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PURPOSE. Our previous study revealed the immunomodulatory property of the secreted
lymphocyte antigen (Ly6)/urokinase-type plasminogen activator receptor (uPAR)-related
protein-1 (SLURP1), abundantly expressed in the cornea and associated with the
hyperkeratotic disorder Mal de Meleda. Here, we test the hypothesis that SLURP1 modulates
the functions of membrane-tethered uPAR by acting as a soluble scavenger of its ligand
urokinase-type plasminogen activator (uPA).

METHODS. Human corneal limbal epithelial (HCLE) and mouse corneal stromal fibroblast MK/T-
1 cells were employed to examine the effect of SLURP1 on cell proliferation and migration.
Human corneal limbal epithelial cell clones stably expressing SLURP1 under the control of
cytomegalovirus (CMV) promoter were generated using lentiviral vectors. Recombinant 63
His-mouse Slurp1 and maltose-binding protein (MBP)-mouse uPA were expressed in
Escherichia coli and partially purified using nickel-ion and amylose columns, respectively.
Slurp1 interaction with uPA was detected using ligand blots, ELISA, pull-down assays, and
immunofluorescent staining.

RESULTS. Stable expression of SLURP1 in HCLE cells was confirmed by immunoblots and
immunofluorescent staining. Human corneal limbal epithelial and MK/T-1 cell proliferation
and migration rates were suppressed by exogenous SLURP1. Ligand blots, ELISA, and pull-
down assays indicated that Slurp1 efficiently interacts with uPA. Immunofluorescent staining
demonstrated that exogenous SLURP1 decreased the amount of cell surface–bound uPA in the
leading edges of migrating cells. In gap-filling assays, wild-type HCLE cells responded to uPA
by increasing their velocity and closing larger area, while the SLURP1-expressing HCLE cells
failed to do so.

CONCLUSIONS. SLURP1 modulates corneal homeostasis by serving as a soluble scavenger of uPA
and regulating the uPA-dependent functions of uPAR.
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Transparent cornea is an essential component of the optical

axis that allows incident light to reach the retina. Being

externally exposed, the cornea is subject to frequent, mild,

chemical, biological, and physical insults. Recurrent inflamma-

tory response to such insults is potentially blinding. The

cornea, however, is ‘‘immune privileged’’ and employs multiple

mechanisms to suppress inflammation upon exposure to mild

insults.1–3 It also retains ‘‘immune competence,’’ which allows

protective inflammation in response to severe insults.1–3 The

delicate balance between corneal immune privilege and

competence is governed by a variety of molecules1–14 that

maintain immune quiescence in normal situations and allow

inflammation in response to acute infections and injury. Our

previous work demonstrated that the secreted lymphocyte

antigen (Ly-6)/urokinase-type plasminogen activator receptor-

related protein-1 (SLURP1) is a constitutive component of

corneal immune privilege that inhibits leukocytic infiltration

into the cornea in response to mild insults and is rapidly

downregulated when the cornea becomes infected, permitting
protective inflammation to develop.15

SLURP1 is a member of the Ly6 superfamily characterized by
the three-finger fold structure.16–18 SLURP1 is expressed in a
variety of cells including immune cells,19 bronchial epithelial
cells,20 primary sensory neurons,21 the skin, exocervix, gums,
stomach, trachea and esophagus,22 oral keratinocytes,23 and the
cornea,24 and secreted into plasma, saliva, sweat, urine, and
tears.25 Mutations or deletions in SLURP1 are associated with
Mal de Meleda, an autosomal recessive inflammatory disorder
characterized by palmoplantar keratoderma and transgressive
keratosis.22,25,26,28–33 Slurp1 is one of the most abundant
transcripts in the neonatal and the adult mouse corneas24 and
is sharply downregulated in the Klf4 conditional null (Klf4CN)
corneas that display epithelial fragility, loss of epithelial barrier
function, and stromal edema.26–28 Slurp1 is rapidly downregu-
lated in several proinflammatory conditions including asthmatic
lungs,29 corneal neovascularization,30 Barrett’s esophagus,
adenocarcinomas, malignant melanomas, cervical cancer, and
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oral squamous cell carcinomas (NCBI GEO Accession Numbers
GSE23347, GDS1321, GDS3472, GDS1375, and GDS1584)
consistent with its role as an immunomodulatory molecule.
Being structurally similar to a-bungarotoxin, SLURP1 serves as a
ligand for a7-nicotinic acetylcholine receptor (a7nAchR),22,31

regulating immune response, cell adhesion, signal transduction,
and tobacco nitrosamine-induced malignant transformation of
oral cells through cholinergic pathways.16,19,23,32,33 The mech-
anisms by which SLURP1 functions as an immunomodulatory
molecule in the cornea have not been studied previously.

The urokinase-type plasminogen activator receptor (uPAR,
also known as urokinase receptor or CD87) is another
important member of the Ly6 family that plays an integral role
in cell survival, proliferation, motility, and invasion.34 Uroki-
nase-type plasminogen activator receptor contains three direct
repeats of the Ly6 domain connected by short linkers and is
tethered to cell membrane by glycosyl phosphatidylinositol
(GPI)-anchor. Expression of uPAR is limited in quiescent
conditions and is upregulated in response to stress, injury,
and inflammation, which require active extracellular matrix
(ECM) remodeling. Many functions of uPAR are dependent on
its interaction with a large number of ligands including
urokinase-type plasminogen activator (uPA, also known as
urokinase), vitronectin, and integrins. Urokinase-type plasmin-
ogen activator receptor regulates cell signaling and ECM
proteolysis by localizing uPA to cell surface.34 Considering
the structural similarities between uPAR and SLURP1, we
hypothesized that SLURP1 modulates the functions of mem-
brane-tethered uPAR by acting as a soluble scavenger of its
ligand uPA. Here, we present evidence that SLURP1 interacts
efficiently with uPA, resulting in a reduced rate of cell
proliferation and migration.

MATERIALS AND METHODS

Generation of SLURP1-Expressing Adenoviral and
Lentiviral Vectors, and Human Corneal Limbal
Epithelial (HCLE)-Stable Clones

Adenoviral vectors expressing Slurp1 were generated in HEK293
cells as before,15 using AdenoX expression system (Serotype-5;
Clontech Laboratories, Mountain View, CA, USA). Sequence-
verified human SLURP1 cDNA in expression vector obtained
from CCSB-Broad Lentiviral Vector Library was used to generate
lentiviral vectors by transfection of four plasmids (expression
plasmid pLX304-Blast-V5-SLURP135 [Fisher Scientific, Pittsburgh,
PA, USA], pMD2.g [VSVG], pRSV-REV, and pMDLg/pRRE) into
293-FT cells using FuGene 6 transfection reagent (Roche
Diagnostic Corp., Indianapolis, IN, USA). Culture media from
transfected cells was collected 48 hours after transfection and
passed through 0.45-lm filters to isolate the viral particles.
Human corneal limbal epithelial36 cells were infected with
lentiviral particles carrying SLURP1 gene under the control of
CMV promoter. Two days after infection, cells were plated at low
density and subjected to blasticidin selection for 2 weeks.
Individual clones that survived blasticidin selection were
propagated further and screened by immunoblots for SLURP1
expression.

Immunoblots

Equal amounts of total protein extracted using M-PER reagent
and quantified by bicinchoninic acid method (Pierce, Rock-
ford, IL, USA) were electrophoresed in sodium dodecyl sulfate-
polyacrylamide gels, transferred to polyvinylidene difluoride
(PVDF) membranes and subjected to immunoblot analysis with
1:1000 dilution of goat anti-human SLURP1 primary antibody

(Santa Cruz Biotechnology, Santa Cruz, CA, USA), and 1:1000
dilution of horseradish peroxidase (HRP)–coupled donkey anti-
goat IgG secondary antibody (Santa Cruz Biotechnology).
Immunoreactive bands were detected by chemiluminescence
using Super Signal West Pico solutions (Pierce), exposure of
the processed blots to x-ray films, and developing in a standard
x-ray film developer.

FIGURE 1. Stable expression of SLURP1 in HCLE cells. HCLE cells
stably transduced with lentiviral particles containing SLURP1 gene
under the control of CMV promoter were selected by blasticidin
resistance. (A) We screened approximately 15 stably transduced single
cell–derived clones by immunoblot with anti-SLURP1 antibody.
Immunoblot comparison of the expression of SLURP1 in parental
HCLE cells with that of eight HCLE-SLURP1 clones identified clones 7,
8, 9, and 14 as expressing SLURP1, with clone 14 being the best. A
nonspecific, cross-reacting protein migrating at approximately 30 kDa
served as a control for uniformity in protein loading in this gel. (B)
Immunofluorescent staining of HCLE, HCLE–SLURP1-7, -9, and -14 with
anti-SLURP1 antibody confirmed SLURP1 expression in these cells. No
primary antibody controls are shown for HCLE and HCLE–SLURP1-14,
confirming that the green fluorescence is specific to SLURP1-producing
cells.
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Cell Proliferation Assays

Mouse corneal stromal fibroblast MK/T-1,37 HCLE,36 or HCLE-
SLURP1 cells were seeded (10,000 cells per well) in
quadruplicate tissue culture–treated 96-well plates. Mouse
corneal stromal fibroblast MK/T-1 cells were treated with
control maltose-binding protein (MBP), or MBP-Slurp1. Non-
adherent cells were removed after 4 hours of plating, which
was set as 0 hours. At 0, 24, 48, and 72 hours, the cells were
fixed and stained with crystal violet solution (0.2% crystal
violet in 10% ethanol) for 15 minutes. Unbound crystal violet
was removed by rinsing with distilled water, and cells were
subsequently air dried. Crystal violet, which binds DNA, was
eluted from cells with 20% acetic acid, and the absorbance
measured at 590 nm using Biotek Synergy-II plate reader
(Winooski, VT, USA).

Ligand Blots

Ligand blots were performed following the method described
by Connolly et al.38 with minor modifications. We chose mouse
kidney, which expresses Slurp1 and many uPAR ligands and
offers the advantage of relatively abundant tissue availability, to
screen for Slurp1-interacting proteins. Adult mouse kidney
lysates were prepared using either homemade lysis buffer (20
mM Tris-HCl, pH 8.0; 150 mM NaCl; 1 mM PMSF; 0.25% Tween-
20) or M-PER (Pierce), a nondenaturing commercial detergent
formulation that extracts soluble protein. Kidney lysate was
separated by nondenaturing PAGE, transferred to nitrocellulose
membrane, blocked with 5% milk in phosphate buffered saline
(pH 7.4) with 0.1% Tween-20 detergent (PBST), incubated with
BSA or partially purified His-Slurp1 (expressed in E. coli), and
probed with anti-Slurp1 antibody. After the Slurp1-bound
proteins were detected, the blot was stripped and reprobed
with anti-uPA antibody (Santa Cruz Biotechnology). The blots
were then aligned to detect overlapping bands.

ELISAs

High-binding capacity ELISA plates were coated with control
MBP, MBP-Slurp1, recombinant human SLURP1, or BSA and

blocked with 5% milk. MBP or MBP-uPA fusion protein, mock-
cleaved MBP or cleaved MBP-uPA, mouse kidney lysate, or
recombinant human uPA was layered on coated surface,
washed thoroughly, and the bound uPA was detected using
anti-uPA antibody, appropriate HRP-conjugated second anti-
body, and color-developing reagents.

Pull-Down Assays

Negative control MBP-Slurp1 (expressed in E. coli using the
vector pMalC2 [New England Biolabs, Ipswich, MA, USA],
purified through amylose resin) or His-Slurp1 (expressed in E.

coli using the vector pTrc His-B [Invitrogen, Carlsbad, CA,
USA]) was bound on Ni-ion resin, incubated with adult mouse
kidney lysate (as a source of uPA). After thorough washing, His-
Slurp1 bound Ni-ion beads were directly placed in Laemmli
buffer and heated for sample preparation. The released
proteins were then separated by SDS-PAGE and transferred to
nitrocellulose membranes. Slurp1-bound uPA was then detect-
ed by immunoblot using anti-uPA antibody (Santa Cruz
Biotechnology).

Gap-Filling Assays

A scrape wound was introduced in confluent HCLE36 or HCLE-
SLURP1 cells grown on tissue culture–treated plastic wells
using a 200-lL pipette tip. Six areas of the gaps were marked
underneath the plates and photographed soon after generating
the gap (0 hours) and 18 hours later, using a Nikon TS100
inverted microscope (Nikon, Melville, NY, USA) with a 23
objective and a Spot RT camera (Diagnostics Instruments,
Sterling Heights, MI, USA). That the same sets of cells were
photographed at 0 and 18 hours post gap formation was
assured by aligning them with the mark at the bottom of the
plates. Initial (0 hours) and unfilled gap areas at 18 hours after
wounding were determined using MetaMorph software (Mo-
lecular Devices, Sunnyvale, CA, USA). Alternatively, live-cell
microscopy was performed using a mechanical stage equipped
with a humidified mini-incubator set to 378C and 5% CO2. For
determining the effect of uPA on gap filling in HCLE and HCLE-
SLURP1 cells, recombinant human uPA was added at 50 U/mL

FIGURE 2. Effect of SLURP1 on cell proliferation. (A) SLURP1 inhibits HCLE cell proliferation. Equal numbers of HCLE, or stably transduced HCLE-
SLURP1 cells were seeded in 96-well plates, and their densities were monitored at 0, 24, 48, and 72 hours by crystal violet staining and measuring
the absorbance at 590 nm. Human corneal limbal epithelial–SLURP1 cells proliferated at a significantly slower pace compared with the parental
HCLE cells. (B) Slurp1 inhibits MK/T-1 cell proliferation. Equal numbers of MK/T-1 cells were seeded in a tissue culture–treated 96-well plate. One
set was removed for staining 4 hours after plating (0 hours). For the rest, Slurp1 was added at 0, 0.1, or 1 lg/mL in 100 lL medium with 5% fetal
bovine serum (FBS). Cells were fixed and stained with crystal violet at appropriate times and absorbance measured at 590 nm, as above. Exogenous
application of mouse Slurp1 suppressed MK/T-1 cell proliferation in a dose-dependent manner. Statistical significance was determined by Student’s t-

test, and the P values for comparison between control and different treatments are provided (color coordinated with the corresponding trend-

lines) at each time point, when significant.
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culture medium, and the cells were tracked up to 40 hours
post gap generation using live-cell microscopy. For studying
the effect of Slurp1 on gap filling in MK/T-1 cells, subconfluent
MK/T-1 cells were exposed to Slurp1 by infecting with 13 each
of Slurp1-expressing adenovirus and Tet-Off helper adenovirus
(Slurp1) vectors, or 23 Tet-Off helper adenovirus (control).
One day later, when the cells were confluent, a gap was
generated with a 200-lL pipette tip. Imaging and analysis of
gap filling was performed as above at 0 and 18 hours after
generating the gap.

Immunofluorescent Staining of Cell Surface–

Bound uPA on HCLE and MK/T-1 Cells

A gap was introduced in confluent HCLE or HCLE-SLURP1 cells
grown on vitronectin-coated coverslips, and MK/T-1 cells37

grown on collagen-coated coverslips. Human corneal limbal
epithelial and HCLE-SLURP1 cells were treated with uPA for 4
hours following gap generation and immunofluorescent staining
performed with rabbit anti-uPA antibody. In MK/T-1 cells, Slurp1/

control protein was added with or without uPA for 4 hours
following gap generation, and uPA was detected by immunoflu-
orescent staining with rabbit anti-uPA antibody as above.

Statistical Analyses

All experiments reported here were repeated at least three
times, and representative data are presented. In graphs, mean
values derived using data from at least three independent
repetitions are presented along with standard error bars.
Statistical significance was analyzed using Student’s t-test.
Differences between treatments were deemed statistically
significant when P values were less than 0.05.

RESULTS

Expression of SLURP1 in HCLE Cells

As most cultured cells do not express detectable amounts of
SLURP1, we decided to examine the effects of SLURP1

FIGURE 3. Inhibitory effect of SLURP1 on in vitro gap filling. (A) Effect of SLURP1 on HCLE cell migration in gap-filling assays. A gap was introduced
in confluent HCLE, HCLE–SLURP1-7 and -14 cells with a 200-lL pipette tip. Gap filling by migration was monitored at 0, and 18 hours post gap
generation. Note that a large gap remains open in HCLE–SLURP1-7 and -4 cells, while the gap in control wild-type HCLE cells is completely filled by
18 hours. (B) Effect of Slurp1 on MK/T-1 cell migration. Mouse corneal stromal fibroblast MK/T-1 cells were infected with either 23 Tet-Off helper
adenovirus (control), or 13 each of Slurp1-expressing adenovirus and Tet-Off helper adenovirus (þSlurp1). One day later, when the cells were
confluent, a gap was generated with a 200-lL pipette tip. Gap filling by migration was monitored at 0 and 18 hours post gap generation. Note that
by 18 hours, roughly 50% of the gap remained open in cells infected with Slurp1-expressing adenovirus, while the gap in control virus–infected cells
is completely filled. (C, D) Effect of SLURP1 on mean gap area closed after 18 hours, calculated from six different regions in HCLE or MK/T-1 cells.
Statistical significance was determined by Student’s t-test, and the P values for comparison between control and different treatments is provided.

SLURP1 Binds uPA and Modulates uPAR Functions IOVS j October 2014 j Vol. 55 j No. 10 j 6254



FIGURE 4. SLURP1 interacts with uPA. (A) Ligand-binding assay to identify Slurp1-interacting proteins. Kidney lysates were prepared using either
homemade lysis buffer (20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM PMSF, 0.25% Tween-20), or M-PER (a nondenaturing commercial detergent
formulation that extracts soluble protein). Kidney lysates were separated by nondenaturing PAGE, transferred to nitrocellulose membrane, blocked
with 5% milk in PBST, incubated with BSA or partially purified His-Slurp1 (expressed in E. coli), and probed with anti-Slurp1 antibody. Protein bands
that interacted with Slurp1 are indicated by *. These blots were then stripped of the antibody, reprobed with anti-uPA antibody, and aligned with
each other to detect overlapping bands (indicated by **). (B) Pull-down assay. (1) Negative control MBP-Slurp1 (expressed in E. coli, purified
through amylose resin) or (2) His-Slurp1 (expressed in E. coli) was bound on Ni-ion resin, incubated with kidney lysate (as a source of uPA), washed
thoroughly; then bound proteins were separated by SDS-PAGE and Slurp1-bound uPA detected by anti-uPA antibody. (C) ELISAs. ELISA plates were
coated with MBP or MBP-Slurp1 (i–iii) or recombinant human SLURP1, control protein or BSA (iv), and blocked with 5% milk. Maltose-binding
protein (MBP) or MBP-uPA fusion protein (i), mock-cleaved MBP or cleaved MBP-uPA (ii), mouse kidney lysate, or (iii) recombinant human uPA (iv)
was layered on coated surface, washed thoroughly, and the bound uPA detected using anti-uPA antibody. Mean values from three repetitions are
plotted. Error bars represent SEM. Note that in each case, increasing amounts of uPA were detected on SLURP1-coated surface compared with the
corresponding controls.

SLURP1 Binds uPA and Modulates uPAR Functions IOVS j October 2014 j Vol. 55 j No. 10 j 6255



overexpression in HCLE cells for studying its cellular functions.
Following transduction with a SLURP1-expressing lentiviral
vector, we screened several blasticidin-resistant single cell–
derived clones for SLURP1 expression and identified clones
HCLE–SLURP1-7, -9, and -14 for further analyses (Fig. 1A).
Efficient overexpression of SLURP1 in these cells was
confirmed by immunostaining, which also revealed that
SLURP1 is mostly localized in the cytoplasm, and that SLURP1
expression is highest in HCLE–SLURP1-14 cells, consistent
with the immunoblots (Fig. 1B).

SLURP1 Suppresses Cell Proliferation

In order to study the effect of SLURP1 on proliferation, equal
numbers of wild-type HCLE, HCLE–SLURP1-7, -9, or -14 cells
were seeded in 96-well plates, and their densities were
monitored at 0, 24, 48, and 72 hours by crystal violet staining.
All three HCLE-SLURP1 clones proliferated at a significantly
slower pace compared with the parental HCLE cells (Fig. 2A).
Though HCLE–SLURP1-7, -9, and -14 produce vastly different
amounts of SLURP1 (Fig. 1), a corresponding difference in their
suppressive effect on HCLE cell proliferation was lacking,
suggesting that a slight increase in SLURP1 expression is
enough to cause a large effect on HCLE cell proliferation, and

that higher amounts of SLURP1 do not have linear, dose-
dependent effects. It is possible that other cofactors (not being
overexpressed) are necessary for maximal and/or linear effects
of SLURP1. Consistent with these results, mouse corneal
stromal fibroblast MK/T-1 cells treated with MBP-Slurp1
proliferated at a significantly slower pace compared with
those treated with MBP alone (Fig. 2B). Together, these results
suggest that SLURP1 has a suppressive effect on cell
proliferation.

Effect of SLURP1 on Cell Migration

We tested the effect of SLURP1 on HCLE cell migration by in
vitro gap-filling assays. A gap was introduced in confluent
HCLE, HCLE–SLURP1-7 and -14 cells using a 200-lL pipette
tip. Gap filling by migration of neighboring cells was
monitored at 0 and 18 hours post gap generation. While
the gap in control wild-type HCLE cells was completely filled
by 18 hours, a large gap remained open in HCLE–SLURP1-7
and -14 cells (Fig. 3A). A similar inhibitory effect of Slurp1
was observed in MK/T-1 cells infected with Slurp1-expressing
adenovirus compared with those infected with Tet-Off helper
adenovirus alone (Fig. 3B). Measurement of the mean gap
area from six different regions in each cell type at 0 and 18

FIGURE 5. Slurp1 decreases the amount of cell surface–bound uPA at the leading edge. (A) Immunofluorescent staining with anti-SLURP1 or anti-
uPA antibody was performed after 4 hours of gap formation in confluent HCLE or HCLE-SLURP1 cells grown on vitronectin-coated coverslips and
treated with 50 U/mL recombinant human uPA. Note that relatively more uPA is detected in HCLE cells in the intercellular margins (short arrows)
and the migrating edge (long arrows) compared with the HCLE-SLURP1 cells (arrowheads). (B) Immunofluorescent staining with anti-uPA antibody
in MK/T-1 cells plated on collagen-coated coverslip. For detecting uPA in migrating cells, gaps were generated in confluent MK/T-1 cells, which were
then treated with uPA and either control protein or partially purified Slurp1 for 4 hours. Cell surface–bound uPA was then detected by
immunofluorescent staining with rabbit anti-uPA antibody. Note that relatively more uPA is detected at the moving edge in control protein–treated
cells (long arrows) compared with those treated with Slurp1 (arrowheads).
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hours indicated that HCLE–SLURP1-7 and -14 were roughly
50% and 80% as efficient as the parental HCLE cells in gap
filling (Fig. 3C). Similarly, MK/T-1 cells infected with Slurp1-
expressing adenovirus filled the gap at 50% the pace of
control helper virus–infected MK/T-1 cells (Fig. 3D). Togeth-
er, these results suggest that SLURP1 has a suppressive effect
on gap filling by cell migration.

SLURP1 Interacts With uPA

In order to understand the mechanism by which Slurp1
functions, we sought to identify Slurp1-interacting proteins.
Ligand blots, wherein mouse kidney lysate was electrophoret-
ically separated, transferred to nitrocellulose membrane,
incubated with Slurp1, and probed with anti-Slurp1 antibody,
revealed that several proteins interact with Slurp1 (indicated
by * in Fig. 4A). When these blots were stripped of the
antibody and reprobed with anti-uPA antibody, overlapping
bands that aligned with Slurp1-bound protein bands were
detected, suggesting that uPA is among the Slurp1-interacting
proteins (indicated by ** in Fig. 4A). Pull-down assays, wherein
His-Slurp1 or negative control MBP-Slurp1 was bound on Ni-ion
resin and incubated with kidney lysate (as a source of uPA),
and bound proteins were separated by SDS-PAGE and Slurp1-
bound uPA was detected by anti-uPA antibody, confirmed that

Slurp1 binds uPA (Fig. 4B). Finally, ELISAs, wherein the wells
were coated with MBP or MBP-Slurp1 and bound with MBP or
MBP-uPA fusion protein, mock-cleaved MBP or factor Xa–
cleaved MBP-uPA, or mouse kidney lysate, confirmed the
interaction of mouse Slurp1 with mouse uPA (Fig. 4C, i–iii).
Consistent with these results, recombinant human SLURP1
interacted with recombinant human uPA (Fig. 4C, iv).
Together, these results identify uPA as one of the SLURP1-
binding proteins. The identity of the remaining Slurp1-binding
proteins in ligand blots remains to be established.

Slurp1 Decreases the Amount of Cell Surface–

Bound uPA at the Leading Edge

Next, we sought to determine the effect of overexpression of
SLURP1 on interaction of uPA with its cell-surface receptors.
We performed immunofluorescent staining with anti-uPA or
anti-SLURP1 antibody 4 hours after gap formation in confluent
HCLE or HCLE-SLURP1 cells grown on vitronectin-coated
coverslips and treated with 50 U/mL recombinant human
uPA. Relatively more uPA was detected in the intercellular
margins and the migrating edges of the wild-type HCLE cells
compared with the HCLE-SLURP1 cells (Fig. 5A). Consistent
with this finding, relatively more uPA was detected at the

FIGURE 6. SLURP1 blocks the stimulatory effect of uPA on HCLE cell migration. (A and B) Gap-filling assay was performed with wild-type HCLE,
HCLE–SLURP1-7, and HCLE–SLURP1-14 cells in the presence or absence of recombinant human uPA (50 U/mL). Representative images from wild-
type HCLE (A) and HCLE–SLURP1-7 (B) are shown at 0 and 40 hours after gap formation. Live cell microscopy was used to track the migrating cells
in six different regions for 40 hours after gap formation (data presented in Supplemental Video 1). MetaMorph software was used to calculate the
mean area closed after 40 hours of gap formation ([C]; n¼ 6) and the mean velocity of their migration based on 10 randomly selected cells in each
cell type ([D]; n¼ 10). While HCLE cells responded to uPA by increasing their mean velocity of migration, HCLE–SLURP1-7 and HCLE–SLURP1-14
cells did not, suggesting that SLURP1 blocks the stimulatory effect of uPA on HCLE cell migration. Error bars represent SEM. After cross-comparison,
P values are only shown where significant.
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moving edge in control protein–treated MK/T-1 cells compared
with those treated with Slurp1 (Fig. 5B). Together, these results
suggest that SLURP1 decreases the amount of cell surface–
bound uPA at the leading edge.

SLURP1 Blocks the Stimulatory Effect of uPA on
Cell Migration

In order to determine the functional relevance of SLURP1-
uPA interaction, we performed gap-filling assays with HCLE,
HCLE–SLURP1-7 and -14 cells, in the presence or absence of
50 U/mL recombinant human uPA (Supplemental Video 1).
Treatment of wild-type HCLE cells with uPA resulted in faster
gap closure compared with the untreated cells (Fig. 6A).
Similar stimulation was not observed in HCLE-SLURP1 cells
(Fig. 6B). Measurement of the mean area closed, based on
values from six different regions in each treatment con-
firmed these results (Fig. 6C). Tracking individual cell
movement by live-cell microscopy also revealed that the
uPA-treated HCLE cells migrated at a significantly higher
mean velocity compared with the control, untreated HCLE
cells (Fig. 6D). A similar increase was not observed in uPA-
treated HCLE-SLURP1 cells, suggesting that SLURP1 blocks
the stimulatory effect of uPA on cell migration (Fig. 6D;
Supplemental Video 1).

DISCUSSION

Although Slurp1 is expressed abundantly in the mouse
cornea,24 where it serves an important immunomodulatory
role,15 not much is known about its cellular functions or the
mechanism(s) by which it functions. Previous efforts in this
direction were largely focused on characterizing SLURP1
activities in oral mucosal epithelial cells or skin keratino-
cytes as a ligand for a7 nicotinic acetylcholine recep-
tor.19–21,23,31,33,39,40 However, most studies to date have
described muscarinic, but not nicotinic acetylcholine recep-
tors in the cornea.41–47 Considering that (1) the highly
abundantly expressed SLURP124 is unlikely to serve as a
ligand for nAchRs that are either absent or expressed at low
levels in the cornea,41–47 and (2) the secreted SLURP1 is
structurally similar to the membrane-tethered uPAR, which
plays essential roles in cellular interaction with the
surrounding ECM, we hypothesized that SLURP1 modulates
the functions of membrane-tethered uPAR by acting as a
soluble scavenger of its ligand uPA, analogous to the role of
soluble VEGF receptor in blocking corneal angiogenesis.8 In
this report, we provide evidence that (1) when overex-
pressed, SLURP1 suppresses the rates of cell proliferation
and migration, and (2) SLURP1 functions as a competing
soluble scavenger of uPA, blocking the essential uPA-
dependent functions of uPAR (Fig. 7).34,48,49

The uPA/uPAR system has emerged as a versatile regulator
of cell survival, proliferation, migration, adhesion, and differ-
entiation in diverse tissues and physiological contexts.34,50

Expression of uPAR is sharply elevated in a wide variety of
proinflammatory conditions including migrating dermal kera-
tinocytes and placental trophoblasts during tissue remodel-
ing,51 Borrelia burgdorferi infection,52,53 rheumatic
disorders,54 pemphigus skin blistering,55 renal dysfunction,56

atherosclerotic coronary arteries,57 Kaposi’s sarcoma,58 path-
ologic angiogenesis,59 and in leukocytes upon bacterial- or
human immunodeficiency virus–1 infection.52,60 Gradients of
uPA are chemotactic for uPAR-expressing cells.61 Although
uPAR facilitates phagocytosis and clearance of B. burgdorferi

from the heart by a mechanism that is independent of its
binding uPA,53 and uPAR-mediated neutrophil recruitment is

independent of uPA,38,62 other activities of uPAR such as its
interaction with vitronectin and b1-integrin, and bacterial
clearance, are dependent on uPA.38,63–65 Regulators such as
plasminogen activator inhibitors-1 and -2 (PAI1 and PAI2), a2–
anti-plasmin, and maspin fine-tune the uPA/uPAR system by
virtue of their ability to block uPA/uPAR interactions. Evidence
presented here suggests that SLURP1 plays a similar role as
other regulators of the uPA/uPAR system (Fig. 7). It would be
worth examining if application of exogenous SLURP1 can
block the chemotactic activity of the uPA/uPAR system,
facilitating effective management of tissue inflammation in
diverse contexts.

Ligand blots revealed that Slurp1 interacts with several
proteins, one of which was identified to be uPA (Fig. 4).
Though uPA is well established as a ligand for uPAR, many of
its functions are independent of binding to uPAR. Experi-
ments using genetically modified mouse strains, in which
uPA/uPAR interaction was selectively abrogated retaining
their other functions, revealed the role of the uPA/uPAR
interaction in cell-associated fibrin surveillance and suppress-
ing chronic inflammation secondary to fibrin deposition,
without affecting leukocyte recruitment.38 The identity of
the remaining Slurp1-binding proteins remains to be estab-
lished. Just as PAI1 binds uPA as well as vitronectin,66,67 it
would be interesting to determine if the remaining uniden-
tified Slurp1-binding proteins are represented among other
uPAR ligands.34

Overexpression of SLURP1 resulted in decreased rate of
proliferation as well as slower gap filling. The possibility that
the decreased gap-filling ability of HCLE-SLURP1 cells is an
outcome of their lower rate of proliferation is ruled out
because the individual HCLE-SLURP1 cells tracked by live-cell
microscopy migrated shorter distances at a reduced velocity,
compared with the control HCLE cells (Figs. 3, 6). Coupled
with the data demonstrating efficient interaction between
SLURP1 and uPA (Fig. 4), these results suggest that SLURP1
binds uPA and blocks its stimulatory effects on migration of
SLURP1-expressing cells. In order to gain a better under-
standing of the SLURP1-mediated regulation of uPAR

FIGURE 7. Proposed mechanism by which SLURP1 regulates corneal
homeostasis. Data presented in this report suggest that SLURP1 serves
as a soluble scavenger of uPA, blocking the essential uPA-dependent
functions of uPAR in ECM degradation, leukocyte infiltration, and
inflammation.
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functions, it would be necessary to quantify and compare
the relative affinities of uPA-uPAR and uPA-SLURP1 interac-
tions.

To summarize, the data presented in this report
demonstrate that SLURP1 functions as a competing soluble
scavenger of uPA. In view of the tissue diversity of uPA/uPAR
expression and the broad nature of their functions, it is
likely that the involvement of SLURP1 in regulating the uPA/
uPAR system also is widespread. For example, anti-uPAR
antibody efficiently blocked corneal angiogenesis, leading to
the proposal that activation of uPAR upon interaction with
uPA is an ‘‘angiogenic switch’’ in the cornea.68 It is
conceivable that SLURP1 presented in high levels in a
normal cornea serves an anti-angiogenic role by blocking
uPA/uPAR interaction. Sharp downregulation of Slurp1
during alkali burn- or suture-induced corneal neovascular-
ization30 is consistent with this possibility, which remains to
be tested.
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