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Abstract
In the vascular system, circulating tumor cells interact with
endothelial cells. Tumor-endothelial cross-talk transforms the
intravascular milieu to a prothrombotic, proinflammatory,
and cell-adhesive state called endothelial cell activation
(ECA). In the present study, we analyze the potential of
metastatic tumor-derived soluble factors to transform the
vascular endothelium into a prothrombotic and proinflammatory activated state. Supernatant from cultured melanoma
and colon cancer cells (A375, WM9, A7, and HT-29) induced an
acute activation of macrovascular and microvascular endothelial cells (human umbilical vein endothelial cells and
human dermal microvascular endothelial cells) as shown by
intracellular calcium flux and secretion of von Willebrand
factor and interleukin-8, all markers of acute ECA. This
process was inhibited using specific proteinase-activated
receptor 1 (PAR1) inhibitors (RWJ-58259 and SCH-79797),
indicating a mediating role for endothelial thrombin receptors. Immunofluorescence, Western blot analysis, and collagenase activity assay of tumor cells and culture supernatant
revealed the presence of matrix metalloproteinase-1 (MMP-1),
a recently described activator of PAR1. Inhibition of MMP-1
in supernatant from cultured tumor cells significantly attenuated ECA. Additional studies using isolated human MMP-1
(5 nmol/L) proved the presence of a functional MMP-1/PAR1
axis in tumor-endothelial communication. These findings show
a new pathway of tumor-endothelial cross-talk via an intravascular MMP1/PAR1 axis in microvascular and macrovascular
endothelium. Inhibition of this cross-talk may be a powerful
means to prevent tumor-induced ECA and thus thrombotic and
inflammatory cell adhesion. (Cancer Res 2006; 66(15): 7766-74)

Introduction
Proteinase-activated receptors (PAR) are a unique class of
G-protein-coupled receptors that are characterized by a distinctive
mechanism of activation. Proteolytic cleavage at the NH2 terminus
of the receptor reveals a tethered ligand that binds to the second
extracellular loop on the same receptor and thus activates it
intramolecularly. Thus far, the PAR family comprises four members
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defined as PAR1 to PAR4 (1). They have been shown to play an
important role in various pathophysiologic settings, particularly in
inflammatory and coagulatory vascular diseases, as shown by their
abundant expression on platelets and endothelium (2, 3). In
addition, PAR1, a well-investigated member of the PAR family
formerly known as thrombin receptor, has been shown to play an
important role in neoplastic disease. Previous studies have shown
clearly a PAR1-mediated increase of invasivity and metastatic
potential in different tumor entities in vitro and in vivo, including
cancers of the breast, colon, prostate, and melanoma (4–7). In
addition, available data indicate a correlation of PAR1 expression in
tissue with the degree of tumor spreading (4, 8). The role of tumorexpressed PAR1 in tumorigenesis is further underlined by studies
showing hematogenous metastases dependent on thrombin, the
prototypical activator of PAR1. Nierodzik et al. (9) showed already
in a mouse model that thrombin-enhanced experimental pulmonary metastases of melanoma are related to PAR1 expression (9).
Moreover, thrombin treatment of tumor cells induces a metastatic
phenotype (10, 11). These reports clearly suggest an invasive and
tumorigenic potential of PAR1 activation expressed by cancer cells.
Apart from thrombin, several other proteases (FXa, trypsin,
granzyme A, and APC) were shown to be capable of activating
PAR1 (see refs. 2, 3 for review). However, for a long time, the
activation of tumor-expressed PAR1 remained elusive. Only
recently, Boire et al. (12) reported that matrix metalloproteinase
(MMP)-1, a collagenase of the MMP family, is an additional
proteolytic activator of PAR1 promoting invasion and tumorigenesis of breast cancer cells in vitro and in vivo. The discovery of a
functional MMP-1/PAR1 interaction was inspired by the concept
that host-derived MMP-1 cleaves tumor-expressed PAR1, thus
promoting the metastatic potential of cancer cells (13).
The finding of PAR1 activation by MMP-1 allowed us to
hypothesize that this interaction could also contribute to tumorhost communication in the vascular milieu. MMPs are abundantly
secreted by tumor cells themselves, and we reported previously an
important role of secreted MMPs in melanoma invasion (14, 15).
Additionally, expression of PAR1 on vascular endothelium is well
documented, and tumor-endothelial interactions represent a
crucial step in tissue colonization by tumor cells moving through
the vascular compartment (hematogenous metastasis). Therefore,
we postulated that tumor-endothelial cross-talk might be mediated
by an intravascular MMP-1/PAR1 axis. We postulated that tumorderived MMP-1 may induce a prothrombotic, proinflammatory,
and adhesive milieu via activation of endothelial cells expressing
functional PAR1. Accordingly, prothrombotic and proinflammatory
conditions were shown to increase tumor progression (16–18). We
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Figure 1. MMP-1 generates Ca2+ signals and acute ECA in HUVECs.
A, calcium flux measurement of HUVECs following challenge with activated
MMP-1. Representative tracing of intracellular calcium level increasing from
resting 1.02 to 1.2 Fura2 ratio. Experiments were done with emission recorded at
510 nm with dual excitation at 340 and 380 nm. This increase is comparable with
the calcium response triggered by PAR1-AP (cf. Fig. 2B ). B, VWF release of
stimulated HUVECs. For comparison, HUVECs were stimulated with MMP-1
(5 nmol/L; 43 F 15 ng/mL), PAR1-AP (100 Amol/L; 56 F 14 ng/mL), or histamine
(50 Amol/L; 62 F 11 ng/mL; n = 4 each).

here show that MMP-1 induces acute endothelial cell activation
(ECA) by activation of microvascular and macrovascular endothelial PAR1. Similarly, culture supernatant from tumor cells containing MMP-1 leads to ECA. Inhibition of tumor-derived MMP-1
significantly attenuates tumor-induced ECA and indicates an
intravascular MMP-1/PAR1 axis.

Materials and Methods
Reagents, antibodies, and buffers. The following reagents were
obtained from the indicated providers: blocking PAR1 anti-human PAR1
antibody ATAP-2 and polyclonal anti-human PAR1 antibody H111 (Santa
Cruz Biotechnology, Heidelberg, Germany), pro-MMP-1 and MMP inhibitor
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I (FN-439; Calbiochem, Bad Soden, Germany), anti-human von Willebrand
factor (VWF; DAKO, Hamburg, Germany), anti-human MMP-1 antibody
(Chemicon, Hofheim, Germany), PAR1-AP and SCH-79797 (Bachem, Weil
am Rhein, Germany), and hirudin (Pentapharm, Munich, Germany). RWJ58259 was kindly provided by J&J Pharmaceuticals (Springhouse, NJ). Cells
were incubated in HEPES-buffered Ringer solution (HBRS) consisting of 140
mmol/L NaCl, 5 mmol/L KCl, 1 mmol/L MgCl2, 1 mmol/L CaCl2, 5 mmol/L
glucose, and 10 mmol/L HEPES. Activation of pro-MMP-1 was done
according to provider’s instructions using p-aminophenylmercuric acetate
(APMA). Alternatively, pro-MMP-1 was added to HBRS on thawing in final
concentration of 5 nmol/L and incubated in a 37jC water bath.
Autocatalytic activation occurred in a time-dependent manner with stable
activity after 4 hours. Preliminary studies showed that autocatalytic
activated MMP-1 was equally effective as APMA-activated MMP-1 in
endothelial PAR1 stimulation.
Cell culture. Human umbilical vein endothelial cells (HUVEC) and
human dermal microvascular endothelial cells (HDMEC) were isolated and
grown in culture as described (19, 20). For experiments, we used confluent
endothelial cells <10 days (passage 1). The culture medium (Life
Technologies, Karlsruhe, Germany) contained 10% heat-inactivated FCS
(Boehringer Mannheim, Mannheim, Germany), antibiotics (penicillin and
streptomycin), 5 units/mL heparin (Biochrom, Berlin, Germany), and
1 mL/100 mL growth supplement derived from bovine retina as described
(21). Human melanoma cell lines (A7, WM9, and A375) and colon cancer
cell lines (HT-29 and Caco-2) were incubated in a standard culture medium
containing enriched Earle’s salts, nonessential amino acids, glutamic acid,
and 10% FCS (Biochrom; ref. 15).
Production of tumor-derived supernatant. For a standardized
generation of tumor culture supernatant, human tumor cells were cultured
in a T75 flask. When grown to confluence, standard culture medium was
removed, and cells were rinsed intensely thrice in 15 mL HBRS to wash out
culture medium remains. After incubation for 6 hours in 5 mL HBRS,
conditioned tumor-derived supernatant was harvested from the intact cell
layer and centrifuged to downspin membrane debris, and the upper portion
was frozen away as tumor derived supernatant for experiments.
Fluorescence-activated cell sorting. Briefly, HUVECs (0.5  106) and
HDMECs (0.5  106) were used for PAR1 surface expression analysis. Cells
were fixed with 2.5% paraformaldehyde for 15 minutes on ice, washed twice
in PBS (1% FCS), and subsequently incubated with primary rabbit antihuman PAR1 polyclonal antibody (1 Ag/mL) for 30 minutes on ice. To detect
anti-PAR1 primary antibody, cells were additionally washed twice in PBS
(1% FCS) after the first incubation on ice and then incubated with FITCconjugated pig anti-rabbit secondary antibody (1:200 dilution; DAKO) in
PBS (1% FCS) for additional 30 minutes on ice. After two more washes with
PBS (1% FCS), cells were resuspended in 300 AL PBS (1% FCS) for analysis.
Cells that were incubated with FITC-conjugated secondary pig anti-rabbit
antibody alone served as a negative control. At least 20,000 of stained cells
were analyzed with the FACSCalibur and CellQuest Pro Software (Becton
Dickinson, Heidelberg, Germany).
VWF-ELISA. For all experiments, endothelial cells were grown to
confluence in commercially available tissue culture 12-well plates. For
experiments, culture medium was removed, and cells were incubated after
washing thrice in HBRS. For stimulation, activators and inhibitors were
added to HBRS at indicated concentrations. The supernatant of endothelial
cells of experimental and control groups were harvested after 15 minutes,
cleared of cell debris by centrifugation, and immediately stored at 20jC
for later VWF analysis. The release of VWF was measured by a sandwich
ELISA technique using a polyclonal rabbit anti-human VWF antibody and a
polyclonal rabbit peroxidase-labeled anti-human VWF antibody. The
standard curve was generated using purified VWF protein (Calbiochem).
Due to the known constitutive release of VWF and heterogeneity of
endothelial cells for some experiments, values are given in relation to basal
secretion, which is set to 100%.
Measurements of intracellular calcium. Measurements of intracellular
calcium were done as described previously (21). In brief, endothelial cells
were cultured on glass coverslips coated with 0.5% gelatin. After the cells
were grown to confluency, they were loaded with 4.5 Amol/L Fura2 in HBRS
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for 10 minutes at room temperature. Then, the coverslips were mounted on
a temperature-controlled (37jC) microscope tissue chamber and washed
thrice with HBRS before the onset of continuous superfusion. Fields of
about eight cells were visualized on a Nikon (Diaphot 300, Nikon, Düsseldorf,
Germany) inverted microscope and excited alternately at 340 and 380 nm.
The fluorescence emission was measured at 510 nm using a photon
counting detector. The tracings (340 and 380 nm) were corrected in each
experiment for autofluorescence before calculating the 340:380 ratio.
Western blotting analysis. Proteins in 20 mL tumor-derived supernatant were precipitated in an ice-cooled 10% solution of trichloracetic acid.
Precipitates were washed in acetone and solubilized in loading buffer. Equal
volume samples were separated by denaturizing SDS-PAGE and electrotransferred to nitrocellulose membranes as described previously (15).
After incubation with MAB 13402, a monoclonal mouse anti-human MMP-1
antibody and peroxidase-conjugated secondary antibodies, blots were
developed with SuperSignal chemiluminescent substrate (Pierce Biotechnology, Bonn, Germany). The antibody was also applied for immunofluorescence staining.
Interleukin-8 ELISA. Cell supernatants were assayed for interleukin8 (IL-8) by ELISA. Briefly, polystyrene 96-well plates were coated with
polyclonal goat anti-human IL-8 antibody (R&D Systems, Wiesbaden,
Germany) diluted in PBS as capture antibody. Polyclonal rabbit anti-human
IL-8 (Endogen, Bonn, Germany) was used as detection antibody followed by
incubation with a horseradish peroxidase (HRP)–labeled donkey anti-rabbit
IgG. Bound HRP was visualized with tetramethylbenzidine (Sigma, Munich,
Germany) and H2O2 diluted in sodium acetate buffer (pH 6.0). The color
reaction was stopped by addition of 1.2 mol/L H2SO4, and absorbance
was measured at 450 nm. IL-8 concentrations were calculated from

standard curves using recombinant human IL-8 (R&D Systems). Endogenous IL-8 from tumor-derived supernatants was subtracted.
Collagenase activity assay. Supernatants from melanoma and colon
cancer cells were assessed for their ability to cleave biotinylated collagen in
a commercially available collagenase activity assay (Chemicon). The
standard curve was generated with pure MMP-1, thus ensuring a
quantification of enzyme activity.
Statistical analysis. Mean data of experiments are given FSE. Statistical
significance was tested with unpaired Student’s t test. P V 0.05 indicates a
significant difference to control values.

Results
MMP-1 induces mobilization of intracellular Ca2+ and VWF
release in human primary endothelial cells. It was shown
recently that tumor-expressed PAR1 is proteolytically cleaved by
MMP-1 (12). To reveal whether active MMP-1 induces functional
responses in endothelium, which is known to express PAR1, we
examined changes of [Ca2+]i and VWF release by endothelial cells
on enzyme stimulation.
In the first series of experiments, we measured intracellular
calcium concentrations in HUVECs on stimulation with activated
MMP-1 using fluorescence spectrophotoscopy as published previously (21, 22). Figure 1A displays the representative tracing of
quiescent endothelium challenged with active MMP-1 (5 nmol/L).
HUVECs respond to MMP-1 with an immediate calcium increase
as measured by Fura2 ratio (y Fura ratio, 0.17 F 0.031; n = 5).

Figure 2. Inhibition of MMP-1-induced
ECA by PAR antagonists. A, HUVECs at
passage 1 were analyzed for expression of
PAR1. PAR1 is expressed in f70% of
analyzed cells in flow cytometry.
Gray-shaded peak, control Ig antibody;
dark gray line, anti-PAR1 antibody.
B, representative tracing of calcium flux
measurement of HUVECs following
challenge with a specific PAR1-activating
peptide. PAR1-AP induces an instant
sharp Ca2+ peak with an increase of Fura2
ratio from 1.03 to 1.27. C, calcium flux
measurement in HUVECs pretreated with
the PAR1 antagonist SCH-79797 (1 Amol/L).
Challenge with activated MMP-1 does not
elicit an increase of intracellular calcium
concentration (n = 5) as seen before
(cf. Fig. 1A). However, subsequent
stimulation with histamine (50 Amol/L) still
elicits a calcium flux, showing endothelial
integrity. D, inhibition of MMP-1-induced
VWF release by blockage of endothelial
PAR1. Release of VWF is displayed in
relation to unstimulated control considering
the constitutive basal VWF secretion of
endothelial cells (n = 4 for each).
Application of PAR1 inhibitor RWJ-58259
significantly blocks endothelial activation
(from 293 F 73% to 168 F 16%). Inhibitor
alone does not affect VWF release.
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Figure 3. Tumor-derived supernatant
induces acute endothelial activation that
can be inhibited by PAR1 antagonism.
A, calcium flux in HUVECs following
challenge with A7 melanoma cell–derived
supernatant. Stimulation with A7
supernatant rapidly induces a sharp
increase of intracellular calcium with an
invariable increase of Fura2 ratio from 1.04
to 1.23 resembling results from MMP-1
stimulation. B, supernatant-induced
endothelial activation assessed by
VWF-ELISA. Summarized results from
individual experiments are given with
constitutive VWF secretion of HUVEC set
to 100%. Supernatant from low metastatic
Caco-2 cells fails to elicit a significant VWF
release in contrast to high metastatic A7,
A375, WM9, and HT-29 tumor cells.
Histamine-induced release is given as a
reference. C, measurements of IL-8 release
from stimulated HUVEC. Significant
amounts of IL-8 were released in response
to A7 and HT-29 but not Caco-2
supernatant (39 F 10, 34 F 9, and 7 F 4
pg/mL; n = 4 each). D, blockage of
endothelial PAR1 significantly attenuates
VWF exocytosis. For PAR1 inhibition, a
blocking monoclonal antibody (20 Ag/mL
ATAP2) and peptide-mimetic inhibitors
(RWJ-58259 and SCH-79797) were used.
SCH-79797 blocks VWF release from
250 F 21% to 142 F 5% of stimulated VWF
release.

We observed that MMP-1-induced calcium peaks in HUVECs
desensitize the cells, as repeated stimulation failed to elicit further
calcium peaks (data not shown). This observation points to a
signaling mechanism mediated by a functional receptor. Of note,
only activated MMP-1 induced a detectable intracellular calcium
peak, further underlying a specific interaction of the proteolytically
active MMP and its substrate. MMP-1, a novel activator of PAR1,
induced an intracellular calcium increase, which resembles PAR1AP-induced calcium values (cf. Fig. 2B).
To further analyze the functional role of MMP-1-induced calcium
signaling in endothelial cells, we measured exocytosis of VWF, a
marker for acute ECA (see Discussion). The glycoprotein VWF is
stored in intracellular secretory granules called Weibel-Palade
bodies (WPB). These vesicles also contain P-selectin, a crucial
promoter of inflammation and thrombosis (23). Regulated exocytosis of VWF is inducible by several secretagogues acting, among
others, via the thrombin receptor PAR1 (24). As detected by VWFELISA (Fig. 1B), MMP-1 (5 nmol/L) stimulated a regulated release of
VWF from endothelial cells. The constitutive release of VWF (25)
accounts for the results in the control group. For comparison, the
extent of VWF exocytosis by the known secretagogues PAR1-AP
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(100 Amol/L) and histamine (50 Amol/L) is indicated. This
experiment shows for the first time that, indeed, MMP-1 is a potent
agonist inducing the activation of endothelial cells.
Inhibition of MMP-1-induced ECA by PAR1 antagonists. We
next examined whether MMP-1-induced activation of HUVECs is
mediated by endothelial PAR1. HUVECs were used at passage 1
throughout all experiments (see Materials and Methods) and found
in fluorescence-activated cell sorting (FACS) analyses to express
high levels of PAR1 (Fig. 2A). Functional activity of endothelial
PAR1 was proven by measurement of intracellular calcium flux. To
avoid costimulation of other PARs, as reported for thrombin (26),
we used a specific (TFLLR-NH2) PAR1-activating peptide (y Fura
ratio, 0.24 F 0.009; n = 4, Fig. 2B; ref. 3).
To further validate that MMP-1-induced ECA is specifically
mediated via endothelial PAR1, we antagonized cellular calcium
response using specific PAR1 antagonists (2). As shown in Fig. 2C,
the MMP-1-induced increase of intracellular calcium was antagonized by SCH-79797 (1 Amol/L), a peptide-mimetic antagonist of
PAR1 (27). RWJ-58259 (10 Amol/L), another PAR1 antagonist (28),
had a similar inhibitory effect (data not shown). To exclude a
reduced MMP-1-elicited calcium peak due to putative depletion of
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intracellular calcium stores, endothelial cells were postexperimentally stimulated with histamine (50 Amol/L), a PAR1-independent
agonist (29). Activation of histamine receptors promptly elicited a
calcium flux, showing endothelial cell integrity (Fig. 2C).
As it is known that PAR1 activation orchestrates a variety of
endothelial responses, we examined whether PAR1 antagonism
would inhibit the effect of MMP-1-induced ECA. Therefore, we
investigated WPB exocytosis via VWF-ELISA. HUVECs were
pretreated with a PAR1 antagonist before stimulation with MMP-1.
As shown in Fig. 2D, MMP-1-induced VWF exocytosis was
significantly inhibited by RWJ-58259 ( from 293 F 73% to 168 F
16%; n = 4 each). The control release due to constitutive secretion of
VWF by HUVEC was set to 100%. The fact that MMP-1-induced ECA
was not completely inhibited by the PAR1 antagonist might be
attributable to incomplete PAR1 inhibition and/or endothelial
costimulation independent of PAR1 assigned to WPB exocytosis

independent of calcium signaling. However, VWF release was
significantly reduced after PAR1 antagonism. These findings show
that MMP-1 exerts its effects on human endothelial cells, at least in
part, via PAR1.
Tumor-derived soluble factors activate endothelial cells
through PAR1. Our previous results show that the concept of
MMP-1/PAR1 communication proves efficient in a setup where
purified MMP-1 activates PAR1 on endothelial cells. In further
experiments, we analyzed whether tumor-derived soluble factors
elicit a calcium response and promote ECA.
Challenging a quiescent HUVEC monolayer with culture
supernatant from A7 melanoma cells resulted in an immediate
increase of the intracellular calcium concentration (y Fura ratio,
0.21 F 0.011; n = 9). As indicated by a representative tracing in
Fig. 3A, HUVECs responded to melanoma-derived supernatant
with an immediate calcium flux, resembling the previously

Figure 4. Heterogeneity of tumor-derived MMP-1 secretion and inhibition of ECA. A, immunofluorescence staining of A7 melanoma cells reveals the vesicular
distribution of intracellular MMP-1. Bar, 5 Am. Inset, Western blot analysis of culture supernatant detects soluble MMP-1. MMP-1 activity was assessed in a
collagenase activity assay. A7 and HT-29 supernatants display high enzyme activitiy, which is almost undetectable in Caco-2. MMP-1 inhibitor FN-439 proves efficient
for MMP-1 inhibition. B, ECA induced by melanoma and colon cancer supernatant is inhibited by a highly effective inhibitor of MMP-1 (FN-439). FN-439 attenuates
VWF release in a concentration of 2 Amol/L and significantly blocks ECA at 6 Amol/L (from 280 F 19% to 154 F 17%). The inhibitor has a relevant IC50 for MMP-1
of 1 Amol/L and does not effect basal VWF secretion (n = 6 each). C, control experiments that rule out a possible role for tumor-generated thrombin in our setup. Hirudin
(5 units) did not significantly diminish VWF exocytosis (n = 6). FN-439 was shown not to inhibit stimulated VWF release unspecifically, as histamine-induced VWF
release was unaffected.
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obtained results from PAR1-AP and activated MMP-1 (cf. Figs. 1A
and 2B). The response was invariably reproduced with supernatants from different melanoma cell lines (A375 and WM9; data
not shown). Our results show clearly that soluble factors secreted
by melanoma cells are capable of stimulating endothelial cells in a
paracrine manner.
Subsequently, we examined whether culture supernatant from
melanoma and colon cancer cells causes VWF release from WPBs.
Tumor cell–derived supernatant (A7, A375, WM9, and HT-29)
induced ECA, as displayed by a significant increase of secreted
VWF protein (Fig. 3B). To compare the extent of endothelial
activation, histamine-induced VWF release was given as a
reference. Endothelial activation by supernatant from metastatic
tumors was almost equivalent to histamine (50 Amol/L), one of the
most potent activators of vascular endothelium. It is interesting to
observe that there is virtually no ECA by the low metastatic cell line
Caco-2 (110 F 11% of baseline; n = 5).
We further assessed whether culture supernatant would induce
endothelial IL-8 secretion as an additional variable for PAR1
activation. As shown in Fig. 3C, endothelial cells respond to
stimulation with culture supernatant with an immediate release of
IL-8 that was found to be statistically significant in the metastatic
tumor cell lines.
Due to the fact that tumor cells are known to produce an
armada of secretory proteins acting on endothelial receptors, we
examined the role of endothelial PAR1 as a putative receiver in
tumor-host communication. As presented, inhibition of endothelial
PAR1 by different PAR1 inhibitors (SCH-79797, RWJ-58259, and
ATAP-2) significantly decreased VWF release and thus ECA ( from
251 F 21% to 142 F 5%; n = 6 each; Fig. 3D). Incomplete inhibition
of ECA may be noticed because of other tumor-derived proteins,
which are capable of inducing VWF release independent of PAR1.
What is more, the need for more effective means of PAR1 inhibition
has been discussed recently (30). However, the major fraction of
VWF release was clearly associated with PAR1 activation.
Inhibition of tumor-secreted MMP-1 attenuates ECA. We
have shown that blockage of endothelial PAR1 attenuates tumor
supernatant-induced ECA. Next, we wanted to prove that
endothelial PAR1 activation was associated specifically with release
of tumor-derived MMP-1. Immunofluorescence stainings for
MMP-1 and Western blot analysis of melanoma culture supernatant were done as reported previously (15). Here, we show the
vesicular distribution of MMP-1 stored intracellulary and released
into the culture supernatant (Fig. 4A, top). In addition, we assessed
culture supernatants in their ability to cleave collagen in a specific
collagenase activity assay. As shown in Fig. 4A (bottom), enzyme
activity significantly differs between tumor cell lines. The highest
collagenotic activity is found in those supernatants that showed
previously the highest endothelial activation (cf. Fig. 3B). MMP-1
inhibition efficiently blocks collagenase activity, indicating
MMP-1 is the most important protease in this assay.
To prove the functional relevance of tumor-derived MMP-1 on
ECA, we did inhibition studies using the well-characterized MMP-1
inhibitor FN-439 (31). As shown in Fig. 4B, induction of ECA by
melanoma-derived supernatant was significantly attenuated ( from
280 F 19% to 154 F 17%; n = 6 each) by the MMP-1 inhibitor.
Similar values were obtained for HT-29 supernatant (data not
shown). Inhibition of VWF release was dose dependent with
significant suppression at reliable MMP-1 inhibitor concentrations
(>3 IC50). FN-439 itself did not influence VWF constitutive
release. Specificity of FN-439 was further shown by not affecting

www.aacrjournals.org

histamine-induced VWF release (Fig. 4C). To rule out a possible
role of tumor-generated thrombin in our setup (32), we did
inhibition studies with hirudin. There was no significant inhibition
of supernatant-induced ECA as seen with the MMP-1 inhibitor
(Fig. 4C).
A functional MMP-1/PAR1 axis in primary microvascular
endothelial cells. To further show the concept of tumorendothelial communication, we did another series of experiments
with microvascular endothelial cells. These cells are known to play
a predominant role in the process of metastasis and angiogenesis.
Isolated MMP-1 (5 nmol/L) invariably produced a calcium flux
signal (y Fura ratio, 0.1 F 0.02; n = 4; Fig. 5A), and a significant
release of VWF could be detected (219 F 20%; n = 6; Fig. 5B). FACS
analysis proved the presence of PAR1 in cultured HDMECs (Fig. 5B,
inset). Inhibition studies with PAR1 antagonist SCH-79797 revealed
a significant dose-dependent reduction of VWF release ( from
196 F 21% to 139 F 8%; Fig. 5C). Addition of MMP-1 inhibitor
FN-439 to culture supernatant significantly blocked stimulated
release ( from 158 F 9% to 124 F 3%; n = 6 each), thus indicating a
functional MMP-1/PAR1 axis in the microvasculature (Fig. 5D).
Our experiments show that culture supernatant from tumor cells
strongly affects endothelial cell integrity. This activation was
substantially mediated via endothelial PAR1, which was cleaved by
tumor-secreted MMP-1. Therefore, our findings reveal a novel
tumor-endothelial communication pathway based on a functional
intravascular MMP-1/PAR1 axis inducing a signaling cascade
leading to ECA (Fig. 6).

Discussion
In the present study, we report for the first time that antagonism
of either endothelial PAR1 or tumor-derived MMP-1 significantly
decreases tumor-induced activation of vascular endothelial cells.
This main finding of our study reveals the existence of a previously
undescribed pathway of tumor-endothelial communication that
relies on a novel functional intravascular MMP-1/PAR1 axis. A
tumor-secreted protease (MMP-1) interacts with a signal-mediating
receptor (endothelial PAR1) promoting ECA. This discovery inverts
the reported concept of MMP-1/PAR1 interaction, where hostderived MMP-1 activates tumor-expressed PAR1, and transfers this
pathway of intercellular communication to a completely new locus
of tumor-host interaction: the vascular system.
Several studies clearly indicate an important role of tumorexpressed PAR1 in tumorigenesis of various tissues (4–7). However,
little is known about the role of tumor-derived MMP-1 activating
endothelial PAR1.
MMPs represent a family of zinc-dependent endopeptidases,
which are able to degrade virtually any component of the
extracellular matrix (ECM). To date, 24 members of this family
have been identified in humans. MMPs are critical for remodeling
the ECM, thereby affecting cell behavior under physiologic and
pathophysiologic circumstances, such as embryogenesis and
cancer progression (33). Available data suggest that activation of
different MMPs during cancer progression is a phase-dependent
process, making the recognition of individual MMPs and their early
roles for invasion indispensable (34). In the present study,
challenging vascular endothelium with activated MMP-1 resulted
in an immediate ECA displayed by calcium flux and WPB
exocytosis (Figs. 1, 2, and 5). We showed that a MMP specifically
interacts with vascular endothelium causing ECA. Using specific
peptide-mimetic antagonists (SCH-79797 and RWJ-58259), we are
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Figure 5. Analysis of a functional MMP-1/PAR1 axis in primary microvascular endothelium. A, calcium flux measurement of HDMEC following challenge with
activated MMP-1. Representative tracing of intracellular calcium level increasing from resting 1.03 to 1.1 Fura2 ratio. For comparison, endothelium was challenged
with histamine (50 Amol/L). Although overall reactivity of HDMEC was found to be inferior compared with HUVEC, the ratio of stimulated and basal VWF secretion was
found to be similar. B, VWF release of MMP-1-stimulated HDMEC. VWF-ELISA results are shown in percentage of control. HDMECs were stimulated with MMP-1
(5 nmol/L) and histamine (50 Amol/L). Inset, PAR1 is expressed in f75% of analyzed cells in flow cytometry. Gray-shaded peak, control Ig antibody; dark gray line,
anti-PAR1 antibody. C, antagonism of PAR1 significantly reduces tumor cell supernatant-induced VWF release in HDMEC. D, supernatant-induced ECA is
significantly inhibited by MMP-1 inhibitor FN-439. The inhibitor does not affect basal VWF secretion.

able to show that this activation is mediated by endothelial PAR1.
These results are in line with the recent observation of Boire et al.
(12) who elegantly showed that PAR1 is directly activated by the
interstitial collagenase MMP-1. In the same study, it was further
revealed that tumor-expressed PAR1 cleavage by stromal ( fibroblast derived) MMP-1 plays an important role in the promotion of
breast cancer cell invasion. Based on these observations, MMP-1/
PAR1 interaction shows that host-derived MMP-1 activates tumorexpressed PAR1 (13). This concept relies on the fact that tumor
cells express PAR1, whereas MMP-1 is undetectable in MDA-MB231 breast cancer cells (12). Here, we report melanoma and colon
cancer cell lines that express MMP-1.
Indeed, there are controversial reports about the ability of tumor
cells to secrete MMP-1. It was shown previously for different
melanoma cell lines that the overexpression of MMP-1 promotes an
invasive phenotype (35). Additionally, recent reports proposed a

Cancer Res 2006; 66: (15). August 1, 2006

prognostic potential of MMP-1 secretion for patients suffering from
breast cancer and malignant melanoma (36, 37). Our group reported
previously a highly invasive melanoma cell line (A7) constitutively
secreting MMP-1 (14). Our discovery of MMP-1-induced ECA and
the ability of melanoma cells to release MMP-1 led us to hypothesize
that tumor cells may communicate with host-expressed PAR1 via an
intravascular MMP-1/PAR1 axis.
Stimulation of endothelial cells with culture supernatant from
melanoma cells immediately induces massive ECA assessed by
calcium flux measurements (Fig. 3A). Tumor cell–induced calcium
fluxes in endothelial cells have been reported previously for murine
melanoma and prostate cancer cells. However, in these studies, the
physical contact of tumor and endothelium was necessary for the
intracellular calcium signaling pathway (38). In our setup,
challenging of endothelial cells with melanoma cell–derived
supernatant invariably induced an intracellular calcium flux. This
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incongruency might be attributable to inconsistent expression of
MMP-1 among tumor cell lines (cf. Fig. 4A).
Assessing the functional role of supernatant-derived calcium
increase, we detected an acute exocytosis of WPBs, indicating
promotion of thrombotic and inflammatory cell adhesion by
tumor-endothelial cross-talk. Tumor cells are known to secrete an
array of cytokines and chemokines interacting with endothelium.
However, interactions between these two cell types during
tumorigenesis are not fully understood (39). Using previously
described PAR1 antagonists devoid of PAR1 agonist and thrombininhibitory activity (27, 28, 40), we observed that melanoma and
colon cancer supernatant-derived ECA is, at least partially,
mediated by PAR1 (Figs. 3D and 5C).
We have documented that blockage of endothelial PAR1 inhibits
tumor supernatant-induced ECA. However, it was not yet shown
that PAR1 activation is specifically induced by tumor secreted
MMP-1. In previous studies, for instance, it was reported that tumor
cells are able to generate thrombin (32), the prototypical activator of
PAR1, promoting invasion (7). In our experiments, melanoma and
colon cancer cells were incubated in HBRS for the preparation of
tumor-derived supernatant. Stimulation of HUVEC was also done in
HBRS depriving the system of any serum, which might eventually
facilitate thrombin generation causing PAR1 activation. In addition,
hirudin experiments did not substantially decrease supernatantstimulated ECA (Fig. 4C) in our setting. Thus, as yet identified
activators of endothelial PAR1, such as tumor-generated thrombin,
could be excluded to account in the present setting for ECA via
PAR1. Furthermore, specificity of tumor-derived ECA was shown
using the tetrapeptidyl hydroxamic acid, MMP inhibitor FN-439,
that targets MMP-1, MMP-8, MMP-3, and MMP-9 (31). This inhibitor dose dependently attenuated ECA induced by tumor-derived
supernatant. Although it could be speculated that inhibition of
PAR1 activation is not specific for MMP-1, it was shown previously
that MMP-8, MMP-3, and MMP-9 do not activate PAR1 (12).
Adopting Laswell’s formula of communication (41) to the
biological context of tumor-vascular cross-talk, we observe that

melanoma cells represent a ‘‘sender’’ that interacts with the
‘‘receiver’’ (endothelial PAR1) using MMP-1 as a ‘‘channel’’ (carrier
of information) to transmit the message (Fig. 6): stimulation of
endothelial cells and thus generating a prothrombotic, proinflammatory, and cell-adhesive milieu. ECA is believed to promote tumor
progression and metastases (11, 17, 18, 42). In the present report,
we used the calcium flux, WPB exocytosis, and IL-8 release as
surrogate markers of ECA. WPBs contain VWF, P-selectin, and
IL-8 (43), strong promoters of thrombosis and inflammation (23).
Agonist-induced WPB exocytosis is a well-characterized process
with unparalleled kinetics: the activated endothelium generates
a prothrombotic/cell-adhesive (VWF) and proinflammatory
(P-selectin/IL-8) milieu within seconds, crucial for the adhesion
of circulating platelets and immune and tumor cells. This
phenotype has been shown to facilitate tumor cell adhesion and
invasion (16, 44), whereas IL-8 induces tumor angiogenesis (45).
Moreover, the acute kinetics of VWF release rebuts a substantial
role for HUVEC-derived MMP-1 stimulating endothelial PAR1 in an
autocrine manner. Stroma-derived MMPs are known to activate
tumor cells. However, here, we provide additional evidence for an
inverse MMP-1/PAR1 communication pathway.
Previously, hematogenous metastasis was shown to be independent of PAR1 in knockout mice (17), a finding that might challenge
the relevance of endothelial PAR1 activation by tumor cells.
However, our data show the importance of MMP-1 for ECA, and it
has to be kept in mind that MMP-1 expression substantially differs
between mice and men (46). Mouse melanoma cells used in the
above-mentioned study are known to express MMP-2 and MT1MMP but not MMP-1 (47). The present study observes heterogeneity of MMP-1 expression in various tumor cell lines of different
metastatic potential (Fig. 4A). In addition, the MMP-1/PAR1 axis
was initially discovered in breast cancer cells devoid of MMP-1
activity (12), further underlying heterogeneity of MMP-1 expression. Therefore, different models will have to assess in vivo the
consequences of MMP-1-induced endothelial PAR1 activation.
In conclusion, we present a novel concept of tumorendothelial communication based on an intravascular MMP-1/
PAR1 axis (Fig. 6). Tumor-derived MMP-1 cleaves microvascular
and macrovascular endothelial PAR1, thus generating a prothrombotic and proinflammatory cell surface. Considering the
expression pattern of PAR1 on various cell types in the vascular
compartment (endothelium, platelets, and neutrophils), it is
thrilling to speculate about further tumor-host interactions
based on the presented MMP-1/PAR1 axis. It will be the aim
of future studies to examine in vivo the relative role of the here
described MMP-1/PAR1 axis for tumor-induced thrombosis and
inflammation.
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