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The coagulation and fibrinolytic systems
contribute to malignancy by increasing an-
giogenesis, tumor growth, tumor invasion,
and tumor metastasis. Oncogenic transfor-
mation increases the expression of tissue
factor (TF) that results in local generation of
coagulation proteases and activation of
protease-activated receptor (PAR)-1 and
PAR-2. We compared the PAR-dependent
expressionofurokinaseplasminogenactiva-
tor (uPA) and plasminogen activator inhibi-

tor (PAI)-1 in 2 murine mammary adencocar-
cinoma cell lines: metastatic 4T1 cells and
nonmetastatic 67NR cells. 4T1 cells ex-
pressed TF, PAR-1 and PAR-2 whereas 67NR
cells expressed TF and PAR-1. We also
silenced PAR-1 or PAR-2 expression in the
4T1 cells. We discovered 2 distinct mecha-
nisms for PAR-dependent expression of uPA
and PAI-1. First, we found that factor Xa or
thrombin activation of PAR-1 led to a rapid
release of stored intracellular uPA into the

culture supernatant. Second, thrombin
transactivation of a PAR-1/PAR-2 complex
resulted in increases in PAI-1 mRNA and
protein expression. Cells lacking PAR-2
failed to express PAI-1 in response to throm-
bin and factor Xa did not activate the PAR-1/
PAR-2 complex. Our results reveal how
PAR-1 and PAR-2 on tumor cells mediate
crosstalk between coagulation and fibrinoly-
sis. (Blood. 2010;116(23):5037-5044)

Introduction

Tissue factor (TF) is the cell surface receptor for coagulation factor
VII/VIIa (FVII/VIIa). TF is expressed on various cell types and its
expression is up-regulated by oncogenic transformation, conferring
a procoagulant phenotype to cancer cells.1-4 Tumor cell TF locally
activates the coagulation cascade when clotting factors in the blood
enter the stroma from leaky tumor vasculature. Indeed, coagulation
proteases, such as factor VIIa (FVIIa), factor Xa (FXa), and
thrombin, have been shown to contribute to tumor proliferation,
migration, and angiogenesis.5-8

The mechanism by which coagulation proteases exert their
tumor enhancing effects is, in part, via activation of protease-
activated receptor (PAR)-1 and PAR-2.9-12 PARs belong to a family
of G-protein coupled receptors that are proteolytically activated by
a variety of proteases. FXa and thrombin activate PAR-1, whereas
FVIIa and FXa activate PAR-2.9,13,14 In addition, PAR-1 can be
activated by matrix metalloproteinase-1, plasmin, and activated
protein C bound to endothelial protein C receptor (APC-
EPCR).13,15-17 Trypsin, tryptase, kallikreins, and matriptase activate
PAR-2 (for review, see Trejo18). Furthermore, PARs can transacti-
vate one another. For instance, thrombin can bind to the N-terminus
of PAR-3, which acts as a cofactor that allows the protease to
activate PAR-4 and induce intracellular signaling in mouse plate-
lets.19 In human platelets PAR-1 and PAR-4 both signal. In
addition, PAR-1 forms a heterodimer with PAR-4 to initiate
signaling in response to thrombin.20 Furthermore, O’Brien and
colleagues demonstrated, using pharmacological inhibitors of
PAR-1 and a mutant PAR-1 incapable of signaling, that thrombin
cleaved PAR-1 can transactivate PAR-2 in human endothelial cells
and transfected COS-7 cells.21

Urokinase plasminogen activator (uPA) is a serine protease that
converts plasminogen to plasmin. Plasminogen activator inhibitor

(PAI)-1 is the endogenous inhibitor of uPA that forms a heterotri-
meric complex with uPA and the uPA receptor (uPAR).22 Aside
from their roles in regulating fibrinolysis, both uPA and PAI-1
promote metastasis.22-25 Furthermore, uPA and PAI-1 are also
involved in angiogenesis and endothelial cell migration.26-28 In-
creased levels of uPA and PAI-1 are found in breast cancer patients,
both correlating with poor prognosis and reduced survival.29,30

Proteolytic activation of PAR-2 by FVIIa bound to TF increases
uPA, PAI-1, and uPAR mRNA expression in human breast cancer
and pancreatic cancer cell lines.31,32 PAR-1 and PAR-2 agonist
peptides also increase both uPA and PAI-1 mRNA levels in the
MDA-MD-231 human breast cancer cell line.31

The aim of this study was to determine the role of PAR-1 and
PAR-2 in the crosstalk between coagulation proteases and the
regulation of plasmin generation in breast cancer cells. We used
nonmetastatic (67NR) and metastatic (4T1) murine mammary
adenocarcinoma cell lines because TF, coagulation proteases, uPA,
and PAI-1 have been shown to contribute to metastasis. Here we
describe 2 different mechanisms by which FXa and thrombin
regulate uPA release and PAI-1 mRNA expression.

Methods

Reagents

Recombinant mouse FVIIa (mFVIIa) was provided by Dr Lars Petersen
(Novo Nordisk). Purified human factor X (FX), FXa, and �-thrombin were
obtained from Haematologic Technologies Inc. Puromycin dihydrochloride
was obtained from Mediatech. Brefeldin A (BFA) was purchased from BD
Biosciences. Dimethyl sulfoxide, Triton X-100, DAPI (4�,6-diamidino-2-
phenylindole), and dithiothreitol were obtained from Sigma-Aldrich.

Submitted June 25, 2010; accepted August 14, 2010. Prepublished online as
Blood First Edition paper, August 24, 2010; DOI 10.1182/blood-2010-06-293126.

The online version of this article contains a data supplement.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked ‘‘advertisement’’ in accordance with 18 USC section 1734.

© 2010 by The American Society of Hematology

5037BLOOD, 2 DECEMBER 2010 � VOLUME 116, NUMBER 23

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/116/23/5037/1332117/zh804910005037.pdf by guest on 02 June 2024

https://crossmark.crossref.org/dialog/?doi=10.1182/blood-2010-06-293126&domain=pdf&date_stamp=2010-12-02


4-�-phorbol-12-myristate 13-acetate (PMA) was purchased from Cell
Signaling Technologies. Complete protease inhibitor cocktail tablets and
phosphatase inhibitor cocktail were purchased from Roche.

Cell culture

67NR and 4T1 mouse mammary adenocarcinoma cell lines were obtained
from Dr. Fred Miller (Michigan Cancer Foundation). The 67NR and 4T1
cells were derived from the same spontaneously arising primary tumor and
therefore represent the varied metastatic potential that exists in cells within
a single tumor.33 Importantly, the 4T1 cell line spontaneously metastasizes
to the lymph nodes, lung, liver, bone, and brain and is therefore regarded as
a clinically relevant breast tumor model that closely recapitulates human
stage IV metastatic disease.34 Conversely, the 67NR cell line is nonmeta-
static. Cells were maintained in mimimum essential medium-alpha (Gibco),
with 10% fetal bovine serum (Omega Scientific), and 1% penicillin/
streptomycin (Sigma-Aldrich). Before treatment with coagulation factors or
BFA, cells were grown to confluence in 12-well plates (Corning Inc.) and
serum-starved overnight in serum-free media (SFM). The following
coagulation proteases or zymogens were diluted in SFM and used to treat
the cells: recombinant mFVIIa, human zymogen FX, mFVIIa and FX,
human FXa, and human �-thrombin. PMA was diluted in SFM and
incubated with the cells for 1 hour. BFA or dimethyl sulfoxide vehicle
control were diluted in SFM and cells were pre-incubated for 3 hours before
the addition of coagulation proteases or zymogen.

Short hairpin RNA

Lentiviral particles carrying plasmids encoding short hairpin RNA (shRNA)
to either mouse PAR-1 or mouse PAR-2 were obtained from the University
of North Carolina at Chapel Hill (UNC-CH) shRNA Core Facility. The
GFPshRNA control plasmid (Addgene plasmid 12273) was obtained from
Addgene, and packaged into lentiviral particles by the UNC-CH shRNA
Core Facility.35 Cells were transduced using Viraductin (Cell Biolabs)
according to manufacturers protocol with an additional spin inoculation at
1250g for 90 minutes at 22°C before placing the cells in the incubator.
Twenty-four hours posttransduction, 12 �g/mL of puromycin was added to
the culture media to select stable cell populations containing the lentivirus.
Entire populations of cells were selected rather than single cell clones to
minimize selecting individual clones that have phenotypically drifted from
the parental 4T1 cells because of the lentiviral transduction. Five and
6 separate cell populations were generated for both PAR-1 and PAR-2
silenced 4T1 cells, respectively. Knockdown efficiency was determined by
real time polymerase chain reaction (PCR) analysis. The cell populations
with the highest silencing efficiency were used for the experiments.

Real time PCR

RNA was isolated from cells using the RNeasy Plus kit (QIAGEN). mRNA
was reverse transcribed using the First Strand cDNA Synthesis kit with
Oligo-dT primers (Fermentas). Exon-spanning gene specific primers (Table
1) were synthesized by Integrated DNA Technologies. Real time PCR was
performed on a Mastercycler Gradient (Eppendorf) using the Maxima

SYBR Green qPCR Master Mix (Fermentas). Relative mRNA levels were
quantified using the ��Ct method normalized to hypoxanthine-guanine
phosphoribosyl transferase (HPRT).36

uPA and PAI-1 enzyme-linked immunosorbent assay

Cells were grown in 12-well plates to form confluent monolayers. Cells
were then starved overnight in SFM (Gibco). After starvation, new SFM
containing coagulation factors were added to the wells. Conditioned media
was collected, centrifuged at 5000g for 5 minutes at 4°C to remove cellular
debris, and frozen at �20°C. To obtain whole cell lysates, lysis buffer
(10nM HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid],
1.5mM MgCl2, 10mM KCl, 0.05% NP-40 [nonyl phenoxypolyethoxyletha-
nol], pH 7.9) containing complete protease inhibitor cocktail was added to
the cells. Cells were then scraped, sonicated, and centrifuged at 20 000g for
10 minutes at 4°C to pellet the cellular debris. The supernatant was then
removed and stored at �20°C. uPA and PAI-1 enzyme-linked immunosor-
bent assays (ELISAs) were performed according to the manufacturer’s
protocol (Molecular Innovations).

uPA immunofluorescence

Cells were grown on chamber slides (BD Biosciences), starved, fixed, and
permeablized using BD Cytofix/Cytoperm (BD Biosciences). The cells
were then incubated with fluorescein isothiocyanate (green) conjugated
uPA antibody (Molecular Innovations) and Alexa Fluor-555 (red) conju-
gated Golgi marker (GM)130 antibody (BD Biosciences) for 1 hour at 4°C
in the dark. Nuclei were counterstained with DAPI (blue). Slides were
washed then mounted with HyrdoMount mounting medium (National
Diagnostics).

Immunoblotting

Cells were grown to confluence, starved overnight, and treated with either
125nM FXa, 20nM thrombin, or 200nM PMA. Cells were washed with cold
phosphate-buffered saline and lysed in lysis buffer (Cell Signaling Technolo-
gies) containing 1mM dithiothreitol and phosphatase inhibitor cocktail.
Samples were then sonicated and cleared of debris by centrifugation at
20 000 � g for 10 minutes at 4°C. Protein concentration was determined by
Bio-Rad protein assay and 50 �g of lysate was combined with Laemmeli
sample buffer, boiled, and the proteins were separated on a Novex
Tris-Glycine 4% to 12% gradient gel (Invitrogen). Protein was transferred
to polyvinylidene fluoride (PVDF) membranes (Millipore) and probed with
an antibody against phosphorylated PKC� at a 1:250 dilution (Cell
Signaling Technologies) and an IRDye 800CW conjugated secondary
antibody (Rockland) at a 1:10 000 dilution. The membranes were stripped in
Restore Stripping Buffer (Thermo Scientific), blocked, and incubated with an
antibody against glyceraldehyde 3-phosphate dehydrogenase (GAPDH) at a
1:5000 dilution (Santa Cruz Biotechnology) and an Alexa Fluor 680 conjugated
secondary antibody (Invitrogen) at a 1:10 000 dilution. Blots were visual-
ized and quantified using the Odyssey Infrared Imaging System (Licor).

Statistical analysis

All statistical analyses were performed using GraphPad Prism 4 for Mac
(GraphPad Software). All data are presented as means � standard error of the
mean (SEM). One-way analysis of variance with a Bonferroni posthoc analysis
was performed when indicated. For 2 group comparisons, a 2-tailed Student t test
was used. P � .05 was considered statistically significant.

Results

PAR-1 and PAR-2 mediate crosstalk between coagulation and
fibrinolysis

Unstimulated 4T1 and 67NR cells expressed basal levels of TF,
PAR-1, uPA, and PAI-1 mRNAs. Importantly, 4T1 cells expressed
PAR-2 whereas the 67NR cells lacked detectable PAR-2 mRNA by

Table 1. Real-time PCR primers

Primer Sequence

Mouse TF fwd 5�-TCA AGC ACG GGA AAG AAA AC-3�

Mouse TF rev 5�-CAA AAT AGC CCA GGA AGC AG-3�

Mouse PAR-1 fwd 5�-CAG CCA GAA TCA GAG AGG ACA GA-3�

Mouse PAR-1 rev 5�-CCA GCA GGA CGC TTT CAT TT-3�

Mouse PAR-2 fwd 5�-AGC CGG ACC GAG AAC CTT-3�

Mouse PAR-2 rev 5�-GGA ACC CCT TTC CCA GTG ATT-3�

Mouse uPA fwd 5�-TTA CTG CAG GAA CCC TGA CAA CCA-3�

Mouse uPA rev 5�-TGC TAA GAG AGC AGT CAT GCA CCA-3�

Mouse PAI-1 fwd 5�-TTC AGT GGC CAA TGG AAG ACT CCT-3�

Mouse PAI-1 rev 5�-AGG GCA GTT CCA CAA CGT CAT ACT-3�

Mouse HPRT fwd 5�-CTG GTG AAA AGG ACC TCT CG-3�

Mouse HPRT rev 5�-TGA AGT ACT CAT TAT AGT CAA GGG CA-3�
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real time PCR analysis (Figure 1A-B). It was determined using a
one-stage clotting assay that 4T1 cells exhibited approximately
3-fold higher levels of TF activity than 67NR cells (data not
shown). 4T1 cells were used for mFVIIa, FXa, and thrombin
dose-titration experiments. mFVIIa did not increase the levels of
either uPA or PAI-1 in the culture supernatant at 24 hours
(supplemental Figure 1A-B, available on the Blood Web site; see
the Supplemental Materials link at the top of the online article).
FXa produced a dose-dependent increase of uPA but not PAI-1
(supplemental Figure 1C-D). Treatment of the cells with thrombin
led to dose-dependent increases of both uPA and PAI-1 in the cell
culture supernatant (supplemental Figure 1E-F).

Stimulation of 4T1 and 67NR cells with either mFVIIa or
zymogen FX alone did not increase uPA levels in the culture
supernatant (Figure 1C-D). However, incubation of the 4T1 cells
with both mFVIIa and FX resulted in high levels of uPA, whereas
67NR cells exhibited a more modest increase in uPA in response to
the combination of mFVIIa and FX (Figure 1C-D). The level of
uPA generated when cells were incubated with both mFVIIa and
FX was similar to the level observed with FXa alone (Figure
1C-D), demonstrating that mFVIIa is enzymatically active. Simi-
larly, thrombin increased uPA levels in the culture supernatant of
both cell lines (Figure 1C-D). Interestingly, thrombin was the only
protease capable of increasing PAI-1 levels in the culture superna-
tant of 4T1 cells (Figure 1E). Importantly, incubation of the 67NR
cells with any of the proteases failed to increase PAI-1 levels in the
cell culture supernatant at 24 hours (Figure 1F). Similar results
were obtained by adding mFVIIa, FX, a combination of mFVIIa
and FX, FXa, or thrombin to 2 additional cell lines: the PAN02
pancreatic cancer cell line and the 168FARN breast cancer cell line
(data not shown).

Absence of PAR-2 is associated with a loss of thrombin
induced PAI-1 expression

Our data demonstrated that cells lacking PAR-2 did not express
PAI-1 in response to thrombin stimulation. Therefore, we hypoth-
esized that PAR-2 is required for the induction of PAI-1. To test this
hypothesis, we silenced PAR-2 expression in 4T1 cells to deter-

mine its role in uPA and PAI-1 expression. We also silenced PAR-1
expression in 4T1 cells. The different stably transduced shRNA cell
populations are referred to as 4T1GFP, 4T1�PAR-1, and 4T1�PAR-2.
PAR-1 and PAR-2 mRNA levels were knocked down in the
4T1�PAR-1 and 4T1�PAR-2 by 95% and 80%, respectively (Figure
2A-B). Silencing PAR-1 attenuated the FXa or thrombin-dependent
increase of uPA protein (Figure 2C). In contrast, levels of uPA in
the culture supernatant of 4T1�PAR-2 cells in response to FXa or
thrombin did not significantly differ from those observed in the
4T1GFP control cells (Figure 2C). As expected, silencing PAR-1
diminished the thrombin-dependent increase of PAI-1. Importantly,
silencing PAR-2 expression also drastically reduced PAI-1 induc-
tion in response to thrombin treatment (Figure 2D), supporting our
hypothesis that PAR-2 is required for inducible PAI-1 expression.

Furthermore, we used Gene Sifter Analysis Edition, Version 3.4
(Geospiza) to mine in vivo gene array data from laser capture
microdissected cells from orthotopic 67NR and 4T1 primary
tumors. The original data were submitted to the Gene Submission
Omnibus database by Lou et al (GSE 11 259).37 We found that 4T1
cells expressed significantly more PAR-2 (33.54-fold) and PAI-1
(9.56-fold) than 67NR cells in vivo. This suggests that the
differential PAR-2 expression between the 67NR and 4T1 cells is
not a consequence of in vitro culturing conditions and that PAR-2
may indeed be needed for inducible PAI-1 expression in vivo.
Taken together, our data indicate that PAR-1 is required for FXa
and thrombin mediated increases in uPA whereas both PAR-1 and
PAR-2 are required for thrombin-dependent increases in PAI-1.

Transcriptional and posttranslational regulation of
PAI-1 and uPA

To understand the mechanism by which PAR activation regulates
uPA and PAI-1, we examined the kinetics of uPA and PAI-1 mRNA
and protein expression in 4T1 cells treated with FXa or thrombin.
uPA mRNA levels remained unchanged in 4T1 cells stimulated
with either FXa or thrombin (Figure 3A). This is in stark contrast to
uPA protein, which was rapidly increased in the culture supernatant
in response to a 1-hour treatment with FXa or thrombin, respec-
tively (Figure 3B). Further increases in uPA were observed

Figure 1. Coagulation proteases increase uPA and
PAI-1 expression in the culture supernatant of 4T1
and 67NR breast cancer cell lines. (A-B) Real-time
PCR analysis of TF, PAR-1, PAR-2, uPA, and PAI-1
mRNA expression in 4T1 cells (A) and 67NR cells (B).
Cells were grown to confluence and starved overnight.
Results are shown as mean � SEM of at least 3 indepen-
dent experiments. (C-E) Serum starved confluent cell
monolayers were incubated for 24 hours with the follow-
ing coagulation factors: mFVIIa (10nM), FX (130nM),
mFVIIa (10nM) and FX (130nM), FXa (125nM), or throm-
bin (FIIa; 20nM). Levels of uPA in treated 4T1 cells (C)
and 67NR cells (D) were determined by ELISA. The
amount of PAI-1 released from the treated 4T1 (E) and
67NR (F) cell lines was measured by a PAI-1 ELISA.
Results are shown as mean � SEM of at least 5 indepen-
dent experiments. *P � .05 and **P � .001 (control ver-
sus protease treated).
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throughout the 24-hour period. We also observed uPA release in
response to a 1-hour incubation with FXa or thrombin in the
PAN02 and 168FARN cell lines (data not shown).

Incubation of 4T1 cells with FXa did not significantly increase
PAI-1 mRNA or protein levels (Figure 3C-D). In contrast, thrombin
treatment of 4T1 cells increased PAI-1 mRNA levels, reaching a
maximum induction of 2.2-fold before returning to baseline by
24 hours (Figure 3C). An accumulation of PAI-1 protein in the
culture supernatant was observed starting at 6 hours in thrombin
treated 4T1 cells (Figure 3D).

4T1 cells contain a store of intracellular uPA associated with
the Golgi

Analysis of uPA by direct immunofluorescence in SFM treated 4T1
cells under basal conditions revealed that the protease was stored in
the perinuclear region of the cell (Figure 4A). This uPA staining
colocalized with the Golgi marker GM130, suggesting that intracel-
lular uPA was associated with this secretory organelle. After
treating the 4T1 cells for 30 minutes with either FXa or thrombin,
we observed a marked decrease in the intensity of uPA staining
(Figure 4A). Next, we measured levels of uPA in whole cell lysates
and culture supernatants of 4T1 cells with or without FXa or

thrombin treatment. After a 1-hour incubation with FXa or
thrombin, cellular uPA levels diminished whereas levels in the
culture supernatant increased (Figure 4B-C).

Next, we used BFA to inhibit budding of newly formed
secretory vesicles from the trans-Golgi network. FXa or thrombin
mediated release of uPA was decreased by approximately 50%
when cells were pre-treated with BFA (Figure 4D). In addition, we
directly activated the secretory pathway by incubating 4T1 cells
with PMA. Exposure of 4T1 cells to PMA for 1 hour induced uPA
release in a dose-dependent manner (Figure 4E).

FXa and thrombin activate the secretory signaling pathway in
4T1 cells

Protein kinase C-� (PKC�) is an intracellular signaling protein
involved in secretion from the Golgi. Importantly, we detected
phosphorylated PKC� in 4T1 cells treated with FXa, thrombin, or
PMA for 5, 10, or 15 minutes (Figure 5A), which suggests that
PKC� is involved in uPA release. Our previous results demonstrate
that activation of PAR-1 results in the rapid release of uPA in 4T1
cells. Therefore, we hypothesized that cleavage of PAR-1 induces
PKC� phosphorylation. 4T1GFP, 4T1�PAR-1, and 4T1�PAR-2 cells
were treated with SFM, FXa, thrombin, or PMA for 5 minutes, and

Figure 2. Silencing PAR-1 and PAR-2 in 4T1 cells.
(A-B) Real-time PCR analysis of PAR-1 (A) and PAR-2
(B) mRNA expression in 4T1�PAR-1 and 4T1�PAR-2 cells
expressed as a percentage of the 4T1GFP control. PAR-1
and PAR-2 levels were normalized to HPRT mRNA. uPA
protein (C) and PAI-1 protein (D) were measured by
ELISA after 24 hour incubation with FXa (125nM) or
thrombin (20nM). Results are shown as mean � SEM of
3 independent experiments. *P � .05 and **P � .001
(4T1GFP versus 4T1�PAR-1), ¶P � .05 and ¶¶P � .001
(4T1GFP versus 4T1�PAR-2), §P � .05 and §§P � .001
(4T1�PAR-1 versus 4T1�PAR-2).

Figure 3. Timecourse of uPA and PAI-1 mRNA and
protein expression in 4T1 cells stimulated with FXa
or thrombin. Levels of uPA mRNA (A) and protein (B)
were determined by real-time PCR and ELISA, respec-
tively. PAI-1 mRNA (C) and protein (D) induction were
also measured using real-time PCR and ELISA. uPA and
PAI-1 mRNA levels were normalized to HPRT mRNA.
Results are shown as mean � SEM of at least 3 indepen-
dent experiments. *P � .05 and **P � .001 (control ver-
sus FXa treated). §P � .05 and §§P � .001 (control ver-
sus thrombin treated).
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the cell lysates were used to detect phosphorylation of PKC�.
4T1�PAR-1 cells exhibited significantly decreased levels of phosphor-
ylated PKC� when treated with either FXa or thrombin in
comparison to the 4T1GFP and 4T1�PAR-2 cells (Figure 5B), thereby
supporting our hypothesis that cleavage of PAR-1 activates the
secretory pathway.

Discussion

Our results show that FXa or thrombin mediated activation of
PAR-1 induces a rapid release of uPA in murine mammary
adenocarcinoma cells (Figure 6). In contrast to previous reports
using human cells lines, we did not find evidence for the induction
of uPA mRNA expression in the murine tumor lines used in this
study.31,32,38 Cellular uPA colocalized with the Golgi. In addition,
inhibiting secretion with BFA decreased uPA protein release. BFA
collapses the trans-Golgi network, thereby preventing trafficking of
immature and newly synthesized secretory vesicles.39 The portion
of uPA not inhibited by BFA treatment presumably represents uPA
that is already within mature secretory vesicles. Furthermore, uPA
was released by PMA activation of the secretory pathway. Acti-
vated PKC� translocates to the Golgi apparatus where it is

involved in vesicular trafficking from the trans-Golgi network to
the plasma membrane.40 Phosphorylation of the 2 activation loops
of PKC� resulting from FXa or thrombin treatment is indicative of
activation of this secretory pathway. Taken together, these data
demonstrate a novel mechanism of uPA regulation downstream of
cellular activation by FXa or thrombin.

Both PAR-1 and PAR-2 are required for PAI-1 mRNA and
protein expression because silencing of either receptor in 4T1 cells
abolished the increase of PAI-1 in the culture supernatant. This
result is consistent with the absence of inducible PAI-1 expression
in breast tumor lines lacking PAR-2, such as 67NR cells. This
codependency suggests that PAR-1 and PAR-2 are complexed
together and that cleaved PAR-1 transactivates PAR-2 to induce
PAI-1 expression. Interestingly, thrombin, but not FXa, activated
the PAR-1/PAR-2 complex. These data are consistent with the
thrombin-dependent activation of a PAR-1/PAR-2 complex previ-
ously described by O’Brien et al.21 Thrombin activated PAR-1 and
transactivated PAR-2 have been shown to use separate intracellular
signaling pathways in an endothelial cell model of sepsis using
pharmacological inhibitors and siRNA against PAR-1 or PAR-2.41

This may explain the differential regulation of uPA secretion and
PAI-1 mRNA expression by PAR-1 and a PAR-1/PAR-2 complex,
respectively, in tumor cells.

Figure 4. Stimulation of 4T1 cells with FXa or throm-
bin induces uPA secretion. (A) Intracellular uPA stain-
ing. Subconfluent 4T1 cells were starved overnight then
incubated with SFM, FXa, or thrombin for 30 minutes.
The cells were then fixed and permeablized on glass
chamber slides. Cells were incubated with both uPA-
fluorescein isothiocyanate (green) and GM130-Alexa
Fluor555 (red) antibodies, then counterstained with DAPI
(blue). Slides were viewed on an Olympus BX51WI
fluorescence microscope fitted with an Olympus DP70
cooled digital color camera. Total magnification is 400 �
(10 � ocular; 40 � objective). DP Controller version
2.2.1.227 software was used for image acquisition. Graph-
icConverter X V5.4 was used to compile images.
(B-C) Serum starved 4T1 cells were incubated with FXa
(125nM) or thrombin (20nM) for 1 hour. Cellular (B) and
culture supernatant (C) uPA expressed as percentage of
total uPA in 4T1 cells. Results are shown as mean � SEM
of 3 independent experiments. *P � .05 (control versus
FXa treated) and §P � .05 (control versus thrombin
treated). (D) Cells were treated with BFA (10 �g/mL) or
vehicle control then stimulated with FXa (125nM) or
thrombin (20nM) for 1 hour. uPA was quantified in cell
culture supernatant. **P � .05 (control versus FXa
treated) and §P � .05 (control versus thrombin treated).
(E) uPA levels in the culture supernatant of 4T1 cells
treated with 100nM or 200nM PMA for 1 hour. *P � .05
and **P � .001 (control versus PMA treated). Results are
shown as mean � SEM of 3 independent experiments.

PAR-1 AND PAR-2 MEDIATE CROSSTALK IN BREAST CANCER 5041BLOOD, 2 DECEMBER 2010 � VOLUME 116, NUMBER 23

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/116/23/5037/1332117/zh804910005037.pdf by guest on 02 June 2024



Our model suggests that there is differential signaling in tumor cells
containing either PAR-1 alone or both PAR-1 and PAR-2 (Figure
6). In cells expressing only PAR-1, FXa or thrombin activate the
receptor resulting in uPA secretion. Thrombin activates PAR-1 in a
membrane-independent manner whereas FXa is anchored to the
membrane. This membrane tethering may be achieved when FXa is
complexed with TF-FVIIa or when FXa is bound to the membrane.
In cells that express both PAR-1 and PAR-2, we found evidence of
a PAR-1/PAR-2 complex. In these cells, we propose that PAR-1,
the more abundantly expressed receptor, can exist as a lone
receptor or as part of the PAR-1/PAR-2 complex, whereas all of the
PAR-2 is sequestered into the complex. Importantly, unlike PAR-1
alone, the PAR-1/PAR-2 complex is activated by thrombin but not
by FXa. This thrombin-dependent cleavage of PAR-1 transacti-
vates PAR-2 resulting in increased PAI-1 expression. Previous
studies have shown that receptors, such as TF and PARs, are often
clustered together in specialized membrane microdomains, namely
caveolae and lipid rafts, to enhance signaling.42 Presumably, PAR-1
and the PAR-1/PAR-2 complex reside in different membrane
domains explaining why only a trans-acting protease, such as
thrombin, is capable of activating both sets of PARs on the cell
surface.

We were unable to observe a TF-FVIIa-PAR-2 dependent
regulation of either uPA or PAI-1 in the 4T1 cell line. In contrast,
TF-FVIIa-PAR2 signaling has been described using the human
breast cancer cell line MDA-MB-231.31,43 Using Oncomine (Com-
pendia Biosciences), we mined gene array data (GSE 2603) and
found that the mRNA levels of TF and PAR-2 were significantly
greater than that of PAR-1 in MDA-MB-231 tumor xenografts.44

We found similar results by quantitative real-time PCR using
cultured MDA-MB-231 cells (data not shown). TF-FVIIa-PAR-2
signaling was also observed in baby hamster kidney cells trans-
fected with TF and human endothelial cells transfected with TF and
PAR-2.45 Taken together, this suggests that the levels of TF and
PAR-2 expressed on the 4T1 cells are not high enough to support
for TF-FVIIa-PAR-2 signaling.

PARs enable cells to detect, and therefore respond to proteases
present in the local environment. Tumor metastasis and angiogen-
esis, whether lymphatic or hematogenous, requires a variety of
matrix remodeling proteases, including matrix metalloproteinase-1
and plasmin.46,47 These proteases, in addition to mast cell tryptase,
and tissue kallikreins, are present within the breast tumor stroma
and are known to activate PAR-1 or PAR-2.18,48,49 Recently, it has
been demonstrated that oncogenes increase TF, PAR-1, and PAR-2

Figure 5. Coagulation proteases activate the secretory pathway in
the 4T1 cell line. (A) 4T1 cells were treated for the indicated amount of
time with SFM, FXa, thrombin, or 200nM PMA. Blots were probed with
antibodies for p-PKC� and GAPDH. Data shown is representative of
3 independent experiments. (B) 4T1GFP, 4T1�PAR-1, and 4T1�PAR-2 cells
were treated with SFM, FXa, thrombin, or PMA for 5 minutes. Blots were
probed with antibodies for p-PKC� and GAPDH. Phosphorylated PKC�
was quantified by dividing the background-corrected p-PKC� signal
intensity by the background corrected GAPDH signal intensity. The blot
shown is representative of at least 3 independent experiments. Quantifica-
tion results are shown as mean � SEM of at least 3 independent
experiments. *P � .05 (4T1GFP versus 4T1�PAR-1) and #P � .05 (4T1�PAR-1

versus 4T1�PAR-2).

Figure 6. Proposed model of how coagulation pro-
tease activation of PAR-1 and PAR-2 regulates uPA
and PAI-1 expression in mouse breast cancer cell
lines. PAR-1 and PAR-2 can exist as individual receptors
or in a complex. Cells, such as the 67NR cell line (left
panel), express PAR-1 only whereas 4T1 cells express
PAR-1 and a PAR-1/PAR-2 complex (right panel). The
configuration of PAR-1 and PAR-2 determines the expres-
sion of uPA and PAI-1 in response to different coagulation
proteases.
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expression.2 We hypothesize that the local generation of FXa and
thrombin on the surface of tumor cells, in addition to the
aforementioned proteases present in the tumor stroma, may activate
PAR-1 or PAR-2, leading to increased release/expression of uPA
and PAI-1. Both uPA and PAI-1 have established roles in matrix
degradation, tumor motility, and angiogenesis.22 Our study ex-
plains how the coagulation system may use PAR-1 and PAR-2 to
promote malignancy via increased generation of plasmin.
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