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The urokinase receptor (uPAR), expressed on the surface of
many cell types, coordinates plasmin-mediated cell surface pro-
teolysis for matrix remodeling and promotes cell adhesion by
acting as a binding protein for vitronectin. There is great clinical
interest in uPAR in the cancer field as numerous reports have
demonstrated that up-regulation of the uPA system is corre-
lated with malignancy of various carcinomas. Using both stable
cell lines overexpressing uPAR and transient gene transfer, here
we provide evidence for a non-reported role of uPAR in the
phagocytosis of apoptotic cells, a process that has recently been
termed efferocytosis. When uPAR was expressed in human
embryonic kidney cells, hamster melanoma cells, or breast can-
cer cells (BCCs), there was a robust enhancement in the effero-
cytosis of apoptotic cells. uPAR-expressing cells failed to stim-
ulate engulfment of viable cells, suggesting that uPAR enhances
recognition of one or more determinant on the surface of the
apoptotic cell. uPAR-mediated engulfment was not inhibited by
expression of mutant �5 integrin, nor was �v�5 integrin-medi-
ated engulfment modulated by cleavage of uPAR by phospha-
tidylinositol-specific phospholipase C. Further, we found that
themore aggressive BCCs had a higher phagocytic capacity that
correlated with uPAR expression and cleavage of membrane-
associated uPAR in MDA-MB231 BCCs significantly impaired
phagocytic activity. Because efferocytosis is critical for the res-
olution of inflammation and production of anti-inflammatory
cytokines, overexpression of uPAR in tumor cells may promote
a tolerogenic microenvironment that favors tumor progression.

The urokinase plasminogen activator receptor (uPAR3 or
CD87) is a multidomain glycosylphosphatidylinositol (GPI)-
anchored protein (1) implicated in many cellular processes,
ranging from wound repair, inflammation, motility, tumor
invasion, to metastasis (2–6). Although the best understood
functions of uPAR lie in its ability to act as a saturable receptor
for urokinase (uPA) resulting in plasminogen activation and

subsequent pericellular proteolysis and matrix remodeling (7,
8), its ability to regulate cell adhesion and migration acting as a
vitronectin (VN) receptor is likely equally important (9, 10).
The human uPAR cDNA encodes a 335-amino acid polypep-
tide that undergoes extensive post-translational glycosylation
upon cell sorting through the secretory pathways, and the
mature protein is covalently attached to the plasma membrane
via a C-terminally modified GPI anchor (11, 12). Because uPAR
lacks a trans-membrane domain, the signal transduction origi-
nating from this receptor, at least at the plasma membrane,
requires lateral interactions with co-receptors. In this capacity,
a wide range of surface proteins have been implicated as uPAR
co-receptors, including integrins (13, 14), receptor tyrosine
kinases (15), G-protein-coupled receptors (16), chemokine
receptors (17, 18), and low density lipoprotein receptors (19).
This not only allows for increased signal complexity, but also
co-localizes uPAR with a number of diverse extracellular
ligands within the extracellular environment (20, 21).
In addition to the physiological roles in tissue remodeling,

numerous studies have reported up-regulation of both uPAR
anduPA/tissue plasminogen activator inmalignant carcinomas
(22–26). In both knockout and transgenic mousemodels, over-
expression of either uPAR or uPA is associated with enhanced
metastasis and poor survival, and efforts aimed at inhibiting the
protease activation of uPA are considered promising therapeu-
tic strategies (27). Paradoxically, however, expression of the pri-
mary inhibitors of endogenous uPA, the type-1 plasminogen
activator inhibitors (28), also correlate with poor prognoses in
cancer patients (29, 30), suggesting there may be non-proteol-
ysis-mediated uPAR activation events (31). Indeed, uPAR is a
saturable receptor for VN, which binds this ligand in an RGD-
independent manner via the somatomedin-B domain (14). The
structures of the extracellular domains of uPAR in complexes
with peptide substrates of either uPA or VN reveal these pro-
teins bind to overlapping but clearly distinct domains in uPAR
(32, 33), although all three domains in uPAR (D1, D2, and D3)
are required for binding. Binding of VN to uPAR induces alter-
ations in the actin cytoskeleton, cell shape changes, and activa-
tion of signaling pathways (ERK, FAK, and Rac1) that favor cell
migration (34). These data suggest that uPAR can modify inte-
grin function that lead to enhanced matrix binding, adhesion
and migration, and cell signaling.
In the present study, we have found that uPAR has a strong

ability to promote efferocytosis of apoptotic cells. This was
demonstrated using transient overexpression and creation of
stable cell lines, as well as inhibitors of uPAR function. Expres-
sion of uPAR promoted engulfment of apoptotic T cells
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(CEM-1 and Jurkat cell lines), but not viable T cells, and this
effect was abrogated using phosphatidylinositol-specific phos-
pholipase C to cleave the GPI anchor of uPAR. Because uPAR
and �5-integrin cooperate to promote migration and metasta-
sis in breast cancer cells (BCCs), and both uPAR and �5-inte-
grin are often elevated in metastatic cancers, we also investi-
gated whether BCCs might have acquired greater phagocytic
ability and investigated whether uPARmight regulate the proc-
ess of �5-integrin-mediated phagocytosis. Interestingly, we
found that BCCs that natively overexpress uPAR had signifi-
cantly increased phagocytic capacity compared with less trans-
formed or non-transformed epithelial cells. Surprisingly,
although uPAR expression modified the expression and distri-
bution of �v�5 integrins, we discovered that uPAR apparently
mediates phagocytosis independently of �v�5 or �v�3 inte-
grins. The studies presented here reveal a novel function of
uPAR in the uptake of apoptotic cells.

MATERIALS AND METHODS

Plasmids, Antibodies, and Reagents—The generation of
bicistronic �5-integrin expression plasmids encoding either
wild type (pCx-�5-EGFP), C-terminal deletion mutant of �5
(pCx-�5�C-EGFP), and point mutant (pCx-�5Y750A-EGFP)
are previously described (35). pN1-uPAR construct was kindly
provided byDr. Francesco Blasi (Milan, Italy). For generation of
uPAR domain truncation mutants, the cDNA variants encod-
ing domain I (D1, amino acids 1–92), domain II (D2, amino
acids 93–191), domain III (D3, amino acids 192–281), and
domain II plus domain III (D2D3, amino acids 93–281) were
constructed by PCR using full-length uPAR as a template. Each
PCR product was subcloned into pcDNA3 at the HindIII and
EcoRI sites. Monoclonal and polyclonal anti-uPAR antibodies
Mab3932 and 399R were obtained from American Diagnostica
(Stamford, CT), anti-�v�5 antibody P1F6 was from Chemicon
(Temecula, CA). Horseradish peroxidase, fluorescein isothio-
cyanate, and phycoerythrin-conjugated anti-mouse IgG and
anti-rabbit IgG secondary antibodies were obtained from Jack-
son ImmunoResearch Laboratories (West Grove, PA). Glyco-
phosphatidylinositol-specific phospholipase C (PIPLC) was
purchased from Sigma.
Cell Culture and Transfection—HEK293-uPAR pooled sta-

ble cells were established by transfection of pN1-uPAR cDNA
and selection by G418 (Invitrogen). HEK293 and HEK293-
uPAR stable cells, the breast cancer cell lines,MCF7 andMDA-
MB231, were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplementedwith 10% fetal bovine serum at 37 °C in
a humidified atmosphere containing 5% CO2. HEK293-uPAR
cells were continuously maintained in selection medium by
addition of 400 �g/ml G418 (Invitrogen), and medium was
changed every 2–3 days. Breast epithelial cell lineMCF10Awas
maintained according to protocol published by Debnath et al.
(36) in 1:1 DMEM/F-12 medium supplemented with 5% horse
serum, 20 ng/ml EGF, 500 ng/ml hydrocortisone, 100 ng/ml
cholera toxin, and 10 �g/ml insulin. After trypsinization, cells
were harvested in 1:1DMEM/F-12medium supplementedwith
20% horse serum. CS-1 hamster melanoma, CEM-1, and Jurkat
T cells were similarly maintained in RPMI 1640 supplemented
with 10% fetal bovine serum. CEM-1 cells were additionally

supplemented with 1 mM sodium pyruvate. CS-1 cells were
transfected using Lipofectamine 2000 (Invitrogen) at a DNA:
liposome ratio of 1:5.
Phagocytosis Assay—CEM-1 or Jurkat T-cells were used as

apoptotic targets. Cells were labeled red using PKH26 dye
(Sigma) according to manufacturer’s protocol prior to apopto-
sis induction. For apoptosis induction, cells were resuspended
as 3 � 106 per ml of PBS in a tissue culture dish and irradiated
with 25mJ/cm2ultraviolet B.Cellswere thenwashed and resus-
pended as 5 � 106 per ml of complete medium and incubated
further for 6–8 h. Apoptosis induction was verified by
Annexin-fluorescein isothiocyanate versus propidium iodide
staining according to the manufacturer’s protocol (Clontech).
1 � 106 CS-1 cells (phagocytes) were color-coded green by
(co-)transfection of an EGFP-encoding vector. Fresh medium
was added after 6 h of transfection, and cells were harvested for
phagocytosis assay after 24 h of culture using 10mMEDTA-PBS
solution. Cells were resuspended as 1 � 106 of fresh medium,
and 100 �l (i.e. 100,000 cells) was co-cultured with 100 �l (i.e.
500,000 cells) apoptotic cells for 2 h. Cells were then harvested
with ice-cold 10 mM EDTA, fixed in 2% paraformaldehyde, and
analyzed by flow cytometry (BD Biosciences). The percentage
of green phagocytes that have internalized red apoptotic mate-
rial detected as double-positive cells was obtained. For PIPLC
treatment of phagocytes, transfected CS-1 cells were supple-
mented with 2 units/ml PIPLC in the medium 1.5 h prior to
co-culture with apoptotic cells, washed with PBS, and resus-
pended in completemedium.When adherent cells were used as
phagocytes, membrane labeling green dye PKH67 (Sigma) was
used. After labeling, 100,000 HEK293 and HEK293-uPAR cells
were plated in 6-cm tissue culture dish and allowed to revive for
36 h in high serum (20% fetal bovine serum)medium.MCF10A,
MCF7, and MDA-MB231 were similarly labeled and cultured
in respectivemedia for 24 h.Mediumwas then replaced by 1ml
(1 million cells) of red-labeled apoptotic Jurkat cell suspension
and co-cultured for the time points indicated in the figure
under “Results.” At the end of co-culture, apoptotic Jurkat cell
suspensionwas aspirated out. Phagocyteswerewashedwith 1�
PBS, trypsinized for 5 min at 37 °C to remove bound but non-
internalized cells, collected with 500 �l of medium, fixed in 2%
paraformaldehyde, and analyzed by flow cytometry.
Amnis ImageStreamData Analysis—ImageStream data were

acquired using the Amnis ImageStream Analyzer instrument
equipped with the Amnis INSPIRE software. Analysis was per-
formed with the Amnis IDEAS software. Briefly, apoptotic cell
uptake was determined utilizing a three-step method. First,
transfected cells were identified by plotting the area of the cells
versus intensity of the EGFP expression. EGFP-positive cells
were then analyzed for PKH26 uptake by plotting area versus
intensity of the PKH26. PKH26-positive cells were then pro-
cessed to determine howmany of the cells had internalized the
PKH26.Cellswith an internalization score above 0 are shown to
have internalized PKH26 material. Red apoptotic material that
overlapped with two peripheral pixels of green phagocytes was
considered as bound but not internalized particles. The rest of
the apoptotic material was considered as internalized and was
observed as yellow spots in themerged images.
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Detection of Cell Surface Proteins by Flow Cytometry—Be-
cause uPAR is sensitive to trypsin treatment (37), cells were
harvested from tissue culture dish using a cell scraper and
washed with ice-cold 1� PBS. 1–5 � 106 cells were resus-
pended in 100 �l of ice-cold 3% bovine serum albumin-PBS
solution. 1 �g of primary antibody was added, and cells were
incubated at room temperature for 1–2 h with intermittent
mixing. Cells were then washed thrice with ice-cold PBS and
re-suspended in ice-cold 3% bovine serum albumin solution.
Fluorescein isothiocyanate- or phycoerythrin-conjugated sec-
ondary antibodies were added in the ratio of 1:50 and 1:100,
respectively, and incubated in dark at room temperature for 1 h.
Cells were washed thrice with ice-cold PBS and fixed in 0.5%
paraformaldehyde, and the percentage of fluorescently labeled
cells was measured by flow cytometry.
Electron Microscopy—HEK cells were co-cultured with apo-

ptotic T cells for 1 h, after which the cells were harvested by
trypsinization and centrifuged at low speed for 5 min. The
resulting cell pellets were fixedwith cold 1% glutaraldehyde and
after a brief rinse in the buffer, were postfixed for 1 h with cold
1% osmium tetroxide also buffered in phosphates at pH 7.3
prior to treatment with 0.5% cold uranyl acetate at pH 5 for
60–90 min. Both dehydration in ethanol and propylene oxide
and embedding in Epon 812 were done by routine procedures.
Western Blotting—Protein expressionwas analyzed byWest-

ern blotting. Briefly, cells were washed with ice-cold 1� PBS,
lysed in radioimmune precipitation buffer (25mMTris�HCl, pH
7.6, 150 mM NaCl, 1% Nonidet P-40, 0.1% SDS, 1 mM phenyl-
methylsulfonyl fluoride, 1 mM EDTA, and 20 �g/ml aprotinin),
and kept on ice for 10 min followed by cold centrifugation at
14,000 rpm. The supernatant containing solubilized protein
was used for further analysis. Total protein was estimated by
Bradford Lowrymethod. Proteins were resolved by SDS-PAGE
gel electrophoresis, transferred to a polyvinylidene difluoride
membrane, incubatedwith appropriate primary antibodies and
horseradish peroxidase-conjugated secondary antibodies, and
detected by chemiluminescence.
Reverse Transcriptase-PCR—Total RNA was prepared

using TRIzol� reagent, followed by DNase I (1 �g/ml) treat-
ment to clean the preparation of genomic DNA. Two-step
reverse transcriptase-PCR reaction (Invitrogen Thermo-
script RT-PCR System catalog no. 11146-024) was performed
according tomanufacturer’s protocol. Forward primer (5�-CAT-
GCAGTGTAAGACCAACG-3�) and the reverse primer (5�-
CTCTCACAGCTCATGTCTGATGAGCCAC-3�) for human
uPAR yielded a 311-bp product. The forward and reverse prim-
ers for �-actin, 5�-GGACTTCGAGCAAGAGATGG-3� and
5�-AGCACTGTGTTGGCGTACAG-3�, respectively, yielded a
234-bp product. The forward and reverse primers for �5-inte-
grin, 5�-AGGATGCACTGCATTTGCTG-3� and 5�-TCCAC-
CGTTGTTCCAGGTAT-3�, yielded a 274-bp product.

RESULTS

�v�5 and �v�3 integrins have important roles in apoptotic
cell phagocytosis, acting as tethering receptors not only to link
apoptotic cells and phagocytes but also as signaling receptors to
activate Rac1 (38) via the phosphatidylserine opsonin factor
MFG-E8 (39). A physical interaction between �v�5 integrin

and uPAR has been observed based on the co-localization of
these proteins at focal adhesions and the stable co-immunopre-
cipitation in detergent lysates (40). In addition, functional studies
showed that either anti-uPAR or anti-�v�5 antibodies inhibit
humanbreast carcinoma andpancreatic carcinoma cellmigration
toward vitronectin (41, 42). uPAR and �v�5 integrin also interact
with a shared ligand, VN (10), providing a molecular rationale for
the cooperation between these molecules in mediating cell adhe-
sion, actin reorganization, andmigration. Considering the critical
role that �v�5 integrin plays in apoptotic cell phagocytosis
through the activation of Rac1, we examined the possibility that
uPARmight modulate efferocytosis of apoptotic cells.
We first analyzed the effect of uPAR on efferocytosis of apo-

ptotic T cells in hamster melanoma CS-1 cells in the presence
and absence of�5 integrin expression. Previous studies showed
that the �5/�3-deficient CS-1 cells express �v integrin and that
reconstitution of �5 results in re-expression of a functional
�v�5 heterodimer on the CS-1 cell surface (43). Fig. 1 shows
that when CS-1 cells, which do not express endogenous uPAR
(data not shown), were transfected with wild-type �5 integrin
(�5-pCx), �v�5 integrin-expressing CS-1 cells increased their
capacity to engulf apoptotic cells, whereas a mutant �5 (delet-
ing the intracellular domain, �C-pCx) failed to stimulate
engulfment. Interestingly, expression of uPAR produced a
potent phagocytosis-promoting effect in the CS-1 cells, inde-
pendent of �5 expression, whereby almost 90% of the uPAR-
expressing cells contained engulfed apoptotic cells. Surpris-
ingly, this effect of uPAR was not influenced by expression of
the wild-type �5-pCx, nor did the dominant negative �5 inte-
grin, �C-pCx, affect uPAR-mediated efferocytosis indicating
that this mutant was unable to sequester uPAR into a non-
functional complex. We observed similar effects when we
examined the percentage of double positive cells as a geometric
mean, indicating that uPAR-expressing cells had internalized
more apoptotic material compared with controls of �5-ex-
pressing cells (Fig. 1b). In contrast, overexpression of uPAR in
cells had no effect on engulfment of viable cells, suggesting it
did not make these cells more entotic (Fig. 1c). Because uPAR
has well characterized Lys/neurotoxin D1, D2, andD3 domains
that possess unique activities, we next engineered cDNA vari-
ants encoding domain I (D1, amino acids (1–92), domain II (D2,
amino acids 93–191), domain III (D3, amino acids 192–281),
and domain II plus domain III (D2D3, amino acids 93–281)).
Each domain was constructed by PCR using full-length uPAR
as a template. Fragments were subcloned into pcDNA3 such
that all variants were GPI-linked and associated with the
plasma membrane. Single domain transfectants failed to show
an increase in efferocytosis over vector transfected cells. More-
over, phagocytic capacity of the truncated mutant D2D3 was
also similar to vector-transfected cells suggesting that all the
three domains are required for engulfment (Fig. 1d).
To investigate whether uPAR promoted phagocytosis by

increasing cell binding or by inducing internalization and deg-
radation, we used Amnis cellular imaging technology to deci-
pher surface association versus internalization. This approach
allowed us to witness interactions of individual cells with con-
focal accuracy but using fluorescence-activated cell sorting-
based quantitation to sample enough cells for statistical analy-
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sis. Engulfment was specifically quantitated by subtracting two
peripheral green pixels from double positive phagocyte images.
Shown in Fig. 2a are representative panels of CS-1 cells express-
ing pEGFP (upper panel), and pEGFP co-transfected with �5
integrin (lower panel), or uPAR (middle panel) and co-cultured
with red-labeled apoptotic T cells. Data are quantified in Fig.
2b. As shown in their respective panels, both �v�5 integrin and
uPAR increased both the surface association of apoptotic bod-
ies (left panels), as well as the internalization (right panels).
Moreover, it is noteworthy that uPAR transfected cells showed
a pattern of internalizing both apoptotic blebs and bodies sim-
ilar to �v�5 integrin, a well studied phagocytic receptor, and
uPAR expression promoted equally potent engulfment of apo-
ptotic material.
To explore how uPAR promotes efferocytosis in more detail

and circumvent variability due to transient transfection, we
generated stable uPAR-expressing HEK cells (Fig. 3). HEK293
cells are classified as non-professional phagocytes, because they
are of a non-myeloid origin. They are nevertheless capable of

engulfing apoptotic cells by a typical mechanism, which
involves extension of filopodia and formation of phagocytic
cups (Fig. 3a). HEK293 cells do express functional �v�5 inte-
grin but are negative for uPAR expression (58). Functional
expression of uPAR on the cell surface of HEK293 cells stably
expressing uPAR was confirmed by immunostaining of live
cells and flow cytometric detection (Fig. 3c) and by adhesion
assay on vitronectin (data not shown). Consistent with the
results of transient expression experiments, stable uPAR-HEK
cells showed increased phagocytic activity upon co-culture
with apoptotic cells at each of the time points analyzed (Fig. 3b).
However, although stable expression of uPAR also increased
total �5 expression by immunoblotting (Fig. 3e, lanes 1 versus
3), it decreased expression of functional �v�5 heterodimers on
the cell surface, as evident from surface staining with anti-PIF6
mAb that recognizes a shared activation-specific epitope on the
�v�5 integrin (Fig. 3d). Moreover, when we transfected uPAR-
expressing cells with pC3-EGFP-Rac1, we noted a co-localiza-
tion of uPAR and Rac1 in specific membrane patches (data not

FIGURE 1. uPAR enhances phagocytosis independent of �v�5 integrin. a, percentage of transfected green CS-1 cells that are positive for red-labeled
apoptotic cells after 2 h of co-culture. CS-1 cells were transfected with pCx-EGFP or co-transfected with pCx-EGFP and pN1-uPAR or pN1-uPAR and �5-pCx or
pN1-uPAR and the non-functional deletion mutant of �5 (�C-pCx). b, fold change in mean geometric intensity of the red channel (Y geometric mean) in the
upper right quadrant that is representative of double positive population was measured. Values represent the amount of apoptotic material engulfed by
phagocytes. Data are representative of at least three different experiments. c, uptake of viable or apoptotic T cells by EGFP and uPAR overexpressing cells after
2 h of co-culture. Co-culture of viable CEM-1 cells with transfected CS-1 cells resulted in �5% double-positive cells that correspond to basal cell death level in
culture conditions in vitro. Panels on the right show graphical output of flow cytometry analysis showing engulfment represented in the upper right quadrant.
d, the amino acid residues spanning each of the truncation mutants are depicted schematically. CS-1 cells were transfected with pCx-EGFP alone or together
with the GPI-anchor containing pcDNA3-uPAR domain constructs as indicated, and a phagocytosis assay was performed. Values were normalized against
D1D2D3, which was set at 100%. Asterisk, p � 0.05.
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shown), suggesting that uPAR may be poised to activate Rac1-
dependent phagocytosis when primed with apoptotic cells.
The data above suggested that uPARmight effect efferocyto-

sis independently of�v�5 integrin. Tomore directly investigate
the relationship between uPAR and �5 integrin and phagocy-
tosis, we treated uPAR-expressing cells with PIPLC under con-
ditions known to cleave the GPI-anchor and release soluble
uPAR.As shown in Fig. 4, pretreatment of CS-1 cells with phos-
phatidylinositol-specific phospholipase C either expressing
uPAR alone or uPAR co-expressed with �5 integrin only abol-
ished phagocytosis in the former, suggesting that uPARmay act
as a “stand-alone” receptor upstream of Rac1, and relay on a
non-�v�5 integrin dependent pathway. Consistent with this
view, PIPLC effectively reduced expression of uPAR from the
surface, but had no effect on functional�v�5 integrins (Fig. 4,B
and C, respectively).
Having established that uPAR overexpression enhanced rec-

ognition and clearance of apoptotic T cells, we next wanted to
evaluate the potential significance of this finding in a system
relevant to uPAR overexpression. As alluded to above, the plas-
minogen activator system, including overexpression of uPAR
and �v�5 integrin, is often correlated with malignant breast
carcinoma and associated with poorer prognoses for long term
survival. To explore the relationship between uPAR expression

on BCCs and their phagocytic
capacity, we examined human BCC
lines of varying degrees of invasive-
ness. MCF7 and MDA-MB231 cell
lines were reported to be increas-
ingly invasive in that order and also
have increasing levels of�5-integrin
and uPAR mRNA and protein.
MCF10A, a non-transformed breast
epithelial cell line, was used as nor-
mal cell control. Shown in Fig. 5 are
expression profiles of MCF10A,
MCF7, and MDA-MB231 cells in-
terrogated for�5 integrin and uPAR
protein by Western blotting (Fig.
5a), and surface distribution (Fig. 5,
b and c). Although these different
cells expressed variable amounts of
mRNA (data not shown) and total
protein, curiously the most trans-
formed cells expressed higher levels
of both �v�5 integrin and uPAR on
their surface, which corresponds to
the most functionally active. To
investigate whether these trans-
formed cells had higher phagocytic
capacity, each of the above cell lines
was co-cultured with apoptotic Jur-
kat cells for 2 h. Interestingly, the
more transformed BCC lines MCF7
and MDA-231 had higher phago-
cytic activities compared with less
transformed cells (Fig. 5d). Treat-
ment of MDA-MB231 cells with

PIPLC, which led to a 50% reduction in cell surface uPAR (Fig.
5e), resulted in decreased phagocytic activity whenmeasured at
the 1-h time point (Fig. 5f) suggesting that uPAR, in addition to
its well known function in motility and invasion, co-opts an
additional function involving efferocytosis of tumor cells.

DISCUSSION

In the present study, we report that uPAR has a dominant
role in the efferocytosis of apoptotic cells, promoting engulf-
ment of apoptotic corpses in transiently overexpressing model
phagocytes as well as in breast cancer lines that acquire
increased expression of uPAR by epigenetic changes. Because
uPAR and the plasminogen activator system are often overex-
pressed in malignant epithelial carcinomas that include breast,
prostate, colon, brain, and others, these data imply that uPAR
might confer a phagocytic advantage of uPAR-expressing
tumor cells in the tumor microenvironment. We posit that, as
breast cancer tumors grow, the luminal cells that die by apopto-
sis would be preferentially engulfed by uPAR-expressing cells,
increasing both the net amount of phagocytosis as well as cyto-
kines associated with the process. Because efferocytosis is typ-
ically associated with the resolution of inflammation and the
production of non-inflammatory cytokines, enhanced engulf-

FIGURE 2. Analysis of phagocytosis by Amnis ImageStream System - Comparison of binding versus inter-
nalization. a, output images after Amnis acquisition. CS-1 cells were transiently transfected as shown in the
figure and co-cultured with apoptotic cells for 2 h. Panels on the left depict peripheral binding of apoptotic
components. Right panels were obtained after subtraction of two peripheral green pixels from phagocytes and
depict internalized apoptotic material. BF, brightfield. b, quantification of internalized apoptotic material. Note
that quantification does not include peripheral binding values and only represent phagocytes that have com-
pletely engulfed apoptotic bodies. Asterisk, p � 0.05.
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ment may promote a tolerogenic environment that favors
tumor progression.
We initially undertook this study to identify relevant co-re-

ceptors that impinge on the �v�5 integrin-mediated pathway
of engulfment. In a previous study, we found that �v�5 integrin
utilized an unconventional NPXY-independent activation sig-
nal to promote phagocytosis, and from these studies we posited
that �v�5 integrins may alternate between mutually exclusive
pools that includes a pool of integrins participating in focal
adhesions, and a second pool of integrin inmembrane rafts that
activate Rac1. Because uPAR is a membrane raft-associated
protein, we anticipated that its association with �v�5 integrin

might be a requisite for its engulfment-promoting effects.How-
ever, despite confident predictions that uPAR would require
�v�5 integrin to stimulate engulfment, several lines of evidence
suggest the contrary. First, uPAR had a dominant effect on effe-

FIGURE 3. Stable overexpression of uPAR in HEK293 cells accelerates
corpse uptake. a, electron micrograph of HEK293 cell, a non-professional
phagocyte engulfing apoptotic bodies indicated by arrowheads in respec-
tive panels. i, filopodial extensions and formation of phagocytic cup
around an apoptotic body; ii and iii, presence of multiple apoptotic bodies
within HEK293 cell; iv, a phagocytic portal engulfing multiple apoptotic
blebs. b, HEK293 and HEK293-uPAR cells were labeled with membrane
labeling dye PKH67 and co-cultured with the phagocytes at a ratio of 1:10.
As cells were harvested by trypsinization, the above data represents
mostly internalization. c, surface uPAR expression in HEK293-uPAR stable
cells was confirmed by rabbit polyclonal (399R) antibody staining of live
cells. d, cell surface expression of functional �v�5 heterodimers in HEK293
and HEK293-uPAR cells was analyzed by monoclonal P1F6 antibody that
recognizes a shared epitope in the heterodimer. e, Western blot analysis
following extraction in SDS-containing radioimmune precipitation buffer.
Asterisk, p � 0.05. FIGURE 4. Deletion of cell-surface uPAR abrogates the observed phago-

cytic effect due to uPAR expression. a, CS-1 cells were transfected as indi-
cated. The cells were either left untreated or treated with 2 units/ml glycoph-
osphatidylinositol (GPI)-specific phospholipase C (PIPLC) that cleaves uPAR
from the cell surface. Cells were then assessed for their phagocytic efficiency.
b and c, surface expression of overexpressed proteins in transiently trans-
fected CS-1 cells was confirmed by staining of live cells with primary antibod-
ies followed by fluorescent secondary antibodies and analyzed by flow
cytometry. Surface uPAR before and after PIPLC treatment was detected
using a rabbit polyclonal 399R antibody (b). Functional �v�5 heterodimers on
the surface were confirmed by mouse monoclonal P1F6 antibody and were
found to be intact after PIPLC treatment (c).
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rocytosis in cells expressing dominant negative integrins. Sec-
ond, treatment of cells with phosphatidylinositol-specific phos-
pholipase C blocked uPAR-mediated engulfment but had no
effect on �v�5 integrin-mediated engulfment. Third, increased

expression of uPARdid not enhance
�v�5 integrin expression on the
surface of transfected cells.
The mechanism by which uPAR

stimulates efferocytosis is likely
related to Rac activation. uPAR is
up-regulated for example in cancer
cells under hypoxic conditions and
promotes cell invasion by activating
Rac1 (44). Conversely, uPARknock-
out or knockdown cells are deficient
in Rac-1 activation (19, 44). System-
atic functional analyses of signaling
pathways operating downstream of
uPAR have shown that uPAR acti-
vates Rac1 via the �3-integrin-
p130Cas/CrkII/Dock180 pathway
(45), which we have also previously
identified as a downstream module
for �v�5-integrin dependent phag-
ocytosis (38, 39). However, in our
hamster melanoma model, uPAR
promotes phagocytosis independ-
ently of �v�3/�5-integrins. The
apparent dissociation of uPAR from
�v-integrin-dependent phagocyto-
sis could be explained on the basis
of pre-activated Rac1 requirement
during phagocytosis. Nakaya et al.
(48) found that apoptotic cells did
not induce Rac-1 activation upon
interaction with phagocytes; rather
apoptotic cells entered through pre-
activated Rac1-containing lamelli-
podial sites termed ports of entry.
The authors argue that Rac1 would
be activated via othermeans such as
growth factor receptor signaling
and that the presence of apoptotic
cells might lead to receptor cluster-
ing and recruitment of activated
Rac1 at the phagosome. It is there-
fore possible that uPAR promotes
phagocytosis by creating ports
of entry for apoptotic cell uptake
via integrin-independent Rac1 ac-
tivation. There is also increas-
ing evidence that GPI-anchored
uPAR might independently activate
downstream signaling through yet
unidentified mechanisms. uPAR-
mediated integrin-independent ad-
hesion to vitronectin and protein
tyrosine phosphorylation has been

reported (10, 49). In both cases, vitronectin ligation and GPI-
anchor were found to be necessary and sufficient to induce
morphological changes and downstream signaling. We have
made a similar observation that shows that Rac1 and uPAR are

FIGURE 5. Relationship between uPAR expression and phagocytosis in BCCs. Two breast cancer cell lines
(BCCs) viz. MCF7 and MDA-MB231 (in order of increasing invasiveness) and a normal cell line MCF10A were
characterized for uPAR and �5 expression. a, protein expression was assessed by Western blotting. Note that in
MDA-MB231 cells the major �5-integrin band runs as a faster migrating form. b and c, expression at the cell
surface was analyzed by antibody staining of live cells followed by flow cytometric analysis. d, phagocytosis
assay was performed by co-culturing MCF10A, MCF7, and MDA-MB231 cells with apoptotic T-cells for 2 h and
analyzed by flow cytometry. e, MDA-MB231 cells were treated with vehicle or 8 units/ml PIPLC, and the reduc-
tion in the level of cell surface uPAR was assessed by antibody staining of live cells followed by flow cytometry.
f, phagocytosis assay was carried out by co-culturing MDA-MB231 cells pre-treated with 8 units/ml PIPLC with
apoptotic Jurkat cells for 15 min and 1 h in a phagocyte:apoptotic cell ratio of 1:5. Phagocytosis was compared
with both PBS-treated and vehicle-treated cells. Asterisk, p � 0.05.
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co-localized at discrete membrane ruffles in the presence of
vitronectin (not shown).
It is not clear whether uPAR recognizes epitope(s) directly or

indirectly on the apoptotic cell membrane. In the former
respect, it will be interesting to determine whether elements of
the uPA/tissue plasminogen activator complex are recruited to
the apoptotic cell membrane during apoptosis, and could serve
as opsonins for apoptotic cell engulfment. Thismight implicate
a protease-specific function of uPAR on the phagocyte possibly
to unmask latent cytokines or generate cleavage products of
proteins associated with the extracellular matrix and the apo-
ptotic cells. A very interesting study suggests that the uPA
inhibitor plasminogen activator inhibitor-1 serves as a potent
modulator of neutrophil apoptosis, acting as a “don’t eat me”
receptor (50). These studies further showed that the increased
phagocytosis associatedwith plasminogen activator inhibitor-1
deficiency or blockade was dependent on both LRP1 and calre-
ticulin suggesting plasminogen activator inhibitor-1 may
inhibit this endogenous pathway for clearance. This is quite
relevant in lieu of previous reports that uPAR also interacts
with LRP1/CED-1 (51), another bona fide engulfment receptor
that interacts with calreticulin and C1q on apoptotic cells (52,
53). The involvement of these receptors could be identified
using specific inhibitors of LRP1, including Rap1. Moreover,
LRP1 has been implicated in phagocytosis by acting on the Rac1
pathway (52), and further studies are required to determine
whether uPAR and LRP1 are functional co-receptors in the
context of efferocytosis.
Equally important to the net increase in efferocytosis in

uPAR-overexpressing cells will be to profile the cytokines and
chemokines concomitant with engulfment of the dying breast
cancer cells. It is generally well established that efferocytosis is
associated with the production of non-inflammatory cytokines
such as interleukin-10 and transforming growth factor-� that
would promote tolerance and immune subversion (54, 55).
However, other studies have demonstrated that tumor cell
deathmay ormay not elicit an immune response. Under certain
conditions, referred to as immunogenic cell death, tumor cells
express markers that permit them to stimulate an adaptive
immune response that involves dendritic cell activation and
cross-presentation of tumor antigens (56). During phagocyto-
sis, phagocytes can actively secrete cytokines and chemokines,
many of which have the capacity to alter themicroenvironment
to influence progression and metastasis (57). Further studies,
aimed at identifying key cytokines or proteokines as a result of
uPAR engagement during phagocytosis should help address
this question.
In summary, we have identified a novel role for uPAR as a

phagocytic receptor. In this emerging picture, this study raises
the intriguing question as to whether altered interactions
between phagocytes and apoptotic cells and engulfment may
contribute to the tumor-promoting capacities of uPAR. A
detailedmolecular analysis of the uPAR-mediated phagocytosis
in tumor cellsmay lead to the development of novel therapeutic
strategies that specifically target downstream signaling and
cytokine production thereby modulating tumor invasion.
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