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Abstract
Gene chip and proteomic analyses of tumors and stromal
tissue has led to the identification of dozens of candidate
tumor and host components potentially involved in tumorstromal interactions, angiogenesis, and progression of
invasive disease. In particular, matrix metalloproteases
(MMP) have emerged as important biomarkers and
prognostic factors for invasive and metastatic cancers.
From an initial screen of benign versus malignant patient
fluids, we delineated a metalloprotease cascade comprising MMP-14, MMP-9, and MMP-1 that culminates
in activation of PAR1, a G protein-coupled proteaseactivated receptor up-regulated in diverse cancers. In
xenograft models of advanced peritoneal ovarian cancer,
PAR1-dependent angiogenesis, ascites formation, and
metastasis were effectively inhibited by i.p. administration of cell-penetrating pepducins based on the intracellular loops of PAR1. These data provide an in vivo
proof-of-concept that targeting the metalloprotease-PAR1
signaling system may be a novel therapeutic approach
in the treatment of ovarian cancer. [Mol Cancer Ther
2008;7(9):2746 – 57]
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Introduction
Ovarian cancer is a particularly deadly malignancy,
because the vast majority of patients are diagnosed well
after the cancer has spread throughout the peritoneal
cavity (1). Despite excellent initial response rates to
chemotherapy, most patients experience relapses due to
drug resistance. This has sparked an upsurge in interest
in developing targeted therapies that block key signaling
pathways involved in tumor-stromal interactions, tumor
vascularity, and invasion (2, 3). Abundant evidence has
pointed to matrix metalloproteases (MMP) as playing
critical roles in invasion, blood vessel penetration, and
metastasis of many solid tumors including ovarian cancer
(4, 5). MMPs are zinc-dependent proteases secreted by
both tumor and host cells that are required for tumor cell
invasion through the basement membrane and stromal
tissue. Secreted MMPs are produced in the proform as
inactive zymogens, which are activated on the cell surface
by other proteases and membrane-tethered MMPs (4).
However, the mechanism of activation of individual proMMPs remains largely unknown and may differ depending on the tumor type and stage. Human ovarian cancer
cells and surrounding stroma have been shown to secrete
proMMP-2 and proMMP-9 (6, 7) and the increased
expression of these gelatinases is associated with high
invasive and metastatic potential (8, 9) and short overall
survival of ovarian cancer patients (10). Peritoneal inflammatory cells also supply metalloproteases such as macrophage-derived MMP-9, which increases tumorigenesis and
angiogenesis in genetically modified mice (11).
In addition to MMP-2 and MMP-9, one of the most
promising of the new candidate biomarkers for metastatic
and invasive cancer is the fibroblast collagenase, MMP-1.
High MMP-1 expression in tumors is associated with poor
prognosis in patients with colorectal, esophageal, and
breast cancer (12 – 14). MMP-1 was also identified as a
predictive marker for breast cancer where it is expressed in
reactive stromal tissue and ductal lavage fluids of patients
with no prior history of breast cancer (15). A commonly
occurring G/2G promoter polymorphism, which causes
enhanced MMP1 transcription (16), was recently shown
to be associated with shortened disease-free and overall
5-year survival in ovarian cancer patients (17); however,
it is not clear whether MMP-1 collagenase plays a direct
role in the progression of ovarian cancer.
From a screen of fluids derived from patients with benign
versus malignant ovarian diseases, a metalloprotease
cascade was identified which culminates in activation of
proMMP-1 to MMP-1. MMP-1 in turn directly activated
PAR1 (18), a cell surface receptor coupled to G proteins
(19). PAR1 is not normally expressed in nonmalignant
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epithelia including ovarian (20, 21) but was found to be
highly up-regulated in invasive ovarian carcinomas in vitro
and when passaged in mice. PAR1-dependent angiogenesis and ascites formation, invasion, and metastasis were
effectively inhibited downstream of the MMP cascade by a
cell-penetrating lipopeptide ‘‘pepducin’’ based on the third
intracellular loop of PAR1. These results provide in vivo
evidence that PAR1 may be potential therapeutic target
in ovarian cancer.

Materials and Methods
Pepducins
N -palmitoylated peptides, P1pal-7 (C 15 H 31 CONHKKSRALF-NH 2 ), P1pal-12 (C 15 H 31 CONH-RCLSSSAVANRS-NH2), and P1pal-19EE (C15H31CONH-RCESSSAEANRS KKERELF-NH2), were synthesized by standard
Fmoc synthetic methods with COOH-terminal amides.
Palmitic acid was dissolved in 50% N-methylpyrolidone/
50% methylene chloride and coupled overnight to the
deprotected NH2-terminal amine of the peptide. After
cleavage from the resin, palmitoylated peptides were
purified to >95% purity by C18 or C4 reverse-phase highperformance liquid chromatography as before (22).
RNA Interference
RNA interference (RNAi) reagents have been described
previously and characterized: MMP-9 (5¶-CAUCACCUAUUGGAUCCAAdTdT-3¶; ref. 23), MMP-14 (5¶-AUGCAGAAGUUUUACGGCUUGUU-3¶; ref. 24), firefly
luciferase (5¶-CGTACGCGGAATACTTCGA-3¶), and PAR1
(5¶-AAGGCUACUAUGCCUACUACU-3¶; ref. 18). The
PAR3 RNAi SMART pool L-005491 was synthesized by
Dharmacon. Total RNA was extracted for reverse transcription-PCR from OVCAR-4 cells with RNeasy mini kit
(Qiagen). cDNA was prepared with 5 Ag total RNA using
MMLV reverse transcriptase. The desired products were
amplified using Taq polymerase and the following primers:
hMMP-1 sense 5¶-CGACTCTAGAAACACAAGAGCAAGA-3¶ and antisense 5¶-AAGGTTAGCTTACTGTCACACGCTT-3¶, hMMP-2 sense 5¶-GTGCTGAAGGACACACTAAAGAAGA-3¶ and antisense 5¶-TTGCCATCCTTCTCAAAGTTGTAGG-3¶, hMMP-9 sense 5¶-CACTGTCCACCCCTCAGAGC-3¶ and antisense 5¶-GCCACTTGTCGGCGATAAGG-3¶, hMMP14 sense 5¶-GCTTGCAAGTAACAGGCAAA-3¶ and antisense 5¶-AAATTCTCCGTGTCCATCCA-3¶ (as described in refs. 18, 24), hMMP-8 sense 5¶-GACGCTTCCATTTCTGCTCTTACTCCAT-3¶ and antisense
5¶-TCCCCGTCACATTCAACCCAAAAA-3¶, and MMP-3
sense 5¶-GATCTCTTCATTTTGGCCATCTCTTC-3¶ and
antisense 5¶-CTTCCAGTATTTGTCCTCTACAAAGAA-3¶.
Cell Culture
OVCAR-4, SKOV-3, OVCAR-3, IGROV-1, OVCAR-5, and
OVCAR-8 cells were obtained from the National Cancer
Institute. NIH-3T3 murine fibroblasts were from the
American Type Culture Collection. Cells were grown in
RPMI with 10% fetal bovine serum and transfected with
OligofectAMINE using 20 Amol/L RNAi per 100 mm plate.
Migration assays were conducted 48 h following transfec-

tion. Human recombinant interleukin-8 was expressed in
Escherichia coli using the pET31 system (25) and purified
and reconstituted as described previously (26).
Flow Cytometry
Rabbit polyclonal PAR1 and PAR3 antibodies were
purified by peptide affinity chromatography as described
previously (27). FITC-conjugated goat anti-rabbit antibody
was purchased from Zymed. Flow cytometry was done on
ovarian carcinoma cells as before (27, 28).
Cell Migration and MMP Assays
Ovarian and hepatic ascites, ovarian cystic fluid, and
pleural effusions were collected from 16 patients with all
patient identifiers removed as approved by the Tufts
Medical Center Institutional Review Board (Supplementary
Table S1).6 Conditioned medium was prepared from
fibroblasts or OVCAR-4 cells after 2 days of cell culture
as described (18). Chemotactic migration and chemoinvasion (29) assays were conducted using a 8 Am pore
size Transwell apparatus (Corning) as described previously
(27). Chemotactic index measurements (ratio between the
distance of migration toward chemoattractants over that
toward medium alone) were done with a 48 blindwell
microchemotaxis chamber (Neuroprobe) equipped with
8 Am pore nitrocellulose filters as described previously (26).
Pure proMMP-1, proMMP-2, proMMP-3, proMMP-7, and
proMMP-9 were obtained from EMD BioSciences. MMP200 was from Enzyme Systems Products, and FN-439
(MMP Inh-1), MMP 2 Inh, MMP 9/13 Inh-1, MMP-3 Inh-III
were from Calbiochem. Human a-thrombin was from
Haematologic Technologies. Stock solutions of 400 nmol/L
proMMP-1 were activated with 2 mmol/L APMA in
50 mmol/L Tris (pH 7.7), 5 mmol/L CaCl2, 0.2 mol/L
NaCl, and 50 Amol/L ZnCl2 at 37jC for 30 min and then
transferred to an ice bath before use. Before migration
assays, the APMA was removed by overnight dialysis in
10 kDa MWCO Mini Slide-A-Lyzers (Pierce) at 4jC. Quantikine human proMMP-1, total MMP-2, total MMP-3, total
MMP-8, total MMP-9, and total MMP-13 ELISAs were
purchased from R&D Systems and was used according
to the manufacturer’s protocol. Collagenase activity was
assayed from lysed cells and in conditioned medium by
measuring the cleavage of fluorescein conjugated DQ
collagen (Molecular Probes). Collagenase assays contained
10 Ag DQ collagen in 50 mmol/L Tris-HCl (pH 7.6),
150 mmol/L NaCl, 5 mmol/L CaCl2, and 0.2 mmol/L
NaN3 and cleavage was monitored at 538 nm using a
fluorescence microplate reader with excitation at 485 nm at
25jC. One unit of collagenase activity was defined as the
cleavage of 1 Ag collagen/min at 25jC.
Endothelial Monolayer Permeability Assays
Immortalized human umbilical vein endothelial cells
(EA.hy926) were plated on 3 Am polycarbonate Transwell
membranes (Corning) in EBM2 supplemented with 10%
fetal bovine serum. After reaching confluence, the cell

6
Supplementary material for this article is available at Molecular Cancer
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coated membranes were placed into a dual chamber system
and were either treated with MMP-1 or conditioned
medium from peritoneal fibroblasts (HPF) in the presence
or absence of 5 Amol/L FN-439, 5 Amol/L RWJ-56110, or
3 Amol/L P1pal-7. After a 2 h incubation period, the
medium in the upper chamber was removed and DMEM
containing 30 mg/mL Evans blue was added to the upper
well and PBS was added to the lower compartment of
the chamber. After 15 min incubation, Evans blue was
quantified in the lower wells by A 650.
Peritoneal Ovarian Tumor Models
All animal experiments were conducted in full compliance with Tufts Medical Center Institutional Animal Care
and Use Committee. Female NCR nu/nu mice (5-7 weeks)

were purchased from Taconic Farms. Mice were injected
into the peritoneal cavity with 1.5 million OVCAR-4 or
SKOV-3 cells. Animals were subsequently treated every
other day with either i.p. injections of P1pal-7 pepducin or
FN-439 in 100 AL of 10% DMSO vehicle with or without
concomitant docetaxel. At the end of 6 weeks, tumors and
organs were excised from euthanized mice, fixed in 10%
formalin/PBS, and embedded in paraffin. Tissue sections
(5 Am) from omentum, diaphragm, abdominal, and thoracic
organs were prepared and stained with H&E or immunostained using a rabbit polyclonal anti-von Willebrand
factor (DakoCytomation) for microvessel quantification
and staged in a blinded manner by two independent
pathologists.

Figure 1.

ProMMP-1 in patient
fluids correlates with ovarian carcinoma cell migration. Various fluids
were collected from 16 patients
with benign or malignant disease.
ProMMP-1, total MMP-2 (proform
and active form), total MMP-3 (proform and active form), total MMP8 (proform and active form), total
MMP-9 (proform and active form),
and proMMP-13 levels were measured by ELISA from malignant ascites (n = 4), malignant pleural
effusion (n = 4), benign ascites
(n = 4), benign ovarian cyst (n = 3),
peritoneal fibroblasts (n = 2), and
malignant ovarian cyst (n = 1). Primary peritoneal fibroblasts were cultured
from ascitic taps obtained from
patients with ovarian cancer. Conditioned medium from 80% confluent
peritoneal fibroblasts or OVCAR-4
ovarian carcinoma cells was collected
after 2 d in RPMI. Mean F SE. Inserts,
linear correlation of MMP levels (X
axis) versus migration of OVCAR-4
cells (Y axis) toward the various fluids
is shown for each MMP. OVCAR-4
cells (50,000) were allowed to migrate
for 18 h toward each of the patient
fluids or the conditioned medium from
peritoneal fibroblasts or OVCAR-4 cells
using 8 Am pore Transwell apparatus.
Statistical analyses were conducted by
linear regression using the SAS System
and the CORR procedure.
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Results and Discussion
MMPs in Benign versus Malignant Ovarian Fluids
Patients with ovarian cancer often produce copious
amounts of peritoneal ascites or cystic fluid, which may
contain metalloproteases that aid in the dissemination of
the cancer. Fluid was collected from the peritoneal cavity
(ascites), ovarian cysts, or pleura from 16 patients with
malignant or benign diseases. Protein levels of the
collagenases (proMMP-1, total MMP-8, and proMMP-13),
gelatinases (total MMP-2 and total MMP-9), and stromelysin (total MMP-3) were then measured in the patient fluids.
Of the six MMPs tested, proMMP-1 levels had the strongest
positive correlation with malignancy (Fig. 1). Likewise,
there was a significant correlation between proMMP-1
levels in the patient samples and ability to induce migration of highly invasive OVCAR-4 carcinoma cells (R = 0.85;
P = 0.016). Malignant ovarian cyst fluid and ovarian ascites
had proMMP-1 levels that were 8- to 13-fold higher than
those in benign ovarian cyst fluid. Conditioned medium
from peritoneal fibroblasts isolated from ovarian cancer patients had up to 200-fold higher proMMP-1 levels
than medium from the OVCAR-4 cancer cells themselves
(Fig. 1). Conversely, protein levels of the other collagenases,
MMP-8 and MMP-13, did not correlate with either
malignancy or ability to induce migration. Levels of the
MMP-2 gelatinase were 90- to 550-fold higher than
proMMP-1 in the patient fluids but did not correlate as
strongly with malignancy or migration. MMP-9 gelatinase
was abundant in nearly all tested benign and malignant
patient fluids (71 F 20 ng/mL) and was produced at very
high levels by OVCAR-4 cells. MMP-3 levels did not
correlate with malignancy or migration.
PAR1, a Receptor for MMP-1, Is Correlated with
Invasive Propensity of Ovarian Cancers
A recent study found that the G protein-coupled
receptor, PAR1, is cleaved by MMP-1, which promotes
breast cancer migration and invasion (18). To investigate
whether PAR1 might play a role in metalloproteasedependent chemotaxis of ovarian carcinoma cells, we
characterized six ovarian cancer cell lines from the NCI60 panel for PAR1 surface expression and correlated
expression with cell migration toward fibroblast conditioned medium. There was a strong positive correlation
(R = 0.96; P = 0.0006) between PAR1 expression and
migration of OVCAR-5, OVCAR-3, SKOV-3, IGROV-1,
OVCAR-8, and OVCAR-4 ovarian cancer cell lines (Fig. 2A).
In contrast, there was a poor correlation (R = 0.33; P = 0.47)
between the closely homologous PAR3 receptor (Fig. 2A)
and migration of ovarian cancer cells to the fibroblast
conditioned medium. OVCAR-4 cells had the highest
levels of PAR1 surface expression and gave a robust calcium signal to the PAR1 ligand TFLLRN (data not shown).
We also tested whether there was a correlation between
the levels of a particular MMP in the patient fluids and
chemoinvasion (29) of the ovarian carcinoma cells through
Matrigel. Consistent with the migration data, the only significant positive correlation between chemoinvasion and
MMP level was observed for proMMP-1 and the high

PAR1-expressing OVCAR-4 and IGROV-1 cells (Supplementary Table S2).
Metastatic spread of cancer cells in mice often results in
altered expression of malignancy-associated genes; therefore, we tested whether passage of OVCAR-4 cells in the
peritoneal cavity of nude mice would increase expression
of PAR1. OVCAR-4ip1 cells, harvested at 40 days from
nude mice, had a 2.3-fold further increase in migration and
a corresponding 2.5-fold further increase in surface expression of PAR1 (Fig. 2A). In contrast, surface expression of
PAR3 dropped by 50% in the i.p. passaged OVCAR-4 cells
relative to the parent OVCAR-4 cells. Gene silencing of
PAR1 in the OVCAR-4ip1 and parental OVCAR-4 cells
with RNAi caused a 45% to 77% decrease in median surface
expression of PAR1 relative to luciferase control RNAitreated cells (Supplementary Fig. S1A) with an attendant
60% to 75% loss in cell migration (Fig. 2B). PAR3 RNAi
treatment (Supplementary Fig. S1B) had no effect on
the migration of either OVCAR4 or OVCAR-4ip1 cells
(Fig. 2). To validate the MMP1-PAR1 signaling axis,
OVCAR-4 cells were treated with either PAR1 or luciferase RNAi for 48 h and then tested for ability to migrate
toward MMP-1. The 2.3-fold increased migration toward
0.3 nmol/L MMP-1 was completely blocked with PAR1
RNAi treatment of the OVCAR-4 cells (Fig. 2C). To provide evidence that the decreased migration was a PAR1specific event, we found that chemotactic migration of
the OVCAR-4 cells toward IL-8 was unaffected by PAR1
RNAi treatment relative to luciferase RNAi (Supplementary
Fig. S1C).
PAR1 Pepducins Inhibit Migration of Ovarian Cancer
Cells toward Malignant Ascites Fluid
To block PAR1-dependent migration of ovarian carcinoma cells toward ascites fluid from patients with ovarian
cancer or fibroblast medium, we used cell-penetrating
pepducin antagonists based on the intracellular loops of
PAR1 (22, 30). Pepducins are cell-penetrating lipopeptide
conjugates based on the sequences of the intracellular loops
of PAR1 and other G protein-coupled receptors (22, 26,
30, 31). After delivering its cargo across the plasma
membrane, the lipid moiety anchors the compound to the
lipid bilayer, thereby concentrating the pepducin to the
target receptor-G protein interface (32). The P1pal-12
pepducin is a N-palmitoylated peptide based on the
amino-terminal portion of the third intracellular loop of
PAR1 that interdicts signaling between PAR1 and internally located G proteins (22). In addition, we tested a carboxylterminal third intracellular loop pepducin, P1pal-7, which
is a full antagonist of PAR1, and a negative control PAR1
pepducin, P1pal-19E (22). Plpal-12 and P1pal-7 blocked
90% to 94% of OVCAR-4 migration toward human ovarian
ascites and fibroblast conditioned medium, whereas P1pal19E was without effect (Fig. 2D). Likewise, a smallmolecule ligand-based antagonist of PAR1, RWJ-56110
(33), strongly inhibited migration of the OVCAR-4 cells.
We also tested the ability of the PAR1-based pepducins to
inhibit migration of other ovarian carcinoma cell lines to
either malignant human ascites fluid or fibroblast medium.
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IGROV-1 cells were inhibited by up to 80% with the PAR1
pepducins or RWJ-56110, whereas SKOV-3 was inhibited
by 33% to 70% (Fig. 2D). The less pronounced inhibition of
migration of the SKOV-3 cells by the PAR1 antagonists was
correlated with the lower PAR1 expression levels in those
cells compared with the high PAR1-expressing OVCAR-4
cells. Addition of the PAR1 antagonists had no effect on the
migration of the very low PAR1-expressing OVCAR-3 cells
(Supplementary Fig. S2).
MMP-1 Activity from Malignant Ascites Fluid Stimulates the Migration of Ovarian Carcinoma Cells
PAR1 has been shown to be activated by several serine
proteases from blood such as thrombin, plasmin, and
activated protein C or by fibroblast-secreted MMP-1 (18, 28,
34). To provide evidence that the MMP-1 activity derived
from the human ascites was responsible for the PAR1dependent migration of the OVCAR-4 cells, a panel of
protease inhibitors that block serine proteases (polymethylsulfonyl fluoride, broad-spectrum serine protease
inhibitor; hirudin, specific thrombin inhibitor) or Zn2+dependent MMPs (MMP-200, broad-spectrum MMP inhibitor; FN-439, inhibitor of MMP-1) were assessed for their
ability to block migration. As shown in Fig. 2E, neither
hirudin nor polymethylsulfonyl fluoride inhibited migration, whereas MMP-200 and FN-439 prevented 65% of
migration of OVCAR-4 cells toward ascites fluid from
patients with ovarian cancer or conditioned medium from
fibroblasts. The 35% to 40% residual motility of the
OVCAR-4 cells may be due to other chemotactic factors
or proteases that are not blocked by the protease inhibitors
employed. To confirm that proteolytic activation of PAR1 is
capable of stimulating migration of OVCAR-4 cells, we
added exogenous activated MMP-1 or thrombin to serumfree medium in the lower chamber of the chemotaxis
apparatus. We found that low concentrations of MMP-1 or
thrombin induced cell motility of OVCAR-4 with a peak at
0.3 nmol/L for both proteases (Fig. 2F-G). MMP-1 and
thrombin induction of OVCAR-4 cell mobility was abolished with the PAR1 inhibitor, RWJ-56110. MMP1-induced
migration was unaffected by polymethylsulfonyl fluoride,
whereas thrombin-induced migration was completely

blocked (Fig. 2F-G). Together, these data indicate that the
observed PAR1-dependent chemotaxis of the ovarian
carcinoma cells toward MMP-1 is independent of serine
proteases.
Upstream Roles of MMP-9 and MMP-14 in Activating
MMP1-Dependent Migration of Ovarian Carcinoma
Cells
A panel of proMMPs were individually screened for
ability to stimulate chemotactic migration of OVCAR-4
ovarian carcinoma cells. We found that proMMP-1 zymogen added to serum-free medium in the bottom well was
also able to induce nearly a 100% increase in chemotactic
migration of OVCAR-4 cells (Fig. 3A). Unlike proMMP-1,
addition of proMMP-2, proMMP-3, proMMP-7, or
proMMP-9 zymogens to RPMI in the bottom well was not
able to confer chemotaxis to the OVCAR-4 cells. A panel of
metalloprotease inhibitors was used to determine whether
active MMPs produced by the OVCAR4 cells themselves
were essential for the chemotaxis toward proMMP-1.
FN-439 completely blocked the ability of proMMP-1 to
induce migration of the OVCAR-4 cells (Fig. 3B), indicating
that active MMP-1 was required. Inhibitors against MMP-2
and MMP-3 were without effect; however, the MMP9/13
inhibitor completely blocked proMMP1-induced migration.
Reverse transcription-PCR showed that the OVCAR-4 cells
did not express MMP-1, MMP-2, MMP-3, or MMP-8 but
did express mRNA for MMP-9 (Fig. 3C), consistent with
the ELISA results in Fig. 1. Together, these data suggested
that the MMP-9 produced by the OVCAR-4 cells might be
required for activating exogenous proMMP-1 to MMP-1.
To provide direct evidence that MMP-9 from OVCAR-4
cells was required for MMP1-dependent migration, we
suppressed MMP-9 expression using a previously described RNAi (Supplementary Fig. S1D; ref. 23). As shown
in Fig. 3D, proMMP1-dependent migration, but not MMP1migration, was nearly completely suppressed by MMP-9
RNAi treatment of the OVCAR4 cells compared with
luciferase RNAi controls. To show that MMP-9 was directly
activating proMMP-1, we measured in situ production
of collagenase activity from OVCAR-4 medium. Addition
of proMMP-1 to OVCAR4 cells significantly enhanced

Figure 2. MMP1-PAR1-dependent migration of ovarian cancer cells toward malignant ascites fluid. A, surface PAR1 and PAR3 expression of the NCI-60
ovarian cancer cell lines (n = 6) was measured by flow cytometry as before (27) and correlated with migration toward fibroblast-produced conditioned
medium. Ovarian cancer cells (50,000) were seeded onto 8 Am pore membrane in the upper well of a Transwell apparatus and allowed to migrate for
5 h toward conditioned medium from NIH-3T3 fibroblasts. PAR1: R = 0.96; P = 0.0006. PAR3: R = 0.33; P = 0.47. B, silencing of PAR1 expression in
OVCAR-4 and OVCAR-4ip1 cells with PAR1 RNAi inhibits migration toward fibroblast conditioned medium. OVCAR-4 or OVCAR-4ip1 cells were
transfected with luciferase (Luc ), PAR1 , or PAR3 RNAi for 48 h. Surface expression of PAR1 and PAR3 dropped by 45% to 77% as determined by flow
cytometry, when cells were treated with their respective RNAi molecules (Supplementary Fig. S1A and B). C, gene silencing of PAR1 with RNAi blocks
chemotaxis of OVCAR-4 cells toward MMP-1. OVCAR-4 cells were transfected with luciferase or PAR1 RNAi for 48 h and then allowed to migrate toward
0.3 nmol/L MMP-1 (APMA-activated) in RPMI/0.1% bovine serum albumin (BSA) for 18 h in a 48-well microchemotaxis chamber. Chemotaxis index is the
ratio of directed over random migration through 8 Am pore filter. D, effect of PAR1-based pepducins on migration of OVCAR-4, IGROV-1, and SKOV-3
ovarian carcinoma cells toward malignant ascites from ovarian cancer patients or fibroblast conditioned medium. Migration toward ascites or fibroblast
conditioned medium was conducted in the presence of PAR1 antagonists based on either the extracellular ligand (3 Amol/L RWJ-56110) or cell-penetrating
pepducins (3 Amol/L) derived from the PAR1 third intracellular loop (P1pal-12, P1pal-7, or control P1pal-19EE) in 0.2% DMSO vehicle. The source of the
malignant ascites was from two different patients with ovarian adenocarcinoma. E, migration (18 h) of OVCAR-4 cells toward fibroblast or malignant
ovarian ascites in the presence of polymethylsulfonyl fluoride (100 Amol/L), hirudin (0.015 units), MMP-200 (200 nmol/L), FN-439 (5 Amol/L), or vehicle. F
and G, low concentrations of MMP-1 or thrombin activate PAR1-dependent migration of OVCAR-4 cells. OVCAR-4 cells were allowed to migrate toward
activated MMP-1 or thrombin (Thr ) in RPMI/0.1% BSA for 18 h in the presence or absence of the PAR1 antagonist, 1 Amol/L RWJ-56110, or 100 Amol/L
polymethylsulfonyl fluoride. Mean F 1 SE (n = 2-4) with assays done in duplicate. *, P < 0.05; #, P = 0.05-0.06, Student’s t test.
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Figure 3. MMP-14 and MMP-9 activate
proMMP1-dependent migration of ovarian
cancer cells. A, OVCAR-4 cells were
placed in the top well of a 48-well microchemotaxis chamber and allowed to migrate for 18 h toward 20 nmol/L of each
proMMP in RPMI/0.1% BSA in the bottom
well. B, OVCAR-4 cells were allowed to
migrate toward 20 nmol/L proMMP-1 in
RPMI/0.1% BSA in the presence of the
indicated MMP inhibitors used at z3-fold
IC50: 5 Amol/L FN-439, 5 Amol/L MMP-2
Inh, 5 Amol/L MMP2/3 Inh, and 5 nmol/L
MMP9/13 Inh. C, total RNA was extracted
from OVCAR-4 cells. cDNA was prepared
and amplified with PCR primers to MMP-1,
MMP-2, MMP-3, MMP-8, MMP-9, or
MMP-14 and separated on a 1.5% agarose
gel. D, OVCAR-4 ovarian cells were
treated for 48 h with RNAi directed against
MMP-9, MMP-14 , or luciferase (luci )
and allowed to migrate for 18 h toward
20 nmol/L proMMP-1, 0.3 nmol/L active
MMP-1, or a combination of 20 nmol/L
proMMP-1 and 20 nmol/L proMMP-9 in
RPMI/0.1% BSA. E, OVCAR-4 cells were
treated with RNAi against luciferase,
MMP-9 , or MMP-14 for 48 h, cells were
washed, and 20 nmol/L proMMP-1 was
added in RPMI/0.1% BSA on top of the
cells. Conditioned medium from the treated
cells was then collected after 6 h and
assayed for collagenase activity. F,
OVCAR-4 cells treated for 48 h with the
indicated RNAi were allowed to migrate for
18 h toward malignant ovarian ascites in
the absence or presence of 5 Amol/L FN439. Mean F 1 SE (n = 2-4). *, P < 0.05;
**, P < 0.01, Student’s t test.

collagenase activity by 13 F 2 units/mL above baseline
(Fig. 3E). Conversely, knockdown of MMP-9 expression
from OVCAR-4 cells with RNAi inhibited 70% of the
proMMP1-dependent collagenase activity.
Tumor-derived membrane-tethered MMP-14 (35, 36) is
known to convert proMMP-2 to MMP-2 (37 – 39) and may
also be involved in the activation of the related proMMP-9
(40). We found that MMP-14 mRNA was expressed in the
OVCAR-4 cells (Fig. 3C). Therefore, we examined whether
MMP-14 was also required for the promigratory effects of
proMMP-1. As shown in Fig. 3D, treatment of OVCAR-4
cells with a RNAi against MMP-14 (24) completely suppressed the promigratory effects of proMMP-1 and could

be complemented by exogenous MMP-1 but not by
proMMP-9 plus proMMP-1. Similarly, MMP-14 gene
suppression (Supplementary Fig. S1E) inhibited 80% of
proMMP1-derived collagenase activity from OVCAR-4
cells (Fig. 3E). Taken together, these data support a
proposed cascade whereby OVCAR4-produced MMP-14
and MMP-9 convert proMMP-1 to MMP-1, which in turn
triggers migration.
A previous study indicated that peritoneal macrophages
(11) can secrete proMMP-9, and we found that MMP-9
protein was abundant in malignant peritoneal fluids.
Therefore, it is possible that the proform and/or active
form of MMP-9 supplied by the peritoneal fluids would be
Mol Cancer Ther 2008;7(9). September 2008
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sufficient to activate chemotaxis of the ovarian carcinoma
cells without a requirement of MMP-9 or MMP-14 from the
carcinoma cells. To test this possibility, the chemotactic
migration assays were conducted using ascites from
patients with malignant ovarian cancer. Chemotactic
migration of the OVCAR-4 cells to the malignant ascites
fluid was inhibited by 75% by the MMP-1 inhibitor, FN-439
(Fig. 3F). MMP-9 or MMP-14 RNAi treatment of the
OVCAR-4 cells ablated chemotaxis of the cells toward the
malignant ascites fluid. In control experiments, neither
MMP-9 nor MMP-14 RNAi treatments had an effect on
chemotactic migration of OVCAR-4 cells toward IL-8
compared with luciferase RNAi controls (Supplementary
Fig. S1C). Together, these data indicate that MMP-9 or other
MMPs from the human ascites fluid cannot complement the
loss of OVCAR4-produced MMP-9 or MMP-14.
Effects of Peritoneal Fibroblast-Derived MMP-1 on
PAR1-Dependent Endothelial Barrier Function
Peritoneal carcinomatosis is associated with the production of large volumes of ascitic fluid, which has a severe
negative effect on quality of life of patients with advanced
ovarian cancer and may aid in peritoneal dissemination
and carcinomatosis. It has been postulated that the ascitic
fluid arising from the peritoneal tumors is a direct result
of a leaky tumor vasculature (41, 42). Endothelial PAR1 is
an important modulator of endothelial barrier function
(43 – 45) and could potentially be involved in ascites
formation. Moreover, tumor-derived MMP-1 was recently
shown to activate PAR1-dependent von Willebrand factor
release, calcium flux, and interleukin-8 secretion from
endothelial cells (46). We tested whether MMP-1 derived
from patient peritoneal fibroblasts could stimulate PAR1dependent increases in the barrier permeability of endothelial monolayers. First, we showed that addition of
exogenous MMP-1 (0.5 nmol/L) caused a 50% increase in
endothelial barrier permeability, which was inhibited by
either the MMP-1 antagonist, FN-439, or the PAR1
antagonists, P1pal-7 or RWJ-56110 (Fig. 4A). We then
incubated peritoneal fibroblast-derived conditioned medium overnight in the presence of OVCAR-4 cells. The
OVCAR4-treated peritoneal fibroblast conditioned medium
elicited a 2.2-fold increase in endothelial barrier permeability, which could be nearly completely inhibited by FN-439,
P1pal-7, or RWJ-56110 (Fig. 4B). Taken together, these
in vitro data suggest that MMP-1 derived from peritoneal
fibroblasts can strongly stimulate PAR1-dependent
increases in endothelial barrier permeability.
To test whether PAR1 was involved in ascites formation
in vivo, we assessed the effects of 40-day treatment with the
PAR1 pepducin, P1pal-7 (10 mg/kg i.p. every other day),
on nude mice with OVCAR-4 peritoneal carcinomatosis. As
shown in Fig. 4C and D, vehicle-treated nude mice with
OVCAR-4 peritoneal tumors developed pronounced ascitic
fluid accumulation (2.5 F 0.7 mL) at the 40-day time point.
Monotherapy with the P1pal-7 pepducin significantly
reduced mean ascites fluid volume by 60% (P = 0.0017)
compared with vehicle, consistent with the predicted
effects of blocking endothelial PAR1 on vascular leakage.

Similar results were also seen in nude mice injected i.p.
with SKOV-3 cells (11, 47). All vehicle-treated mice
developed ascites; however, mice treated with P1pal-7
had a trend toward reduced ascites (65%; P = 0.137) at the
40-day time point (Supplementary Fig. S3).
P1pal-7 Pepducin Blocks Angiogenesis of Peritoneal
Ovarian Cancers
We examined the effect of PAR1 inhibition by P1pal-7 on
microvessel density in i.p. ovarian tumors. OVCAR-4
tumors excised from peritoneal organs 6 weeks postinoculation revealed extensive replacement of normal
tissue and had a pronounced serous cyst glandular
morphology typical of ovarian adenocarcinoma. We found
that P1pal-7 monotherapy caused a highly significant 84%
to 96% (P < 0.005) reduction in blood vessel density in
both the center and the edge of the OVCAR-4 tumors
compared with vehicle-treated mice after a treatment
period of 6 weeks (Fig. 5A). Likewise, P1pal-7 in combination with docetaxel caused a significant 73% to 92%
reduction in blood vessel density in both the center and
the edge of the OVCAR-4 tumors compared with docetaxel
alone (Fig. 5B). MMP-1 inhibition with FN-439 was found
to have similar effects as P1pal-7 on blocking tumor
vascularity in the ovarian tumors (Fig. 5B).
Monotherapy with the PAR1 pepducin, P1pal-7, also
caused a striking decrease (90%) in mean blood vessel
density in i.p. SKOV-3 tumors compared with vehicletreated mice (Fig. 5C). Addition of P1pal-7 to docetaxel
caused a further significant decrease in blood vessel density
compared with docetaxel alone. Thus, blockade of PAR1
signaling may provide a benefit in inhibiting angiogenesis
either when used alone or in combination with docetaxel
in mouse models of peritoneal carcinomatosis.
None of the nude mice that received P1pal-7 every other
day for 6 weeks in the presence or absence of docetaxel
exhibited any obvious toxicity. To assess whether P1pal-7
was immunogenic or could affect the host immune
response, we injected P1pal-7 (10 mg/kg i.p. 6 days/wk)
for 6 weeks into DBA/1J mice, which are susceptible to
developing autoantibodies and exhibit heightened inflammatory responses. Sera collected at the 6-week time point
were not immunoreactive to P1pal-7 by dot-blot compared
with vehicle-treated mice (Supplementary Fig. S4A).
Moreover, serum KC (Gro-a) levels, a marker of systemic
inflammation in mice (26), showed no differences between
the P1pal-7 and control groups (Supplementary Fig. S4B).
Pepducin-treated mice had normal joint mobility and no
evidence of arthritis or swelling over the 6-week period
(Supplementary Fig. S4C).
Combination i.p. Therapy of Docetaxel Plus a PAR1Based Pepducin Inhibits Invasion and Metastasis
of Ovarian Cancer in Nude Mice
Patients whose cancer has spread throughout the
peritoneal cavity have a survival rate of only 28%; thus,
inhibition of peritoneal dissemination and metastatic
progression is critical for the successful treatment of
ovarian cancer. Docetaxel, or the related paclitaxel administered i.p. and used in combination with other therapies,
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Figure 4. Effects of inhibiting MMP1PAR1 on endothelial barrier function and
ascites production in nude mice with peritoneal ovarian cancer. A and B, immortalized
human umbilical vein endothelial cells
(EA.hy926) were grown to confluence on
3 Am polycarbonate Transwell membranes.
Endothelium was then stimulated for 2 h with
either (A) 0.5 nmol/L MMP-1 or (B) peritoneal fibroblast conditioned medium harvested after overnight incubation with
OVCAR-4 cells in the presence or absence
of the MMP-1 antagonist FN-439 (5 Amol/L),
the PAR1 antagonist RWJ-56110 (5 Amol/L),
or P1pal-7 (3 Amol/L). Evans blue (30 mg/mL
in DMEM) was then added to the upper
well of the dual chamber system and leakage
(15 min) into the bottom well relative to
unstimulated control (vascular permeability)
was measured by A 650. *, P < 0.05; **,
P < 0.001 (n = 3-5 in duplicate). C, female
NCR nu/nu mice were injected i.p. with
either RPMI (left ) or 1.5 million OVCAR-4
cells (right ) in RPMI. After 40 d, mice
injected with cancer cells showed abdominal
tumor masses and pronounced ascitic fluid
(arrows ). D, female NCR nu/nu mice were
injected with 1.5 million OVCAR-4 cells and
treated with either i.p. vehicle alone (20%
DMSO alternate day) or the PAR1 pepducin
antagonist P1pal-7 (10 mg/kg alternate day)
for 40 d, ascites fluid was collected, and
volume was determined.

is emerging as the standard-of-care chemotherapeutic
agent for the treatment of advanced and recurrent ovarian
cancer (48). Despite the significant inhibitory effects on
ascites and angiogenesis, targeting PAR1 alone with P1pal7 had little effect on the metastatic spread of the OVCAR-4
cells through the peritoneal cavity of the mice (data not
shown). It was possible that the residual blood vessels and
ascites fluid observed in the mice treated with P1pal-7
alone was sufficient to provide the necessary factors and
environment for metastatic progression.
Therefore, we assessed whether inhibition of PAR1
versus MMP-1 in combination with docetaxel was able to
slow progression of advanced ovarian cancer in mice.
To quantify these effects, we developed a histologic staging system that used the diaphragm as a marker of the
progressive invasion and metastasis from the peritoneal
cavity/omentum to the thoracic organs (Fig. 6A). Four i.p.
treatment groups were evaluated. In the first group, mice
received vehicle alone every other day for the 40-day time
period. A second group received docetaxel (10 mg/kg) i.p.

once weekly starting on day 20 until the end of the 40-day
period. The third treatment group received the identical
docetaxel regimen plus P1pal-7 (3.2 mg/kg i.p. every other
day for 40 days starting 24 h after tumor inoculation to
allow implantation). The fourth treatment group received
the identical docetaxel regimen plus FN-439 (5 mg/kg i.p.
every other day starting 24 h after tumor inoculation).
At the 40-day time point, all of the vehicle-treated mice
had stage 4 disease with complete penetration through the
diaphragm and metastasis to the lungs and mediastinum,
confirming that the OVCAR-4 cells were extremely aggressive and metastatic in vivo. By comparison, mice treated
with docetaxel alone had a marked decrease in metastatic
progression, but the cancer had largely spread to the
peritoneal surface of the diaphragm (stage Ib; Fig. 6A).
Addition of the P1pal-7 pepducin to the docetaxel regimen
caused a significant further decrease in invasion (P = 0.01)
relative to docetaxel alone and slowed invasion into the
diaphragm or metastases to the thoracic cavity (Fig. 6B).
Likewise, addition of FN-439 to docetaxel conferred
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significant (P = 0.003) protection against invasion into the
diaphragm with no evidence of thoracic metastases.
Targeting the Metalloprotease-PAR1 Axis in Ovarian
Cancer
The interaction of ovarian carcinoma cells with peritoneal
stromal components, such as fibroblasts and endothelial
cells, provides a rich host environment that facilitates
tumor growth, invasion, and angiogenesis. MMPs in
particular are well adapted to serve as signaling conduits
in the tumor-stromal microenvironment given their key
roles in the complex processes of tissue invasion, blood
vessel homeostasis, and metastasis. MMP-1, MMP-9, and
MMP-14 have all been implicated in the progression of
ovarian cancer. Our finding that these three stromal and
tumor-derived metalloproteases act together in a metalloprotease cascade to activate PAR1 serves to reinforce the
notion that carcinoma cells must closely coordinate their

malignancy-associated activities with the surrounding
stromal cells. The use of membrane-tethered MMP-14,
which localizes to the cellular protrusions or invadopodia,
might further augment the concentration gradients of the
secreted MMP-1 and MMP-9 near the PAR1 receptor and
also create an appropriate invasive microenvironment for
outward tumor expansion and angiogenesis (49). In
addition to MMP-1, PAR1 has several potential protease
agonists including thrombin, activated protein C, and
plasmin. Thus, downstream blockade of PAR1 with a
pepducin might be more advantageous as opposed to
direct MMP-1 inhibition, which does not affect other
putative PAR1 (serine protease) agonists.
MMP inhibitors are an attractive class of drug candidates
for blocking tumor progression, but their approval as
cancer therapeutics has been hampered due to toxicity in
humans (50). Likewise, i.v. administered chemotherapy

Figure 5. Effects of inhibiting MMP1-PAR1 on angiogenesis in mouse models of peritoneal ovarian cancer. A and B, PAR1 pepducin, P1pal-7, used
either as monotherapy or in combination with docetaxel, inhibits angiogenesis of peritoneal OVCAR-4 cancer in mice. Female NCR nu/nu mice were
injected i.p. with 1.5 million OVCAR-4 cells and divided into treatment groups of vehicle (10% DMSO alternate day, starting on day 2), P1pal-7 (3.2 mg/kg
i.p. alternate day, starting on day 2), docetaxel alone (10 mg/kg) once per week starting at day 20, docetaxel (10 mg/kg) once per week starting at day 20
plus P1pal-7 (3.2 mg/kg i.p. alternate day, starting on day 2), and docetaxel (10 mg/kg) once per week starting at day 20 plus FN-439 (5 mg/kg alternate
day, starting on day 2; n = 8-10). Intense staining of Weibel-Palade bodies within individual endothelial cells using a rabbit polyclonal anti-von Willebrand
factor was scored as a blood vessel in a blinded manner from paraffin-embedded tissue sections from mice with peritoneal OVCAR-4 cancer.
Representative sections and blood vessels (arrowheads ) from tumor centers or tumor edge are shown. Vascular density was determined by counting five
to nine fields (magnification, 160) from at least five tumors in each group. C, P1pal-7 inhibits angiogenesis of peritoneal SKOV-3 cancer in mice. Female
NCR nu/nu mice were injected with 1.5 million SKOV-3 cells and divided into the same four treatment regimens as above (n = 5). After 40 d of treatment,
the mice were sacrificed, peritoneal tissues were collected for histopathology, and vessel density was assessed as in A. Bottom, mean blood vessel
density per field. *, P < 0.05; **, P < 0.005.
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Figure 6.

Effect of a PAR1 pepducin in combination with docetaxel on invasion and metastasis in an in vivo peritoneal ovarian cancer model. A,
histologic staging system for peritoneal ovarian cancer in nude mice. B, PAR1 pepducin, P1pal-7, or FN-439 MMP-1 inhibitor, used in combination with
docetaxel inhibits invasion and metastasis of peritoneal ovarian cancer in mice. Six-week treatment with vehicle, docetaxel alone, or docetaxel plus P1pal-7
or FN-439 was conducted as in Fig. 5A. Mice were euthanized and diaphragm, peritoneal, and thoracic organs were harvested, soaked in 10% formalin,
and then sectioned and stained with H&E for histopathologic analyses. Staging was conducted by two independent pathologists who were blinded to the
various treatment groups.

often causes severe side effects arising from bone marrow
and gastrointestinal toxicity. One strategy to limit systemic
side effects and improve tumor targeting in ovarian cancer
patients is to deliver the anticancer agent directly to the
peritoneal cavity. A recent clinical trial involving 415
patients with stage III ovarian carcinoma randomized
patients to standard i.v. versus high-dose i.p. chemotherapy (48). High-dose i.p. cisplatin and paclitaxel significantly increased the overall median survival from 50 to
66 months compared with the i.v. treatment group.
Therefore, it anticipated that future treatment regimens
for ovarian cancer would further use i.p. therapy. The
present study showed that 6-week i.p. administration of a
PAR1 pepducin reduced ascites production and angiogenesis and when given in combination with docetaxel
inhibited metastatic progression of peritoneal ovarian
cancer. An i.p. treatment regimen that targets PAR1 may
provide an orthogonal approach by inhibiting both tumor
invasion and angiogenesis downstream of MMPs in the
peritoneal microenvironment.
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