toward a
lipid raft-dependent caveolin-Fyn-Shc pathway. Furthermore,
an integrin homologous peptide as well as an antibody that com-
petes with �1 for uPAR binding have the ability to block this
effect. In addition, its relative insensitivity to cholesterol deple-
tion suggests that the interactions of �5�1 integrin and uPAR
drive the translocation of �5�1 integrin-acylated Fyn signaling
complexes into lipid rafts upon uPAR ligation through protein-

protein interactions. This signal switch is a novel pathway lead-
ing to the hypermotile phenotype of IPF patient-derived fibro-
blasts, seen with uPAR ligation. This uPAR dependent, fibrotic
matrix-selective, and profibrotic fibroblast phenotype may be
amenable to targeted therapeutics designed to ameliorate IPF.

The urokinase-type plasminogen activator receptor (uPAR)2

is an external cell surface protein receptor that links to the
plasma membrane by its glycosylphosphatidylinositol (GPI)
side chain (1). GPI linkages, as well as protein acylation, will
target proteins to lipid rafts, including specific Src family
kinases (SFKs) (2–7). Lipid rafts are microdomains of the
plasma membrane that are rich in cholesterol and sphingolipids
(4, 6, 7). They exhibit unique biophysical properties and unique
lipid and protein organization and are now thought to act as
platforms for cell signaling (2, 4 – 8). However, the conse-
quences of the raft localization of uPAR for cell physiology, cell
signaling, and its interaction with integrins have yet to be fully
elucidated.

uPAR binds its cognate ligand, urokinase-type plasminogen
activator (uPA), with high affinity (Kd � 1 nM) and, upon doing
so, activates several pathways (e.g. MAPK, JAK/STAT, and focal
adhesion kinase (FAK)) with a host of biological responses,
including adhesion, spreading, and migration, in a proteolyti-
cally independent manner (1, 9 –11). Because uPAR lacks a
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cytoplasmic domain, the intracellular signal transduction of
uPAR is effected through its association with other cell sur-
face receptors, including epidermal growth factor receptor,
G protein-coupled receptors, and integrins, to transduce sig-
nals intracellularly (1, 12). However, the regulatory triggers
for uPAR signaling are not fully understood.

Previous work from our laboratory and others has shown
that uPAR interacts with multiple integrins to influence cell
attachment, spreading, and migration, in part through MAPK
(10, 13–19). Importantly, a complete and detailed understand-
ing of the intracellular signaling pathway that mediates these
physiologic effects, the role of uPAR ligation on inducing
these effects, the location mapping of individual compo-
nents of the intracellular pathway, and the role of uPAR liga-
tion in cells that express native endogenous levels of uPAR
and integrins have yet to be reported. Our current work
addresses these questions by describing a novel uPAR liga-
tion-dependent signaling switch.

Fibroblasts contribute to the pathological tissue scarring of
the skin, heart, kidneys, and lung through multiple actions.
These include their capacity to migrate into the damaged area,
synthesize extracellular matrix, and remodel the tissue (9, 20,
21). Several studies have reported that lung fibroblasts derived
from patients with idiopathic pulmonary fibrosis (IPF), a fatal
scarring disease of the lung, have enhanced motility compared
with their normal counterparts and that pathologic collections
of fibroblasts can determine prognosis in IPF (22–28). How-
ever, the mechanisms that drive this hypermigratory fibroblast
phenotype have not been fully elucidated.

Prior work implicates uPAR in several important wound
healing functions, such as proliferation, adhesion, differentia-
tion, and migration (1, 29, 30). We and others have shown that
fibroblasts derived from patients with fibrotic lesions exhibit
up-regulation of uPAR, and we have reported that uPAR-
integrin interactions mediate selective fibroblast adherence
to fibrotic lung tissue (10, 24). We therefore sought to deter-
mine the molecular mechanism whereby uPAR mediates the
pathologically hypermigratory phenotype of fibrotic lung fibro-
blasts. Our novel signaling switch described herein drives the
hypermigratory phenotype of fibrotic lung fibroblasts. These
observations probably have implications for fibroproliferative
diseases of the lung, skin, kidney, and heart as well as cancer cell
invasion and metastasis (29 –34).

EXPERIMENTAL PROCEDURES

Materials—Normal human lung fibroblasts (HLF, 19Lu)
were purchased from ATCC (CCl-210). Primary isolates of HLF
from IPF patients and normal controls were kindly provided by
Dr. Patricia Sime, with the approval of the University of Roch-
ester Institutional Review Board. Plasma from IPF (n � 25) and
chronic obstructive pulmonary disease (n � 10) patients was
provided by the Lung Tissue Research Consortium and sup-
ported by NHLBI, National Institutes of Health. Plasma from age-
and gender-matched normal controls (n � 30) was generously
provided by Dr. Stanley L. Hazen (Cleveland Clinic). Healthy con-
trol subjects gave written informed consent approved by the
Cleveland Clinic Institutional Review Board. All heparinized
plasma samples (both from the Lung Tissue Research Consortium

and from Dr. Hazen) were prepared identically and frozen in ali-
quots at �80 °C.

Human fibronectin (FN; from plasma) was from Roche Applied
Science. HRP-conjugated secondary antibodies were from Jackson
Immunoresearch. Fluorochrome-conjugated secondary antibod-
ies as well as the mouse mAb anti-human transferrin receptor
were purchased from Invitrogen. The amino-terminal fragment
(ATF) of human urokinase was from Molecular Innovations,
whereas single chain human urokinase-type plasminogen activa-
tor (scuPA) was purchased from American Diagnostica. The SFK
inhibitor, PP2, and its inactive analog, PP3, were from Calbiochem.
All of the siRNAs were purchased from Dharmacon; the
siLentFect lipid transfection reagent was from Bio-Rad; and
the integrin homologous peptide, �-325, PRHRHMGAV-
FLLSQEAG, and the scrambled control peptide, S-325, HQLP-
GAHRGVEARFSML, were purchased from Anaspec (10, 35).
Antibodies 1A8 (non-competitive control), 3C6 (which com-
petes with �5�1 integrin for uPAR binding), and 2G10 (which
competes with uPA for uPAR binding) were synthesized as
described (36). Mouse mAb anti-human flotillin-1 and caveo-
lin-1 were from BD Biosciences, rabbit polyclonal anti-human
Fyn and Lyn were from Santa Cruz Biotechnology, Inc., rabbit
polyclonal anti-human phospho-Fyn (Tyr-530, inactive) was
from Novus Biologicals, rabbit mAb anti-human phospho-Fyn
(Tyr-416, active) was from Cell Signaling Technology, and all
other antibodies were purchased from Millipore, as reported
previously (10). All other reagents were purchased from Sigma.

Preparation of Lipid Rafts—HLF were plated on FN, serum-
starved, and treated with or without the indicated agonists or
inhibitors in 1% BSA, serum-free medium. Lipid rafts were pre-
pared by sucrose density centrifugation of cold detergent cell
lysates as described (37). The buoyant fractions (lipid raft) and
non-buoyant fractions (non-raft) were pooled and analyzed by
Western blot or ELISA as described below. The separation
method was validated as in Fig. 5A.

ELISA and Western Blot Analysis—Same volume equivalents
of lipid raft or non-raft fractions were used in ELISA (R&D
Systems) and Western blot analysis, and immunoprecipitates
from caveolin-1 or a control antibody (granulocyte colony-
stimulating factor) were Western blotted for the indicated pro-
teins. Solubilized proteins were separated by SDS-PAGE and
then immunoblotted on Immobilon-P membranes as described
(10, 38). Specific protein bands were detected using ECL West-
ern blot reagents and directly quantified using UVP with
VisionWorksLS software (Upland, CA).

Co-localization of uPAR and Lipid Rafts by Immunofluo-
rescence—Lipid rafts were localized by staining for lipid GM1
with cholera toxin as suggested by the manufacturer (Invitro-
gen). Staining for uPAR was performed as described previously
(10). Co-localization of uPAR and lipid rafts at the cell
perimeter was determined on a pixel by pixel basis using
Compix Software analysis of digital �40 photomicrographs
(�50 cells/condition).

Filipin Staining—HLF were plated on FN, serum-starved,
and incubated in 1% BSA, serum-free medium with or without
methyl-�-cyclodextrin (CD; 10 mM) for 30 min followed by
treatment with or without CD and with or without ATF (10 nM)
for 60 min. Cells were stained for filipin (50 �g/ml, 30 min,
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room temperature) as described (39). Fluorescence intensity
pseudocolors were added with ImageJ. The intensity ratio
between the cell edge and the perinuclear area was determined
for �40 cells/condition.

Cell Morphology Assay—HLF were plated on FN and treated
as described under “Filipin Staining.” The percentage of cells
with protrusive structures was determined by direct cell count-
ing (�200 cells/condition) of fluorescently labeled cells (phal-
loidin or PKH-26) at �20 original magnification.

Fibroblast Bead Attachment Assay—FN-coated beads (5.0
�m, Thermo Scientific) were allowed to bind to serum-starved
(0.4% SCM, 24 h) adherent HLF monolayers for 20 min at 37 °C
in attachment assay buffer containing calcium, magnesium,
and manganese in triplicate as described (40). Bead number per
surface area of cells was determined by counting of beads and
manual tracing of cell boundaries in low power photomicro-
graphs using ImageJ software.

In Vitro Migration Assay—In vitro migration assays on tissue
culture plates were performed as described (10). Wounded cell
monolayers were incubated in 1% BSA, serum-free medium
with or without the indicated agonists or inhibitors. Digital pic-
tures of the wounds were taken at 0.5 h (time 0) and 24 h later,
and areas devoid of cells (“wounds”) were measured using the
ImageJ software.

In Vitro Migration Assay on Mouse Lung Tissue—All animal
protocols were performed as approved by the Cleveland Clinic

institutional animal care and use committee and using methods
in the guidelines for the humane care of animals by the Amer-
ican Physiological Society. Lungs from female C57Bl/6 mice
(18 –20 g) that had received intratracheal instillation of 4
units/kg bleomycin, which is used to induce lung fibrosis in
mice, 2 weeks prior were inflated with OCT (Sakura Finetek,
Torrance, CA) as described (10, 41, 42). PKH-labeled normal
HLF were allowed to attach to preblocked, 10 �M sections con-
taining areas of normal and fibrotic lung, as published (10).
After washing off unattached cells, the sections/cells were
observed in 1% BSA, serum-free medium (5% CO2 at 37 °C)
with or without the indicated additives on an inverted (Leica
DM IRBE) microscope. Time lapse video microscopy was per-
formed, and migration velocity was analyzed using HC Image
software (Hamamatsu, Bridgewater, NJ).

Statistical Analysis—All data are means � S.E. unless other-
wise indicated. Continuous variables from more than two
groups were compared by means of an analysis of variance with
a post hoc analysis (Dunnett’s test or Student-Newman-Keuls).
Significance was accepted at the p � 0.05 level.

RESULTS

uPAR Plasma Levels Are Elevated in IPF Patients and Corre-
late with Disease Severity—In order to evaluate whether uPAR
can be physiologically linked to IPF, we measured the plasma
uPAR levels in a small cohort of highly characterized patients

FIGURE 1. Elevated plasma uPAR levels correlate with IPF disease and its severity. A, uPAR ELISA on plasma from healthy controls and from patients with
IPF or chronic obstructive pulmonary disease (COPD). *, p � 0.05 as compared with healthy controls. �, p � 0.05 IPF patients versus chronic obstructive
pulmonary disease patients. B, plasma uPAR levels correlate with DLCO in IPF patients. The top and bottom curved lines represent the 95% confidence intervals,
whereas the middle line is the regression line. C, IPF cells are hyperresponsive to ATF-induced migration. *, p � 0.05 denotes difference in response of normal
and IPF fibroblasts to uPAR ligation with uPAR siRNA and control siRNA (GAPDH siRNA). D, human lung fibroblasts were seeded on 10-�m fibrotic or normal
mouse lung sections and treated with 10 nM ATF. Data are plotted as percentage increase in migration velocity upon uPAR ligation. *, p � 0.05 fibrotic versus
normal tissue. Error bars, S.E.
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with IPF from a national database. All plasma samples (controls
and diseased) were heparinized and processed in an identical
manner. IPF patients had higher plasma uPAR levels (2-fold;
p � 0.01) compared with age- and gender-matched healthy
controls or those with chronic obstructive pulmonary disease
(COPD; Fig. 1A). Furthermore, among those with IPF, the
extent of the plasma uPAR elevation positively correlated with
disease severity, as measured by a low diffusion capacity (diffu-
sion capacity for carbon monoxide (DLCO), a measure of dif-
fusion of gas across the capillary-alveolar tissue) (Fig. 1B, Pear-
son correlation coefficient (r) � �0.534). Taken together, these
data, if validated prospectively in a larger cohort, suggest that
plasma uPAR values may be a useful indicator of disease state.

The Hypermigratory Phenotype in IPF Patient-derived Fibro-
blasts Is Mediated by uPAR Ligation—We and others have
noted that primary isolates of lung fibroblasts from IPF patients
overexpress uPAR (10, 24). The physiological consequences
of this observation for migration have not been elucidated.
Herein, we demonstrate that primary isolates of IPF fibroblasts
are hyperresponsive to the promigratory effects of uPAR liga-
tion, relative to that of fibroblasts isolated from non-fibrotic
control lungs (Fig. 1C). Throughout this work, uPAR ligation
occurs either with its cognate ligand, proteolytically inactive
uPA, or the uPA ligand binding domain (ATF; 10 nM). We
extend these observations to show that the hyperresponsive
phenotype in IPF fibroblasts is concordant with the signifi-
cantly higher uPAR expression levels in the fibrotic lung-
derived cells (over 31% higher by ELISA; data not shown).
Importantly, knockdown of uPAR using siRNA (more than
80% knockdown by ELISA; data not shown), demonstrates
that both the hyperresponsive phenotype in IPF fibroblasts
and the uPA-induced migration are overwhelmingly
dependent on uPAR (Fig. 1C).

uPAR Ligation Induces a Hypermigratory Response in Fibro-
blasts Plated on Fibrotic Lung Sections—Given the emerging
understanding of the significance of cell migration in relation to
the biophysical and biochemical composition of the substrate,
we have developed a model system to test fibroblast migration
on a physiologically relevant substrate. The effect of uPAR liga-
tion on fibroblast migration on unfixed, normal, and fibrotic
lung tissue sections from Bleomycin-injured mice was assessed.
The migration response to uPAR ligation was greater in fibro-
blasts interacting with fibrotic areas of lung tissue, as compared
with that on normal lung tissue (a 40% increase, p � 0.01; Fig.
1D). These data demonstrate that uPAR ligation plays a key role
in fibroblast migration, selectively on fibrotic lesional matrix,
adding additional physiological relevance to uPAR ligation in
lung fibrosis.

Ligation of uPAR with uPA Induces a Motile Phenotype in
Human Lung Fibroblasts—We have previously shown that
uPAR interacts with multiple integrins on the surface of non-
transformed human lung fibroblasts and, in doing so, up-regu-
lates the integrin functions of adhesion and migration (10). We
now show that ligation of uPAR induces a motile fibroblast
phenotype. This was quantified by a greater than 3-fold
increase in the percentage of cells with protrusions (3.6 � 0.12-
fold; p � 0.05), a decrease in actin stress fiber density (by 58 �
8%; p � 0.05), an increase in integrin �5�1-dependent (10)

monolayer motility on FN (75 � 15%; p � 0.05), and a redistri-
bution of uPAR to the leading edge of motile cells (80 � 22%;
p � 0.05) (Fig. 2, A and B). In order to confirm the strict uPAR
dependence of the motile phenotype, knockdown of uPAR
expression (by 90% as quantified via ELISA) with uPAR-di-
rected siRNA (but not control siRNA) led to an almost com-
plete abrogation of the uPAR ligation-dependent enhancing
effect on monolayer motility and also reduced basal monolayer
motility in the absence of uPAR ligation (by 40%, p � 0.05; Fig.
2C). In summary, uPAR ligation induces a motile phenotype in
lung fibroblasts.

Ligation of uPAR Enhances uPAR Interactions with �5�1
Integrin-initiated Activation and Migration Signaling through
the Src Family Kinase Fyn—We have previously shown basal
fibroblast motility to be largely dependent on �5�1 (10). Bind-
ing of FN-coated beads to immobilized fibroblasts was used as a
more direct and proximate measure of �5�1 activation under
conditions with and without uPAR ligation. Ligation of uPAR
with ATF enhances �5�1 activation (2-fold; p � 0.05) in a man-
ner that is completely inhibitable by �5�1 function-blocking
antibodies or �5 siRNA (Fig. 3, A and B). (Integrin �5 only pairs
with �1, so �5 siRNA is also blocking �5�1 function). Concor-
dantly, siRNA to �5 completely abrogates the uPAR ligation-
induced enhancement of migration on FN as well as that seen
under unligated uPAR conditions (Fig. 3, C and D). We and
others have previously found that a peptide homologous to the
extracellular domain of the � integrin chain (�325 peptide) dis-

FIGURE 2. uPAR ligation induces a motile phenotype in lung fibroblasts.
Normal human lung fibroblasts were plated on FN and incubated with 10 nM

scuPA (A and B, �uPA), 10 nM ATF (C, �uPA), or vehicle (No uPA) for 90 min at
37 °C. A, immunofluorescence micrograph of vinculin (green) and actin stress
fiber-stained (phalloidin; red) cells. The arrowheads point to protrusive struc-
tures. B, quantification of motile phenotype as indicated. *, p � 0.05, compared
with no uPA. C, fibroblast monolayer migration� uPAR or GAPDH siRNA� 10 nM

ATF. *, p � 0.05 denotes loss of uPA-induced hypermotility versus GAPDH siRNA
control; �, p � 0.05 denotes decrease in basal (�uPA) migration compared
with no siRNA and GAPDH siRNA controls. Error bars, S.E.
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rupts uPAR-� integrin interactions either by altering the con-
formation of the integrin or by competing with a uPAR binding
site in both solid phase assays and on the cell surface (10, 35).
Disrupting uPAR-�5�1 interactions with this promiscuously
acting peptide (10) completely abrogates the uPAR ligation-
enhancing effect on motility in a dose-dependent manner while
having minimal effect on basal motility (Fig. 3E). In contrast, a
control, scrambled peptide had no effect.

To further substantiate that the interaction between �5�1
integrin and uPAR is crucial to the uPAR ligation enhancement
of migration, we utilized a second complementary technique.

Namely, we compared the effect of a previously characterized
antibody that specifically competes with �1 integrin for uPAR
binding with that of control antibodies that only block uPA
binding to uPAR or a non-blocking control antibody that has no
effect (36). We found that the increase in migration upon uPAR
ligation was selectively inhibited by the uPAR-�1-blocking
antibody (3C6), whereas the non-blocking control (1A8) had no
effect (Fig. 3F). The uPAR-�1-blocking antibody had no effect
on migration in the absence of uPAR ligation (basal migration).
As expected, the uPAR-uPA interaction-blocking antibody
(2G10) abrogated the uPAR ligation-induced migration. These

FIGURE 3. Integrin �5�1-uPAR interactions are required for uPAR ligation-induced integrin function and motility. A and B, FN-coated beads were
applied to fibroblasts that were pretreated with or without ATF (10 nM, 30 min) and with or without �5 function-blocking antibody (�5 Ab, 10 �g/ml), and the
number of beads/cell area was counted. A–D, *, p � 0.05 denotes loss of uPA-induced attachment or hypermotility versus increase under control conditions
(IgG, scrambled siRNA). �, p � 0.05 denotes comparison among basal (�uPA) conditions. A, representative photomicrographs. B, quantification of bead
attachment. C, fibroblast monolayer migration with or without �5 or scrambled siRNA with or without ATF (10 nM). D, validation of �5 siRNA knockdown by
Western blot. E, fibroblast monolayer migration with or without �325 or scrambled peptide with or without 10 nM ATF. Conditions were as indicated. *, p � 0.05
denotes loss of uPA-induced hypermotility with �325 peptide compared with scrambled peptide under �uPA (10 nM ATF) conditions. F, fibroblast monolayer
migration with or without antibodies (10 �g/ml each) 1A8 (control antibody), 3C6 (which blocks uPAR-�1 interactions), or 2G10 (which blocks uPAR-uPA
interactions) with or without 10 nM ATF. *, p � 0.05 denotes loss of uPA-induced hypermotility with 3C6 or 2G10 antibody versus 1A8 under �uPA (10 nM ATF)
conditions. Error bars, S.E.
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data clearly demonstrate the significant contribution of uPAR
interactions with �5�1 to uPAR-induced migration.

Because we and others have shown the importance of SFKs to
migration signaling downstream of integrins in lung fibroblasts,
we hypothesized that they may also be involved in the uPAR
ligation enhancement of migration (25, 41). The SFK inhibitor
PP2 (100 nM) selectively blocked (by 85%, p � 0.05) the uPAR
ligation-induced enhancement of migration, whereas the inac-
tive analog (PP3; 100 nM) had no effect (Fig. 4A). Down-regula-
tion of the three SFKs expressed in our cells (44) individually
identified Fyn as the key SFK mediating the increase in migra-
tion upon uPAR ligation (Fig. 4, B and C). In contrast, c-Src was
the key SFK mediating migration under basal conditions
while still supporting uPAR ligation-induced migration (Fig.
4, B and C). In addition, the uPAR ligation-induced increase
in migration was also abrogated in IPF fibroblasts that were
treated with Fyn siRNA (data not shown). Together, these
data identify Fyn to be the key SFK that mediates uPAR liga-
tion-induced migration.

uPAR Ligation Rescues the Migration Defect Due to Lipid
Raft Disruption—As documented above, the uPAR ligation
response in migration was largely dependent on Fyn, �5�1, and
uPAR. Because uPAR is a GPI-linked protein, we determined
the effect of lipid raft microdomain disruption by depletion of
cholesterol on the uPAR ligation-dependent signal. Lipid raft
disruption by CD was validated by the loss of caveolin-1 in
buoyant lipid raft fractions (fractions 2– 6) (Fig. 5A), whereas
validation of cholesterol depletion by CD is shown by the loss of

filipin staining in the cell plasma membrane (Fig. 5, B and C). In
the absence of uPAR ligation, disruption of lipid rafts inhibited
�5�1 integrin activation (FN-coated bead binding by �90%),
and monolayer migration (by 50%) (Fig. 5, D and E). A general
cell toxic effect of CD is unlikely to explain these findings
because lactate dehydrogenase release into the medium was not
detected. Surprisingly, uPAR ligation was able to completely
rescue the inhibitory effect of lipid raft disruption on �5�1 acti-
vation and partially rescue its effects on migration (Fig. 5, D and
E). Cholesterol staining with filipin (Fig. 5, B and C) validates
that the rescue effects of uPAR ligation are independent of cho-
lesterol in the plasma membrane. These data demonstrate that
uPAR ligation can restore �5�1 function, even under condi-
tions of reduced cholesterol-induced lipid raft disruption.

uPAR Ligation Induces the Translocation of a “Migration Sig-
naling Complex” Consisting of uPAR, �5�1 Integrin, and Fyn
into Lipid Rafts—In order to understand the mechanism whereby
uPAR ligation restores �5�1 function and signaling in a cholesterol-
independent manner, we first determined the biochemical and
spatial relationships of the key signaling components before and
after uPAR ligation and/or cholesterol depletion. Approximately
30–50% of the total cellular uPAR was found to be in lipid rafts
under basal conditions by biochemical and spatial localization
techniques (data not shown). The addition of CD disrupted the
co-localization of uPAR with lipid rafts, as measured by the raft-
localized lipid, GM1. However, the addition of CD followed by
uPAR ligation restored the co-localization of uPAR with lipid rafts
(Fig. 6, A and B). Furthermore, uPAR ligation increased the abso-

FIGURE 4. The Src family kinase family (SFK) member Fyn is critical for uPAR ligation-dependent motility. A, fibroblast monolayer migration with or
without SFK inhibitor PP2 (100 nM) or its inactive analog, PP3 (100 nM) with or without ATF (10 nM). *, p � 0.05 denotes loss of uPA-induced hypermotility versus
PP3 control. B, monolayer migration with or without Lyn, Fyn, c-Src, or scrambled siRNA with or without ATF (10 nM). *, p � 0.05 denotes loss of uPA-induced
hypermotility versus scrambled siRNA. �, p � 0.05 denotes decrease in basal (�uPA) migration versus scrambled siRNA. #, p � 0.05 denotes difference in basal
(�uPA) c-Src migration versus c-Src migration under conditions of ligated uPAR (�uPA). C, validation of SFK siRNA knockdown by Western blot. The individual
proteins with their corresponding GAPDH loading controls are shown. Error bars, S.E.
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lute amount of uPAR in lipid rafts, even under conditions of
reduced cholesterol (�CD, �uPA conditions; Fig. 6C), suggesting
that protein-protein or protein-lipid interactions can supersede
cholesterol depletion in recruiting GPI-linked proteins to lipid
rafts.

In contrast to reports in other cells, integrin �5�1 was all but
excluded from rafts under basal conditions. Surprisingly, liga-
tion of uPAR induces a specific translocation of �5�1 integrin
(but not �V or �3 integrins; data not shown) into the raft
microdomains, and as above, �5�1 recruitment can also be par-
tially restored in rafts by uPAR ligation, even after cholesterol
depletion (Fig. 7, A and B). A similar recruitment effect of uPAR
ligation on Fyn, caveolin-1, and flotillin was noted but not Lyn
(Fig. 7, A and B). In addition, only the active phosphorylated
Fyn (p-Fyn, Tyr(P)-416) was recruited to lipid rafts upon uPAR
ligation, whereas the inactive phosphorylated Fyn (Tyr(P)-530)
was not (Fig. 7, C and D). Taken together, these data demon-
strate that uPAR ligation recruits uPAR itself, Fyn, caveolin-1,
and �5�1 integrin into lipid rafts, thereby co-localizing the key

migration signaling intermediates, even under cholesterol-de-
pleted conditions.

�5�1 Is Recruited to Lipid Rafts through Interactions with
uPAR—Because uPAR is a GPI-linked protein and Fyn is a dou-
bly acylated protein, these would be expected to favor lipid raft
microdomains. However, because �5�1 integrin is a non-acy-
lated, transmembrane protein, we examined if �5�1 integrin is
recruited to lipid rafts through specific and distinct protein-
protein interactions. First, the disruptive effects of cholesterol
depletion and the restorative effects of uPAR ligation on the
lipid raft-associated proteins, flotillin and caveolin, paralleled
that of the GPI-linked uPAR, acylated Fyn, and GM1. These
findings suggest that uPAR ligation recruits general raft com-
ponent proteins and lipids (Figs. 6 and 7 (A and B)). Second,
only the caveolin-1-associated Fyn and �5�1 integrin were
enhanced in the lipid rafts upon uPAR ligation (Fig. 7, E and F).
Third, the integrin homologous peptide (�325) selectively
blocks the recruitment of �5�1 and Fyn (but not flotillin, caveo-
lin-1, or uPAR) into lipid rafts upon uPAR ligation (Fig. 8, A–C).

FIGURE 5. uPAR ligation rescues the integrin activation and migration defect upon lipid raft disruption by CD. Lipid rafts were disrupted by cholesterol
depletion using treatment with or without CD (10 mM, 30 min) followed by treatment with or without CD and with or without ATF (10 nM, 60 min). A, validation
of the lipid raft isolation procedure. Cells were treated with or without CD followed by Western blot for caveolin-1 (raft marker) or transferrin receptor (TsfR)
(non-raft marker). B and C, filipin staining of cholesterol. B, pseudocolored photomicrographs of filipin staining (red/yellow, high; blue/green, low). C, quantifi-
cation of plasma membrane/perinuclear area ratio of filipin staining. *, p � 0.05 comparing conditions with or without CD. D, effect of CD on the integrin
activation/FN-coated bead binding assay as above. �, p � 0.05 comparing values with or without CD under basal (�uPA) conditions. E, monolayer migration
assay as above. �, p � 0.05 comparing values with or without CD under basal (�uPA) conditions. Error bars, S.E.
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This suggests that raft-localized uPAR recruits �5�1 integrin
and Fyn in a ligation-dependent manner.

uPAR Ligation Induces a Raft-localized Migration Signaling
Switch to an Acylated Fyn-dependent Pathway—Integrins are
known to transmit intracellular signals though their �-cyto-
plasmic tail via Src-FAK-MAPK or via their � subunit through
interactions with caveolin-Fyn-Shc (45). We demonstrate that
uPAR ligation-induced migration predominantly signals via the
caveolin-Fyn-Shc pathway (Fig. 9A). uPAR ligation-induced
migration was selectively abrogated upon knockdown of caveo-
lin-1, Fyn, and Shc (Fig. 9, A and B). In contrast, there was no
effect of knocking down c-Src (Fig. 4B) or FAK (Fig. 9A) on
uPAR ligation-induced migration. As expected, down-regula-
tion of FAK, in the absence of uPAR ligation, attenuates the
basal migration (41, 42).

We next aimed to determine the importance of lipid raft-
localized (i.e. doubly acylated) Fyn to uPAR ligation-induced
migration. Depletion of the palmitoylated form of Fyn using
2-bromopalmitate (46) (2-BP; 50 �M) selectively blocks the
recruitment of Fyn but not of uPAR, caveolin-1, or �5�1
integrin (Fig. 10, A–C). At the functional level, both depal-
mitoylation (with 2-BP) or demyristoylation (with 2-hy-
droxymyristate (2-OHmyr); 50 �M) of Fyn blocks the uPAR
ligation-induced migration enhancement, whereas the con-
trol treatment (palmitic acid; 50 �M) shows no effect (Fig.
10C). Taken together, these data indicate that the recruit-
ment of Fyn to lipid rafts upon uPAR ligation requires acy-
lation of Fyn and that raft-associated, acylated Fyn specifi-
cally initiates downstream migration signaling under these
conditions. Furthermore, these data show that Fyn is not the
primary driver of �5�1, caveolin, or uPAR to the rafts upon
uPAR ligation.

DISCUSSION

Our study, for the first time, demonstrates that uPAR ligation
with uPA in physiological concentrations induces a motile phe-
notype in fibroblasts through a novel, integrin signaling switch
mechanism (see proposed model in Fig. 11). This was demon-
strable using fibroblasts migrating on fibronectin and occurred
in a protease-independent but lipid raft-dependent manner.
This switching function is dependent on uPAR-integrin coupling
and results in a unique migration-inducing signal that localizes to
lipid raft microdomains. This raft-constrained migration signal is
dependent on integrin translocation into lipid rafts and acylation
of Fyn and switches to an �5�1 integrin signaling pathway through
caveolin-Fyn-Shc. Furthermore, the hypermotile phenotype, long
noted in primary isolates of IPF patient-derived fibroblasts, is
dependent on this uPAR ligation-generated Fyn signal, and
uPAR ligation selectively enhances migration of fibroblasts on
fibrotic lung areas. These data suggest that targeting uPAR or
Fyn might lead to selective and novel therapies targeted to cell
migration in the setting of uPAR ligation (i.e. cancer, IPF, angio-
genesis, atherosclerosis) (1, 47, 48).

Prior work has demonstrated that �5�1 and uPAR co-immu-
noprecipitate in a uPA-dependent manner in a cell-free system
and that chemotaxis to uPA is dependent on integrins in uPAR-
overexpressing CHO cells (19). Furthermore, uPAR, �5�1, and
caveolin have been shown to interact but, upon doing so, inhibit
�5�1 function (17, 18). Our work builds on these concepts by
demonstrating a uPAR ligation-induced, integrin signaling
switching mechanism that enhances integrin function. Further,
our data indicate that this signaling switch is a consequence of
the lipid raft localization of uPAR-�5�1 complexes. Further-
more, these effects were both present in untransformed human
lung fibroblasts at their endogenous, low level uPAR expression

FIGURE 6. uPAR ligation restores uPAR localization to lipid rafts after disruption. Lipid rafts were disrupted with CD as above followed by treatment with
or without scuPA (A and B) or ATF (C; 10 nM, 60 min). �, p � 0.05 comparing values with or without CD under basal (�uPA) conditions. A, immunofluorescence
micrographs. Lipid rafts were stained with cholera toxin (GM1; green) and uPAR (red). The arrows point to areas of lipid raft/uPAR co-localization. B, quantifi-
cation of the co-localization of lipid rafts and uPAR in the plasma membrane. C, uPAR ELISA from lipid raft fractions. Error bars, S.E.
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levels and were up-regulated in a functional manner in diseased
fibroblasts. In addition, we observed physiological effects of
uPAR ligation on migration in physiologically relevant matrices
using physiologically relevant concentrations of non-proteo-
lytically active uPA (ATF or uPAR binding region). Our labora-
tory and others have shown that uPAR can interact with other
integrins to influence cell behavior (10, 13–16, 18). This may
extend the significance of our findings to the function of other
integrins and potentially other diseases. However, to our knowl-
edge, a uPAR ligation-dependent signaling pathway switch has not
been described previously.

Our data indicate that uPAR-�5�1 interactions are the driv-
ing force for the translocation of the alternate caveolin-Fyn-Shc

signaling pathway (see proposed model in Fig. 11). The �325
peptide, which disrupts uPAR-integrin interactions, not only
abrogated the uPAR ligation-enhancing effect on migration but
also selectively blocked the translocation of both �5�1 and Fyn
(but not flotillin, caveolin-1, or uPAR) into lipid rafts upon
uPAR ligation. However, deacylation of Fyn blocked only the
recruitment of Fyn to lipid rafts upon uPAR ligation, with no
effects on �5�1, caveolin-1, and uPAR. These data suggest that
�5�1 is upstream and drives Fyn translocation into lipid rafts
upon uPAR ligation.

Although overexpression of uPAR has been shown to stimu-
late �5�1 activation (49), prior work shows that the percentage
of total cellular uPAR associated with integrins varies (32, 35).

FIGURE 7. uPAR ligation recruits a migration signaling complex (�5�1 integrin, Fyn, and caveolin) to lipid rafts. Lipid rafts were disrupted with CD
followed by uPAR ligation with ATF (�uPA) as above. A and C, representative Western blots from lipid raft fractions. Experiments were repeated in triplicate. UT,
untreated cells. B and D, average band densities from at least three independent experiments. Band densities were taken with respect to the value under
untreated conditions for each blot. *, p � 0.05 comparing untreated versus �uPA conditions; �, p � 0.05 comparing UT versus �CD conditions; #, p � 0.05
comparing �CD versus �CD, �uPA conditions. E, Western blots from caveolin-1 and control antibody (granulocyte colony-stimulating factor) immunopre-
cipitates (IP) from lipid raft fractions. Experiments were performed in triplicate. F, average band densities from at least three independent experiments. *, p �
0.05 comparing UT versus �uPA conditions. Band densities were taken with respect to the value under untreated conditions for each blot. Error bars, S.E.
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In our study, less than 1% of the �5�1 was located in lipid rafts
under basal conditions, and this value increased to just 2.4%
upon uPAR ligation. It is surprising that such a small increase in

lipid raft-associated �5�1 has a dominant effect on uPAR liga-
tion-induced signaling.

Our data demonstrate that uPAR ligation induces a raft with
unique molecular composition, enriched in �5�1 integrin and
caveolin-Fyn-Shc. Furthermore, we show that uPAR ligation
trumps cholesterol depletion in supporting raft-localized
signaling/assembly and downstream physiological effects.
Prior work has shown similar cholesterol-independent
effects through cross-linking of raft proteins by antibodies or
raft lipids with cholera toxin (50, 51). We speculate that the
binding of ATF influences protein-protein interactions
(�5�1 and uPAR), much like antibody cross-linking. The �

integrin peptide results (Fig. 8) suggest that uPAR-�5�1 inter-
actions are critical protein-protein interactions for the recruit-
ment of �5�1 integrin and Fyn to rafts. Prior work suggests that
uPAR directly binds �5�1, thereby inducing a conformational
change in the integrin extracellular domain, with distinct phys-
iological consequences (49, 52). We speculate that this confor-
mational change might result in an integrin with increased
avidity for rafts. However, recruitment of other raft-localized
proteins (i.e. caveolin and flotillin), although increased by uPAR
ligation, is less dependent on uPAR- integrin interactions, sug-
gesting that a second distinct mechanism is operative.

FIGURE 8. uPAR-integrin interactions are required for �5�1 integrin and Fyn recruitment to lipid rafts. uPAR-integrin interactions were blocked by
integrin homologous peptide (�325) or scrambled peptide followed by ligation of uPAR (with or without ATF, 10 nM, 60 min). A, uPAR ELISA from lipid raft
fractions. *, p � 0.05 comparing �uPA versus �uPA conditions. B, representative Western blots from lipid raft fractions. Experiments were repeated in triplicate.
C, average band densities from at least three independent experiments. Band densities were taken with respect to the value under untreated conditions for
each blot. *, p � 0.05 comparing scrambled peptide alone versus scrambled peptide, �uPA conditions; #, p � 0.05 comparing �325 peptide versus �325, �uPA
conditions. Error bars, S.E.

FIGURE 9. The caveolin-1-Fyn-Shc pathway mediates uPAR ligation-in-
duced fibroblast motility. Fibroblasts were pretreated with siRNA for caveo-
lin-1, Fyn, Shc, FAK, or scrambled siRNA. A, monolayer migration with or with-
out ATF. *, p � 0.05 denotes loss of uPA-induced hypermotility with indicated
siRNA versus scrambled siRNA. �, p � 0.05 denotes decrease in basal (�uPA)
migration versus scrambled siRNA. B, validation of siRNA knockdown by West-
ern blot. The individual proteins with their corresponding GAPDH loading
controls are shown. Error bars, S.E.
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Our data suggest that uPAR expression and function may be
important to the pathogenesis of IPF. We and others have
shown that primary fibroblasts from IPF patients overexpress
uPAR as compared with those from normal controls (10, 24).
Also, bronchoalveolar lavage fluid from patients with rapidly
progressing IPF has been reported to induce a higher fibroblast
migration rate than that from controls or from slower progres-
sors (26). Although several putative mediators/modulators of

this hypermotile/invasive phenotype have been identified,
including PGE2, LPA, Thy-1, and hyaluronan (20, 28, 53–56),
we have shown, for the first time, that IPF fibroblasts are hyper-
responsive to the promigratory effects of uPAR ligation, as
compared with those from normal controls. The response of
the primary fibroblast isolates from normal controls to uPAR
ligation is identical to that of the human lung fibroblasts (19Lu)
described throughout this work. Furthermore, this response is

FIGURE 10. Lipid raft-associated Fyn is critical for the uPAR ligation enhancement of migration. Fibroblasts were treated with or without acylation
inhibitors 2-BP (50 �M), 2-hydroxymyristolate (2-OHmyr; 50 �M), or palmitic acid control (50 �M) with or without 10 nM ATF. A, uPAR ELISA from lipid raft
fractions. *, p � 0.05 comparing �uPA versus �uPA conditions. B, representative Western blots from lipid raft fractions. Experiments were repeated in triplicate.
UT, untreated cells. C, average band densities from at least three independent experiments. Band densities were taken with respect to the value under
untreated conditions for each blot. *, p � 0.05 comparing untreated versus �uPA conditions; #, p � 0.05 comparing �2-BP versus �2-BP, �uPA conditions. D,
monolayer migration of fibroblasts with depleted levels of acylated specific Fyn. *, p � 0.05 denotes loss of uPA-induced hypermotility versus palmitic acid
control; �, p � 0.05 denotes decrease in basal migration versus palmitic acid control. Error bars, S.E.

FIGURE 11. Proposed integrin signaling switch model. Under unligated uPAR conditions, migration is mainly initiated by non-raft (pink plasma membrane)
signals through FAK-Src (yellow) and requires both �5�1 integrin and uPAR. In contrast, uPAR ligation enhances motility resulting from a recruitment of
uPAR-�5�1 integrin complexes (solid black lines), along with Cav-1 and Fyn to lipid rafts (blue plasma membrane), and a corresponding increase in the
dependence of migration on the lipid raft-localized Cav-1-Fyn-Shc (orange) pathway. The raft-localized Cav-1-Fyn-Shc pathway activation induces a hypermi-
gratory phenotype.
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dependent on uPAR signaling through Fyn. This finding indi-
cates a switch from the predominant non-raft, integrin-medi-
ated migration signal (i.e. to PDGF) that we have characterized
through FAK in the absence of uPAR ligation (25, 41, 42) to a
raft-dominant, hypermigratory signal through caveolin-Fyn-
Shc when uPAR is ligated with uPA. Because the down-regula-
tion of Fyn with siRNA only significantly affected the migration
of uPA-ligated cells and not those that were untreated, it is
possible that selective targeting of these uPA-ligated cells with a
Fyn inhibitor could be a potential therapeutic inhibitor of
fibrosis.

Our observation regarding the selectivity of the hypermigra-
tory effect of uPAR ligation to fibroblasts interacting with
fibrotic lung matrix further supports the possibility for selective
targeting of fibrotic lesional fibroblasts (Fig. 1D). In addition, it
extends the uPAR-�5�1 interaction to the tissue level because
we have shown that �5�1 is the predominant integrin mediat-
ing migration in our cells (10).

Plasma soluble uPAR levels have been associated with
fibrotic disease of the kidney glomeruli and other acute ill-
nesses, although the precise cellular source of the uPAR in
plasma has yet to be identified (31, 57– 60). Our data demon-
strate the novel finding that plasma uPAR levels are elevated in
IPF and correlate with disease severity, using the standard
measure of the DLCO. DLCO is also an important prognosti-
cator in IPF patients, opening up the possibility that plasma
uPAR might act as a surrogate marker for prognosis in IPF
(61– 65).

uPAR ligation has been demonstrated to have protean effects
on tissue repair and disease pathobiology. For example, ligated
uPAR can mediate fibronectin matrix assembly by activating
Src, epidermal growth factor receptor, and �1 integrin; and
ligated uPAR has also been shown to mediate cancer cell migra-
tion/transformation and angiogenesis (1, 47, 48, 66). Similarly,
Shc-initiated signals have been shown to be involved in multi-
ple illnesses related to aging, including cardiovascular and
neurological diseases and cancer (67). Therefore, it is possible
that the uPAR ligation-initiated caveolin-Fyn-Shc signaling
described herein could be important not only to IPF but to these
other diseases of aging as well.

Although we have shown that lipid raft-localized, ligated
uPAR signals through �5 and Fyn to increase migration and
that uPAR may be related to IPF pathogenesis, there are limi-
tations to our work. Although lipid raft isolation results can
vary depending on methodology (4, 68), we used an identical,
established protocol under all conditions (37) and, importantly,
verified the isolation methods and the effects of methyl-�-cy-
clodextrin with several known lipid raft and non-raft markers.
In addition, our described mechanism of uPAR ligation modu-
lating migration is distinct from the integrin-independent
mechanism described previously (69 –71). In that prior work,
direct binding of raft-localized, dimeric cell surface uPAR to the
somatomedin B region of vitronectin mediates cell adhesion
and lamellipodia formation through the MAPK pathway in epi-
thelial cells (69 –71). Also, other work supports the hypothesis
that the ameliorative effects of exogenous uPA on lung fibrosis
in animal models of human IPF are a consequence of the pro-
teolytic effects of uPA (72–75).

In summary, uPAR ligation leads to the enhanced attach-
ment and migration of human lung fibroblasts through recruit-
ment of �5�1 integrin and caveolin-Fyn-Shc signaling to lipid
rafts. Upon doing so, the predominant integrin-initiated signal
for migration switches from a FAK-based signal to a lipid raft-
localized caveolin-acylated Fyn-dependent signal (see pro-
posed model in Fig. 11). Further, we have shown the impor-
tance of uPAR signaling to the hypermotile phenotype in IPF
fibroblasts, whether using a system with matrix protein-coated
plastic wells or physiologically relevant matrix from actual
fibrotic lung. Taken together, these observations suggest that
the unique lipid raft signaling platforms that are formed under
conditions of uPAR ligation mediate the migratory processes in
the fibrotic lung. In doing so, they may provide a novel selective
target for strategies designed to ameliorate IPF and other dev-
astating fibrotic diseases. In addition, results of this study may
be applicable to other diseases in which uPAR signaling has
been reported to play a role, including severe sepsis, angiogen-
esis, and many cancers (1, 30, 32, 43, 57).
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