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Abstract
Binding of urokinase-type plasminogen activator (uPA)1 to its receptor, uPAR, in estrogen
receptor-α (ERα) expressing breast cancer cells, transiently activates ERK downstream of FAK,
Src family kinases, and H-Ras. Herein, we show that when uPAR is over-expressed, in two
separate ERα-positive breast cancer cell lines, ERK activation occurs autonomously of uPA and is
sustained. Autonomous ERK activation by uPAR requires H-Ras and Rac1. A mutated form of
uPAR, which does not bind vitronectin (uPAR-W32A), failed to induce autonomous ERK
activation. Expression of human uPAR or mouse uPAR but not uPARW32A in MCF-7 cells
provided a selection advantage when these cells were deprived of estrogen in cell culture for two
weeks. Similarly, MCF-7 cells that express mouse uPAR formed xenografts in SCID mice that
survived and increased in volume in the absence of estrogen supplementation, probably reflecting
the pro-survival activity of phospho-ERK. Autonomous uPAR signaling to ERK was sensitive to
the EGFR tyrosine kinase inhibitors, Erlotinib and Gefitinib. The transition in uPAR signaling
from uPA-dependent and transient to autonomous and sustained is reminiscent of the
transformation in ErbB2/ HER2 signaling observed when this gene is amplified in breast cancer.
uPAR over-expression may provide a pathway for escape of breast cancer cells from ERα-
targeting therapeutics.

1The abbreviations used are: DN-FAK, dominant-negative FAK; DN-Rac1, dominant-negative Rac1; DN-Ras, dominant-negative
Ras; E2, 17β-estradiol; EGFR, epidermal growth factor receptor; ERα, estrogen receptor-α; IHC, immunohistochemistry; SFK, Src
family kinase; SFM, serum-free medium; uPA, urokinase-type plasminogen activator; uPAR, urokinase-type plasminogen activator
receptor.
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1. Introduction
Estrogen receptor-α (ERα) is expressed in up to 75% of all cases of adenocarcinoma of the
breast [1-2]. These tumors are frequently treated with agents that inhibit ERα activation,
down-regulate ERα, or reduce estrogen synthesis [3-4]. Unfortunately, in many cases, tumor
cells acquire molecular changes that allow resistance to anti-estrogens. The resulting cancers
are frequently aggressive and rapidly progressing. Previously described receptors that may
become activated and allow escape from ERα-targeting drugs include the EGF receptor
(EGFR), ErbB2/HER2, and Insulin-like Growth Factor Receptor-1 (IGF1R) [2, 5-7]. In
addition to its function as a transcription factor, ERα activates Src family kinases (SFKs),
ERK, and phosphatidylinositol 3-kinase (PI3K) [8]. Thus, it is reasonable to hypothesize
that other receptors, which activate the same cell-signaling pathways, may offset the
requirement for estrogen in breast cancer cells.

The urokinase receptor (uPAR) gene may be amplified in cancer of the breast and pancreas
[9-10]. In diverse solid tumors, uPAR expression is correlated with disease progression
[11-15]. Although uPAR plays a pivotal role in activation of protease cascades at the cell
surface, important processes in cancer have been linked to uPAR-initiated cell-signaling,
including cell migration, survival, release from states of dormancy, epithelial-mesenchymal
transition (EMT), and cancer stem cell-like behavior [16-20]. In mice, uPAR promotes
cancer metastasis independently of urokinase-type plasminogen activator (uPA), implicating
pathways other than or in addition to protease activation [21].

uPAR is GPI-anchored and thus, utilizes a system of co-receptors and transactivation
pathways to trigger cell-signaling [18]. uPAR-initiated cell-signaling is regulated by two
ligands, uPA and vitronectin, which interact with distinct binding sites [22-26]. Some
signaling pathways activated downstream of uPAR, such as that leading to Rac1, do not
require uPA [27-29]. Whether uPA is necessary for uPAR-dependent ERK activation is less
clear. There is evidence that ERK may be activated in the absence of uPA; however, uPA
produced endogenously by the cells may be involved [17, 26, 30]. It is extremely important
to understand the mechanism by which uPAR activates ERK because in cancer cells,
phospho-ERK is a potent cell-survival factor [31]. In ERα-expressing MCF-7 breast cancer
cells, uPAR-dependent ERK activation is strictly dependent on uPA [32-34]. This pathway
also requires focal adhesion kinase (FAK) and SFKs [16-17, 33-34]. EGFR transactivation
may be involved [30, 35].

When expressed at high levels, receptor tyrosine kinases (RTKs) may signal independently
of ligands. One example involves ErbB2/HER2, which dimerizes and signals in the absence
of ligand in breast cancer cells [36, 37]. In this study, we show that over-expression of
uPAR in two distinct ERα-expressing breast cancer cell types transforms the uPAR
signaling mechanism so that ERK is activated autonomously of uPA. Autonomous uPAR
signaling to ERK occurs downstream of H-Ras and Rac1, unlike uPA-induced signaling,
which occurs downstream of HRas alone [32-34]. Activation of autonomous uPAR
signaling provides a selection advantage for ERα-expressing breast cancer cells when
estrogen is unavailable in vitro and in vivo. Because uPAR-initiated cell-signaling has been
reported to involve receptor dimerization or oligomerization [38, 39], we hypothesize that
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the transformation in uPAR signaling mechanism reported here is similar to that previously
reported for ErbB2/HER2 [36].

2. Materials and Methods
2.1. Reagents

17β-estradiol (E2) was from Sigma-Aldrich (St. Louis, MO). The PDGF receptor kinase-
selective inhibitor, Tyrphostin AG1296, and the SFK inhibitor, PP2, were from EMD
Biosciences (Gibbstown, NJ). Erlotinib and Gefitinib were from LC Laboratories (Woburn,
MA). Expression constructs encoding dominant-negative Rac1 (DN-Rac1/Rac1-S17N),
dominant-negative HRas (DN-H-Ras/Ras-S17N), dominant-negative focal adhesion kinase
(FAK) (DN-FAK/FAKY397F), wild-type FAK, and hemagglutinin (HA)-tagged ERK1 are
previously described [29, 33, 34, 40]. Expression constructs encoding human uPAR and
mouse uPAR also are previously described [21, 41]. The full-length human uPAR cDNA in
pCDNA3.1 was mutated at a single base-pair to generate uPAR-W32A, using the Quick-
Change Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA). Human
uPAR-specific antibody was from Molecular Diagnostics (Stamford, CT). Allophycocyanin
(APC)-conjugated human uPAR-specific antibody and isotype-matched control antibody for
flow cytometry were from eBioscience (San Diego, CA). Mouse uPAR-specific antiserum
was generously provided by Dr. Andrew Mazar (Northwestern University, Evanston, IL).
Phospho-ERK-specific antibody was from Cell Signaling Technologies (Danvers, MA).
Rac/Cdc42 assay reagent (PAK1-PBD), which includes residues 67-150 of p21-activated
kinase fused to glutathione-S-transferase and coupled to glutathione-Sepharose, was from
Millipore (Billerica, MA), as was the antibody that detects total ERK. Rac1-specific
antibody was from BD Biosciences (Franklin Lakes, NJ). Horseradish peroxidase-
conjugated antibodies specific for mouse or rabbit IgG were from GE Healthcare
(Piscataway, NJ). qPCR reagents, including primers and probes, were from Applied
Biosystems (Foster City, CA).

2.2. Cell Culture
Low passage MCF-7 and MDA-MB 231 cells were maintained in Dulbecco's modified
Eagle's medium (DMEM) (Hyclone) supplemented with 10% fetal bovine serum (FBS),
penicillin (100 units/ml), and streptomycin (100 μg/ml). MDA-MB 361 cells (ATCC) were
maintained in RPMI-1640 medium supplemented with 10% FBS, penicillin (100 units/ml),
and streptomycin (100 μg/ml). MCF-7 cells were transfected to express mouse uPAR using
lipofectamine 2000 (Invitrogen), selected in hygromycin (0.4 mg/ml), and single-cell
cloned. MCF-7 cells that over-express human uPAR are previously described [20].

uPAR-specific siRNA smart pool and siCONTROL non-targeting control (NTC) siRNA
pool were obtained from Dharmacon. siRNA transfection was performed with
Lipofectamine 2000 in serum-free medium (SFM). siRNAs were introduced twice, at 24 and
72 h. Mouse uPAR mRNA expression was determined by qPCR and immunoblot analysis.

2.3. Real-time qPCR
Total RNA was isolated from cells in culture using the NucleoSpin RNA II kit (Machery-
Nagel). cDNA was synthesized using the iScript cDNA synthesis kit (BioRad). qPCR was
performed using a StepOnePlus instrument (Applied Biosystems) and a one-step program:
95° C, 20s; 95° C, 1s; and 60° C, 20s for 40 cycles. HPRT-1 gene expression was measured
as a normalizer. Results were analyzed by the relative quantity (ΔΔCt) method.
Experiments were performed in duplicate with internal triplicate determinations.
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2.4. Analysis of cell-signaling
Cell extracts were prepared in radioimmune precipitation assay (RIPA) buffer (20 mM
sodium phosphate, 150 mM NaCl, pH 7.4, 1% Triton, 0.1% SDS, 0.5% sodium
deoxycholate) containing complete protease inhibitor mixture (Roche Applied Science) and
1 mM sodium orthovanadate. Protein concentrations were determined by bicinchoninic acid
assay (Sigma-Aldrich). Equal amounts of cell extract were subjected to SDS-PAGE,
electrotransferred to PVDF membranes, and probed with primary antibodies to detect
phospho-ERK and total ERK.

In experiments in which cells were transfected with constructs encoding wild-type FAK,
DNFAK, DN-Rac1, or DN-H-Ras, the construct encoding HA-ERK1 was introduced
simultaneously using Lipofectamine 2000 or FugeneHD (Roche), so that ERK activation
could be monitored exclusively in the transfected cells [33, 34]. HA-ERK1 also was
introduced in transient transfection studies with the construct encoding mouse uPAR, human
uPAR, or uPAR-W32A. Cell extracts were prepared and HA-ERK1 was
immunoprecipitated from equal amounts of cell extracts (500 μg) using HA antibody-
conjugated agarose beads (Sigma-Aldrich). Immunoprecipitates were subjected to
immunoblot analysis and probed with antibodies specific for phospho-ERK and total ERK.

GTP-loaded Rac1 was determined by affinity-precipitation using PAK1-PBD, which
recognizes only the GTP-bound forms of Rac1 and Cdc42, as previously described [21, 29].
Mouse uPAR-expressing and control MCF-7 cells were cultured in 10 cm plates for 16 h.
Cultures were washed with ice-cold PBS and extracted in the supplied buffer supplemented
with protease inhibitor cocktail and 1 mM sodium orthovanadate. The extracts were
incubated with 15 μg of PAK1-PBD reagent for 45 min at 4°C. The glutathione-Sepharose
was washed four times and then treated with SDS sample buffer to dissociate the PAK1-
PBD and associated proteins. Immunoblot analysis was performed to detect Rac1. Samples
of each cell extract also were subjected to immunoblot analysis before incubation with
PAK1-PBD to determine total Rac1. Immunoblots were digitized and quantified using
Quantity One 1-D Analysis Software (BioRad).

2.5. Flow cytometry
Cells (3 × 105) were plated in 6-well plates and co-transfected to express wild-type uPAR or
uPAR-W32A. Cells were co-transfected with pEGFP to express green fluorescent protein
(GFP). After 24 h, cells were suspended 2% bovine serum albumin (BSA) in PBS and then
incubated with APC-conjugated uPAR-specific antibody (0.5 μg/1 × 105 cells) or isotype-
matched IgG for 60 min at 4° C. Flow cytometry was performed using a FACSCanto II flow
cytometer (BD Biosciences). Results were analyzed with FlowJo software.

2.6. Orthotopic xenografts
Animal experiments were performed in accordance with protocols approved by the
University of California San Diego Animal Care Program. Anesthetized 8-week-old C.B-17/
lcrCrl-scid-BR mice (Charles River Laboratories) were inoculated bilaterally in the fourth
mammary fat pad with M3, M4 or control MCF-7 cells (1 × 106), which were transfected
with empty vector (EV),suspended in 50 μl of Matrigel (Sigma). Primary tumor growth was
monitored weekly. Ten weeks after tumor cell injection, the mice were euthanized and the
mammary fat pads were visually inspected for tumor. Tumor formation was confirmed by
histological analysis. Xeno-graft tumor volumes (vol) were calculated using the formula:
Vol = (4/3)π × ((largest radius + smaller radius)/2)3. Data processing and statistical analysis
were performed using GraphPad Prism (GraphPad Software, Inc.) and Microsoft Excel
(Microsoft Corporation).
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2.7. Histology and immunohistochemistry analysis of mouse tissues
Formalin-fixed tissue was paraffin-embedded. Serial 4 μm sections were stained with
hematoxylin and eosin. Immunohistochemistry (IHC) was performed using the Vantana
Discovery® XT System (Vantana). Sections were pretreated with citric acid buffer and then
incubated with polyclonal antibody specific for mouse uPAR (1:200) or phospho-ERK
followed by peroxidaseconjugated secondary antibody. Peroxidase activity was imaged
using 3,3′-diaminobenzidine. Slides were examined using a Leica DM2500 light
microscope. Images were acquired using Leica DFC420 digital camera and Leica
Application Suite software.

3. Results
3.1.uPAR over-expression induces uPA-independent ERK activation

MCF-7 breast cancer cells express low levels of uPAR and undetectable levels of uPA [32].
ERK activation downstream of uPAR is entirely dependent on exogenously-added uPA
[32-33]. To test whether the level of uPAR expression affects the mechanism by which
uPAR activates ERK, we over-expressed human uPAR in MCF-7 cells and derived two
cloned cell lines (H1 and H5). Fig. 1A shows that uPAR expression was substantially
increased in the H1 and H5 cells. The level of phospho-ERK, observed in the absence of
added uPA, also was increased in H1 and H5 cells, compared with the level observed in
control (EV) cells that were transfected with empty vector.

To confirm that the increase in phospho-ERK was not an artifact resulting from single-cell
cloning, we examined MCF-7 cells that were transiently transfected to over-express human
uPAR. The cells were co-transfected to express HA-tagged ERK1, to permit analysis of
ERK phosphorylation selectively in the transfected cells. Fig. 1B shows that HA-ERK1
activation was increased by uPAR over-expression, in the absence of exogenously added
uPA.

In control qPCR and immunoblotting experiments, we confirmed that H1 and H5 cells do
not express uPA, like the parental MCF-7 cells (Supplementary Fig. 1). Thus, our results
suggested that uPAR over-expression in MCF-7 cells induces ERK activation autonomously
of uPA. To further test this hypothesis, we transfected MCF-7 cells to express mouse uPAR.
uPA-binding to uPAR is highly species-specific [21, 42, 43], precluding ligation of mouse
uPAR by trace levels of human uPA, which may have been produced by the MCF-7 cells.
As shown in Fig. 1C, ERK was activated, in the absence of exogenously added uPA, in two
cloned cell lines that express mouse uPAR (M3 and M4). MCF-7 cells that were transiently
transfected to express mouse uPAR and HA-ERK1 also demonstrated increased HA-ERK1
activation, in the absence of exogenously added uPA (Fig. 1D).

To confirm that the increase in ERK activation, observed when uPAR was over-expressed,
was due to uPAR, we silenced uPAR gene expression in M3 and M4 cells. The extent of
silencing was nearly complete, as determined by qPCR (Supplementary Fig. 2) and by
immunoblot analysis (Fig. 1E). Phospho-ERK was decreased to the level observed in control
MCF-7 cells when mouse uPAR expression was silenced with siRNA.

To estimate the extent of uPAR over-expression in our transfected cell lines, we compared
the abundance of uPAR in H5 cells and wild-type MDA-MB 231 breast cancer cells. MDA-
MB 231 cells are highly aggressive cancer cells that metastasize readily in animal model
systems [44, 45]. uPAR signaling in MDA-MB 231 cells occurs independently of
exogenously-added uPA [17]. By immunoblot analysis and densitometry, the level of uPAR
in H5 cells was only 25% higher than that detected in MDA-MB 231 cells (Fig. 1F). Thus,
the transformation in uPAR signaling mechanism, observed in transfected MCF-7 cells,
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reflects a level of uPAR that may be found naturally in breast cancer cells, especially when
uPAR gene amplification occurs [9, 10].

3.2.UPAR regulates ERK activation only in the absence of E2
In the studies presented thus far, cells were cultured in SFM for 18 h before analyzing ERK
activation. Limited ERα activation was possible due to phenol red in the medium [46]. In
Fig. 2A, mouse uPAR-expressing and control MCF-7 cells were cultured for 18 h in SFM,
in the presence or absence of E2 (20 nM). Although ERK activation was substantially
increased in M3 and M4 cells in the absence of E2, the difference was neutralized by E2
supplementation. These results suggest that uPAR may control ERK activation in ERα-
positive breast cancer cells, principally when E2 is absent or when drugs that inhibit the E2-
ERα signaling system are introduced.

To test whether uPAR over-expression activates ERK autonomously of uPA in a second
ERα-positive breast cancer cell line, we studied MDA-MB 361 cells. These cells express
more uPAR mRNA than MCF-7 cells but less than MDA-MB 468 cells (Fig. 2B). When
MDA-MB 361 cells were transiently transfected to express mouse uPAR, the basal level of
phospho-HA-ERK1 was increased (Fig. 2C). MDA-MB 361 cells express low levels of uPA
(results not shown); however, because this is a human cell line, uPA that is produced
endogenously should not bind significantly to mouse uPAR [21, 42, 43].

3.3. Common factors in the pathway by which uPAR activates ERK, autonomously and in
response to uPA

When cells are cultured in serum-containing medium, vitronectin is the major protein that
coats tissue-culture plastic [47]. A single mutation in the structure of uPAR (W32A) blocks
the interaction of uPAR with vitronectin [26]. To assess whether sustained ERK activation,
resulting from uPAR over-expression, requires uPAR-binding to vitronectin, MCF-7 cells
were transfected to express uPAR-W32A or wild-type uPAR and GFP. Flow cytometry
studies were performed to detect cell-surface uPAR in the GFP-gated population. Fig. 3A
shows that the level of cell-surface uPAR was similar in cells that expressed wild-type
uPAR or uPAR-W32A.

Next, MCF-7 cells were transfected to express wild-type uPAR or uPAR-W32A and HA-
ERK1. Fig. 3B shows that HA-ERK1 was phosphorylated in cells that express wild-type
uPAR but not in cells that express uPAR-W32A. Thus, association of uPAR with vitronectin
appears to be necessary for autonomous uPAR signaling to ERK.

SFKs and FAK are required for uPA-induced ERK activation in MCF-7 cells [33, 34]. SFKs
also have been implicated in the uPA-independent pathway by which vitronectin-binding to
uPAR leads to Rac1 activation [27, 28]. To test the role of FAK in autonomous uPAR
signaling to ERK, we transfected M3 cells and control EV cells to express DN-FAK or wild-
type FAK. Cells were co-transfected to express HA-ERK1. The level of phospho-HA-ERK1
was approximately equivalent in control EV cells that were transfected with wild-type FAK
or DN-FAK (Fig. 3C). By contrast, in M3 cells, DN-FAK decreased the level of phospho-
HA-ERK1, suggesting that FAK is necessary for autonomous ERK activation in these cells.
In control experiments, we confirmed that wild-type FAK and DN-FAK were expressed at
similar levels in both EV and M3 cells. With both constructs, the transfection efficiency was
higher in M3 cells; however, the HA-ERK1 co-transfection procedure corrects for
differences in transfection efficiency [33, 34].

The SFK-selective pharmacological inhibitor, PP2, also substantially decreased phospho-
ERK in M3 and M4 cells, suggesting an important role for SFKs in autonomous uPAR
signaling to ERK (Fig. 3D). As a control, we examined the PDGF receptor-selective
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tyrosine kinase inhibitor (TKI), AG1296. ERK phosphorylation in M3 or M4 cells was
unchanged by AG1296.

3.4.Rac1 and H-Ras cooperate in autonomous uPAR signaling to ERK
uPAR over-expression activates Rac1 in multiple cell types [21, 27-29]. Fig. 4A shows that
the level of GTP-loaded Rac1 was increased in both M3 and M4 cells, as anticipated. To test
whether the increase in phospho-ERK occurs downstream of activated Rac1 in mouse
uPAR-expressing MCF-7 cells, M3, M4, and EV cells were transfected to express DN-Rac1
[29] and HA-ERK1. DN-Rac1 did not significantly change the level of phospho-HA-ERK1
in EV cells (Fig. 4B). By contrast, in both M3 and M4 cells, DN-Rac1 decreased phospho-
HA-ERK1, albeit incompletely. To confirm that DN-Rac1 was expressed in M3, M4 and EV
cells, we performed immunoblotting experiments to detect total Rac1 and DN-Rac1, which
is GFP-tagged. DN-Rac1 was detected in all three cell lines.

To study the role of H-Ras in autonomous uPAR signaling to ERK, cells were co-transfected
to express DN-H-Ras and HA-ERK1. DN-H-Ras is previously described [40]. In control EV
cells, DN-H-Ras did not significantly affect phospho-HA-ERK1. By contrast, DN-H-Ras
decreased phospho-HA-ERK1 in both M3 and M4 cells (Fig. 4C). Like DN-Rac1, the
effects of DN-H-Ras were incomplete. These results support a model in which autonomous
uPAR signaling to ERK reflects the activity of two separate pathways, involving H-Ras and
Rac1, which converge at the level of ERK. Unfortunately, we were unable to simultaneously
express DN-Rac1 and DN-HRas in MCF-7 cells, due to the decreased viability of dually
transfected cells.

3.5. uPAR over-expression provides a selection advantage for MCF-7 cells in the absence
of E2 in vitro and in vivo

To test whether uPAR expression provides a survival advantage for ERα-positive cells
when E2 is not available, we transfected MCF-7 cells to express human uPAR or mouse
uPAR [20]. Instead of selecting the cells with antibiotics, cultures were maintained in
medium that was supplemented with charcoal-treated serum (CTS) and E2 (20 nM) or
vehicle for 2 weeks. As shown in Fig. 5A, cells that were E2-deprived demonstrated mouse
uPAR mRNA levels that were increased about 4-fold, on average, compared with E2-treated
cells (p<0.05, Student's t-test). In cells that were transfected to over-express human uPAR,
E2 deprivation increased uPAR mRNA levels 2.5-fold (p<0.05). We interpret these results
to indicate that, in the absence of E2, uPAR over-expression provides a growth/survival
advantage and cells which express higher levels of uPAR are selectively recovered.

We performed the equivalent experiment with cells that were transfected to express
uPARW32A because this form of uPAR does not support cell-signaling. uPAR-W32A
failed to provide a selection advantage when cells were deprived of E2 for 2 weeks (Fig.
5A). In additional control experiments, E2 deprivation did not significantly affect uPAR
mRNA expression when MCF-7 cells were transfected with empty vector.

MCF-7 cells typically form tumors in SCID mice only when estrogen supplementation is
provided [6, 46, 48]. We previously demonstrated that human uPAR over-expression in
MCF-7 cells significantly increases the frequency of tumor formation and growth in the
absence of estrogen supplementation [20]. The mechanism was not determined. In new
studies, we inoculated mouse uPAR-expressing and control MCF-7 cells into mammary fat
pads in SCID mice (106 cells/injection). Tumor formation and volume were assessed at 10
weeks.

M3 and M4 cells formed tumors that were significantly increased in volume (p<0.05),
compared with the tumors formed by control cells (Fig. 5B). Representative H&E-stained
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sections of recovered tumors are shown in Fig. 5C. Mouse uPAR-expressing cells tended to
invade outside the Matrigel capsule, as anticipated. In IHC studies, mouse uPAR was clearly
detected in both M3 and M4 cells in vivo. The cancer cells in tumors formed by EV cells
were mouse uPAR-immunonegative, as anticipated. We also performed IHC studies to
detect phospho-ERK in vivo in tumors formed by EV, M3, and M4 cells. Foci of robustly
phospho-ERK-positive cancer cells were abundant in tumors formed by M3 and M4 cells.
Tumors formed by control EV cells were phospho-ERK negative at the level of sensitivity
of the antibody. These results confirm that the increase in ERK phosphorylation, observed in
M3 and M4 cells in vitro, is retained in vivo and may be responsible for the increase in
tumor volume observed in the absence of E2 supplementation.

By staining adjacent sections from individual tumors, we showed that mouse uPAR-
immuno-positive cells were frequently but not uniformly immunopositive for phospho-ERK
(Fig. 5D). Factors that may have influenced whether cells were phospho-ERK-
immunopositive include cell cycle phase and the cellular microenvironment.

3.6. EGFR TKIs block autonomous uPAR signaling to ERK
EGFR-specific TKIs are efficacious in the treatment of a number of cancers in which EGFR
gene amplification and/or mutations are prevalent [49-52]. Recent studies suggest that
EGFR TKIs may be useful in the treatment of breast cancer [53-55]. Because EGFR co-
receptor activity has been implicated in the pathway by which uPA-binding to uPAR
activates ERK [30, 35, 41], we studied the effects of two EGFR TKIs on ERK activation in
uPAR over-expressing MCF-7 cells.

M3, M4, and EV cells were treated with Erlotinib or Gefitinib for 24 h. Fig. 6A shows that
both TKIs almost entirely neutralized the increase in ERK activation in M3 cells. In M4
cells, the decrease in ERK activation was less complete, but still substantial. To further test
the activity of EGFR TKIs in uPAR over-expressing MCF-7 cells, we applied a transient
transfection strategy. MCF-7 cells were transfected to express mouse uPAR and HA-ERK1
and treated with Erlotinib or Gefitinib for 24 h. Fig 6B shows that the EGFR TKIs blocked
the increase in HA-ERK1 associated with transient mouse uPAR expression.

4. Discussion
The mechanism by which uPAR triggers cell-signaling remains incompletely understood.
Coreceptors, including integrins and FPRL1, and transactivation pathways involving RTKs
have been implicated [18]. The role of ligand-binding to uPAR in cell-signaling also is
incompletely understood. The pathway that leads to activation of Rac1, downstream of
p130Cas and DOCK180, is strictly dependent on uPAR-binding to vitronectin [27, 28].
Although the literature regarding activation of the H-Ras-ERK pathway is less clear, in
MCF-7 cells, ERK activation requires uPA-binding to uPAR [33, 34].

In this study, we have shown that increased uPAR expression transforms the mechanism of
ERK activation downstream of uPAR so that it occurs autonomously of uPA and is
sustained. Given the central role of ERK in important cellular processes, including
proliferation, survival, and cell migration [31], autonomous uPAR signaling to ERK has
substantial potential to impact breast cancer cell physiology. The transition in uPAR-
dependent cell-signaling from ligand (uPA)-dependent to -independent is analogous to the
paradigm observed with ErbB2/HER2 in breast cancer cells [36]. The genes for ErbB2/
HER2 and uPAR may be amplified in the same human breast cancer cells [9].

Unlike uPA-initiated ERK activation, which is entirely dependent on H-Ras [33],
autonomous uPAR signaling to ERK apparently occurs downstream of Rac1 and H-Ras.

Eastman et al. Page 8

Cell Signal. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Pathways by which Rac1 promote ERK activation are previously reported. For example,
p21-activated kinase promotes ERK activation by increasing association of MEK1 with
ERK [56].

One mechanism accounting for the transient nature of ERK activation, in uPA-treated cells,
is MEK-dependent SOS phosphorylation, which promotes SOS dissociation from Grb2 and
Shc [33, 57]. It is also possible that uPA-binding to uPAR triggers pulsatile cell-signaling
events and that uPAR recycling is necessary for sustained cell-signaling [58]. Autonomous
uPAR signaling to ERK was observed in cells that were cultured in SFM for 18 h. Thus, the
level of activated ERK detected represents a steady-state. Compared with transient ERK
activation, sustained ERK activation, observed with uPAR over-expression, is more likely to
impact processes such as gene transcription and cell growth [58-62].

It has been proposed that uPAR-initiated cell-signaling requires uPAR dimerization or
oligomerization [38-39]. If this model is correct, an explanation may be presented for the
transformation in uPAR signaling mechanism observed here. When uPAR is present at low
abundance, uPA is needed to promote uPAR dimerization or oligomerization [63]. However,
with increased uPAR expression, oligomerization of uPAR in the absence of uPA should be
favored, triggering autonomous signaling.

uPA and its inhibitor, PAI-1, have been implicated in development of resistance to the anti-
estrogen drug, Tamoxifen, in breast cancer patients [64]. This is important because uPA and
PAI-1 form a complex, which still binds to uPAR and induces sustained ERK activation
unlike free uPA, which induces transient ERK activation [58]. As a result, uPA-PAI-1
complex may selectively promote cancer cell survival [58]. Autonomous uPAR signaling
provides a selection advantage for MCF-7 cells, in the absence of uPA and PAI-1, in vitro
and in vivo. When MCF-7 cells were transfected to express mouse or human uPAR and
cultured in E2-deficient or -replete medium (no prior antibiotic selection), E2 deficiency
selected for cells with higher levels of uPAR. These results may be explained by the ability
of uPAR to promote ERK activation when E2 is absent.

The xenografting experiments performed in this study utilized MCF-7 cells that express
mouse uPAR. The improvement in survival and growth of the MCF-7 cell orthotopic
xenografts was similar to that previously observed when MCF-7 cells were transfected to
over-express human uPAR [20]. Unlike mouse uPAR, human uPAR cannot bind uPA that is
produced by non-malignant cells in the tumor microenvironment. Thus, the previously
reported growth advantage of human uPAR over-expressing MCF-7 cells in vivo was
unexplained. From the studies reported here, we now understand that uPA is not required for
activation of the H-Ras-ERK pathway in human uPAR-over-expressing MCF-7 cells.
Furthermore, for the first time in this study, we have demonstrated that the ability of uPAR
to activate ERK in breast cancer cells is retained when the cells are implanted in mammary
fat pads in vivo in mice. Autonomous uPAR signaling to ERK occurs in the
microenvironment of a tumor.

To determine whether the level of uPAR expression in our transfected MCF-7 cells was
substantially higher than what may be encountered in wild-type cells, we compared H5 cells
and MDA-MB 231 cells. The uPAR protein level was only 25% higher in the H5 cells. We
therefore conclude that the transformation in uPAR signaling mechanism described here
may occur in breast cancer cells without genetic modification. Autonomous uPAR signaling
may provide a pathway for breast cancer cell survival when estrogen is absent or in patients
that are treated with drugs that antagonize ERα [2, 5-7]. uPAR is expressed at increased
levels in hypoxia, which gradually develops as tumors enlarge [19]. Thus, intrinsic to the
process of tumor growth may be a pathway for increased uPAR expression. uPAR gene

Eastman et al. Page 9

Cell Signal. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



amplification also may increase uPAR expression to a level that is sufficient for autonomous
signaling to ERK.

Autonomous uPAR signaling was apparently dependent on EGFR co-receptor activity
because the TKIs, Erlotinib and Gefitinib, inhibited ERK activation. Although EGFR co-
receptor function has been observed in cells that are treated with uPA, the ability of uPA to
induce ERK activation is not strictly dependent on the EGFR because responses are detected
in EGFR-deficient cells [30, 35]. EGFR and uPAR also collaborate to promote activation of
the mitogenic transcription factor, STAT5b [35, 41, 65]. Although EGFR inhibitors are not
routinely used in breast cancer therapy, new studies suggest that these TKIs may be effective
in cancers that relapse after treatment of ERα antagonists, such as Tamoxifen [53, 55]. By
inhibiting autonomous uPAR signaling, EGFR TKIs may counteract the pro-survival
advantage imparted by uPAR in ERα-positive cells, under estrogen deprivation conditions.
Furthermore, the ability of Erlotinib and Gefitinib to inhibit autonomous uPAR signaling
may explain why these drugs show efficacy in some patients with Tamoxifen-resistant
breast cancer.

From these studies, we propose a model for uPAR signaling to ERK in which the uPAR
concentration in the plasma membrane is critical. As the uPAR expression level increases,
for example with increasing tumor hypoxia, a transformation in the mechanism of uPAR
signaling may occur, triggering autonomous and sustained cell-signaling to ERK in the
absence of uPA. Rac1, H-Ras, and the EGFR cooperate to induce these changes. Further
work will be required to determine the effects of uPAR over-expression on other signaling
pathways known to be activated downstream of uPAR.

Conclusions
We demonstrate that the requirement for uPA to initiate cell-signaling downstream of uPAR,
in ERα-expressing breast cancer cells, depends on the uPAR expression level. At high
expression levels, uPAR signals autonomously to ERK and this pathway provides a
selection advantage for breast cancer cells in the absence of estrogen. Autonomous uPAR
signaling to ERK occurs downstream of H-Ras and Rac1, unlike uPA-initiated cell-
signaling, which occurs downstream of H-Ras alone. The EGFR-selective TKIs, Erlotinib
and Gefitinib, inhibit autonomous uPAR signaling.
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Highlights

• Increased uPAR expression transforms signaling to ERK, so that it is
autonomous of uPA

• Autonomous uPAR Signaling is H-Ras and Rac1-dependent

• EGFR is an important co-receptor for autonomous uPAR signaling

• High uPAR expression provides a selection advantage for ERA+ breast cancer
cells
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Figure 1.
High levels of uPAR expression induce autonomous signaling to ERK. A, Cell extracts from
H1, H5 and control/EV MCF-7 cells were subjected to immunoblot analysis to detect human
uPAR, phospho-ERK (p-ERK), total ERK, and tubulin as a loading control. B, MCF-7 cells
were transiently co-transfected to express human uPAR or empty vector (EV) and HA-
ERK1. Cell extracts were immuneprecipitated with HA-specific antibody and subjected to
immunoblot analysis to detect phospho-ERK and total ERK. C, Cell extracts from M3, M4,
and control/EV MCF-7 cells were subjected to immunoblot analysis to detect mouse uPAR,
phospho-ERK, total ERK, and tubulin. D, MCF-7 cells were transiently co-transfected to
express HA-ERK1 and mouse uPAR or control vector (EV). Cell extracts were immuno-
precipitated with HA-specific antibody and subjected to immunoblot analysis to detect
phospho-ERK and total ERK. E, Mouse uPAR was silenced in M3, M4, and control/EV
MCF-7 cells. Cell extracts were subjected to immunoblot analysis to detect mouse uPAR,
phospho-ERK (pERK) and total ERK. F, Cell extracts from MDA-MB-231 cells and H5
cells were subjected to immunoblot analysis to detect human uPAR and total ERK.
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Figure 2.
Autonomous uPAR signaling in the presence and absence of E2. A, M3, M4, and EV/
control MCF-7 cells were cultured in SFM for 18 h and treated with 20 nM E2 or vehicle in
SFM for an additional 18 h. Cell extracts were subjected to immunoblot analysis to detect
phospho-ERK (p-ERK) and total ERK. B, Relative mRNA expression was determined for
uPAR and ERα in MCF-7 cells, MDA-MB-361 cells, and MDA-MB-468 cells (mean ±
SEM, n=3). C, MDA-MB-361 cells were transiently co-transfected to express HA-ERK1
and mouse uPAR or control vector (EV). Cell extracts were immunoprecipitated with HA-
specific antibody and subjected to immunoblot analysis to detect phospho-ERK (p-ERK)
and total ERK. Total cell extracts were subjected to immunoblot analysis to detect mouse
uPAR and tubulin.
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Figure 3.
Molecular mechanisms of autonomous uPAR signaling to ERK. A, MCF-7 cells were
transiently co-transfected to express GFP and wild-type uPAR (dark solid tracing), uPAR-
W32A (dark broken tracing), or control vector (light solid tracing). Cell-surface uPAR
expression was determined by flow cytometry. The isotype control is shown with the light
broken tracing. B, MCF-7 cells were transiently co-transfected to express HA-ERK1 and
wild-type uPAR, uPARW32A or control vector (EV). Cell extracts were
immunoprecipitated with HA-specific antibody and subjected to immunoblot analysis for
phospho-ERK (p-ERK) and total ERK. C, M3 and control EV cells were transiently co-
transfected to express HA-ERK1 and DN-FAK or wild-type (WT) FAK. Cell extracts were
immunoprecipitated with HA-specific antibody and subjected to immunoblot analysis. Total
cellular extracts of M3 and EV cells, which were transfected with wild-type FAK or DN-
FAK, and control (non-transfected) cells were subjected to immunoblot analysis to detect
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FAK and tubulin, as a loading control. D, M3, M4, and EV/ control MCF-7 cells were
treated with the SFK inhibitor (PP2, 1 μM), the PDGF receptor inhibitor (AG1296, 10 μM),
or vehicle for 18 h in SFM. Extracts were analyzed for phospho-ERK and total ERK.
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Figure 4.
Rac1 and H-Ras cooperate to induce autonomous uPAR signaling to ERK. A, M3, M4, and
EV/control MCF-7 cells extracts were affinity precipitated with PAK-1 PBD and subjected
to immunoblot analysis to detect GTP-bound Rac1. The original cell extracts were also
subjected to immunoblot analysis to determine total Rac1 as a loading control. B, M3, M4,
and EV MCF-7 cells were transiently co-transfected to express HA-ERK1 and DN-Rac1 or
control vector. Extracts were immunoprecipitated with HA-specific antibody and subjected
to immunoblot analysis to detect phospho-ERK (p-ERK) and total ERK. Total cellular
extracts were subjected to immunoblot analysis to detect GFP-tagged DN-Rac1 and total
(untagged) Rac1. C, M3, M4, and EV MCF-7 cells were transiently co-transfected to
express HA-ERK1 and DN-H-Ras or control vector. Extracts were immunoprecipitated with
HA-specific antibody and subjected to immunoblot analysis to detect phospho-ERK and
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total ERK. Ratios of phospho-HA-ERK1 to total-HA-ERK1 were determined by
densitometry and are reported under the immunoblots.
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Figure 5.
E2 deficiency selects for uPAR-expressing MCF-7 cells in vitro and in orthotopic xenografts
in vivo. A, MCF-7 cells were transfected to express mouse uPAR, human uPAR,
uPARW32A, or empty vector (EV) and cultured in the presence or absence of 20 nM E2 for
two weeks in phenol red-free DMEM supplemented with CTS. Relative uPAR mRNA
expression was determined by qPCR (*, p<0.05, Student's t-test). B, SCID mice were
injected with M3, M4 or control/EV MCF-7 cells. Tumor volume was determined after
surgical resection (mean, *, p< 0.05, Mann-Whitney rank sum test). C, Images of tumors
formed by M3, M4, and EV cells include representative H&E-stained sections of the tumors
(first row; 5x, bar, 100 μm), IHC to detect mouse uPAR (second row; 20x, bar 10 μm) and
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phospho-ERK (third row; 40x, bar 10 μm). D, Adjacent sections of a representative tumor
were stained to detect mouse uPAR and phospho-ERK (40x, bar, 10 μm).
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Figure 6.
EGFR-specific TKIs block autonomous uPAR signaling in MCF-7 cells. A, M3, M4, and
EV cells were treated with the EGFR inhibitors, Gefitinib (1 μM) and Erlotinib (1 μM), or
with vehicle for 24 h in SFM. Extracts were analyzed for phospho-ERK and total ERK. B,
MCF-7 cells were transiently co-transfected to express mouse uPAR or empty vector (EV)
and HA-ERK1 and treated with Gefitinib (1 μM), Erlotinib (1 μM), or with vehicle for 24 h
in SFM. Cell extracts were immunoprecipitated with HA-specific antibody and subjected to
immunoblot analysis to detect phospho-ERK and total ERK. Ratios of phospho-ERK to total
ERK or phospho-HA-ERK1 to total-HA-ERK1 were determined by densitometry and are
reported under the immunoblots.
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