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Summary
Background: Factor VIIa (FVIIa) binding to tissue factor (TF) induces cell signaling via the
protease activity of FVIIa and protease-activated receptor 2 (PAR2).

Objective: We examined how the gene-expression profile induced by FVIIa corresponds to the
profiles induced by protease-activated receptor 1 (PAR1) or PAR2 agonists using MDA-MB-231
breast carcinoma cells that constitutively express TF, PAR1 and PAR2.

Results and conclusions: Out of 8500 genes, FVIIa stimulation induced differential
regulation of 39 genes most of which were not previously recognized as FVIIa regulated. All
genes regulated by FVIIa were similarly regulated by a PAR2 agonist peptide confirming FVIIa
signaling via PAR2. An appreciable fraction of the PAR2-regulated genes was also regulated by a
PAR1 agonist peptide suggesting extensive redundancy between FVIIa/PAR2 signaling and
thrombin/PAR1 signaling. The FVIIa regulated genes encode cytokines, chemokines and growth
factors, and the gene repertoire induced by FVIIa in MDA-MB-231 cells is consistent with a role
for TF–FVIIa signaling in regulation of a wound healing type of response. Interestingly, a number
of genes regulated exclusively by FVIIa/PAR2-mediated cell signaling in MDA-MB-231 cells
were regulated by thrombin and a PAR1 agonist, but not by FVIIa, in the TF-expressing
glioblastoma U373 cell line.
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Introduction
Tissue factor (TF) is an integral membrane glycoprotein that acts as the cellular receptor for
clotting factor VII (FVII). TF is present in the subendothelial layers of the vessel wall where
it is constitutively expressed by many cell types, including fibroblasts and pericytes (see [1]
for review). TF is expressed on several cell types in human atherosclerotic plaques and
expression is also induced in monocytes under certain inflammatory conditions [2]. TF is
thought to contribute to the pathogenesis of a variety of diseases by its participation in both
coagulopathic [3,4] and non-coagulopathic processes [5,6]. TF is also expressed on tumor
cells in many solid tumors [7]. Accumulating data indicate that the underlying TF-FVIIa-
induced effect on cell physiology involves a variety of intracellular signaling events,
including phosphorylation of mitogen-activated kinases (MAPK) [8] leading to alterations
of gene expression profiles (see [6] for review). TF–FVIIa-induced signaling is known to
require the FVIIa catalytic activity, and several lines of evidence suggest that TF–FVIIa
transmits cell signaling via activation of protease-activated receptors (PARs), primarily
PAR2 [9,10]. At present, conclusions drawn about the mechanism of FVIIa-mediated
intracellular signaling and gene transcription are based mainly on measurements of single
parameters such as Ca2+ mobilization, MAPK phosphorylation or expression levels of a
single or a few selected genes leaving an incomplete picture of intracellular events. Gene-
expression profiling permits simultaneous measurement of an abundance of transcripts and
makes it possible to study more systematically the down-stream results of complex
regulatory processes within a cell. To delineate the involvement of specific PARs in FVIIa-
induced cell signaling, we compared the FVIIa-induced transcriptional repertoire with
transcription induced by selective PAR agonist peptides. As a cell model system we utilized
the breast carcinoma cell line, MDA-MB-231, as it constitutively expresses TF, protease-
activated receptor 1 (PAR1) and PAR2 and is highly responsive to PAR1 and PAR2
agonists.

Materials and methods
Reagents

FVIIa [11] and active site-inactivated FVIIa [12] (FFR-FVIIa) were prepared as previously
described. FX, FXa, hirudin, and thrombin were from Enzyme Research Laboratories (South
Bend, IN, USA). Culture media, fetal calf serum (FCS) were from Gibco (Invitrogen,
Carlsbad, CA, USA). PAR1 agonist (TFLLRNPNDK-NH2) and PAR2 agonist (SLIGKV-
NH2) were synthesized on an Applied Biosystems 431A peptide synthesizer (Applied
Biosystems, Perkin Elmer, Foster City, CA, USA). Tick anticoagulant protein (TAP) was a
gift from Dr George Vlasuk (Corvas, La Jolla, CA, USA).

Cell cultures
Cells were grown at 37 C in a humidified environment with 5% CO2. MDA-MB-231 cells
(ATCC: HTB-26) were grown in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% FCS, 100 IU mL−1 penicillin and 100 μg mL−1 streptomycin. U373
cells (ATCC: HTB-17) were grown in Eagle's medium (MEM) with Earl's salts substituted
with 1% non-essential acids and 1% sodium pyruvate (Gibco, Invitrogen). Cells were grown
to near confluence (~80%), washed twice with serum-free medium and maintained in serum-
free medium for 2 h before treatment.

cDNA microarray analysis
MDA-MB-231 cells were exposed to serum-free medium or serum-free medium
supplemented with FFR-FVIIa (100 nM), FVIIa (100 nM), TFLLRNPNDK (10 μM) or
SLIGKV (50 μM) for 1 or 6 h. Total RNA was isolated using TriZol (Invitrogen), followed

ALBREKTSEN et al. Page 2

J Thromb Haemost. Author manuscript; available in PMC 2010 March 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



by purification using RNeasy (Qiagen, Inc., Valencia, CA, USA) according to the
manufacturer's instruction. Equal amounts of RNA from two independent experiments were
pooled and Cy3- and Cy5-labeled cDNAs were prepared from 15 μg total RNA using a
CyScribe cDNA postlabeling kit (Amersham Bioscience, Bucks, UK) according to the
manufacturer's instructions. Gaps II slides (Corning B.V, Schiphol-Rijk, The Netherlands)
were spotted with polymerase chain reaction (PCR) products of approximately 8500 human
genes (Unigene Human Cloneset Version 2.0) (Incyte Genomics, CA, USA) and
prehybridized for 1.5 h in 2 × SSPE buffer (300 mM NaCl, 20 mM NaH2PO4, 2 mM EDTA,
pH 7.4) with 0.1% sodium dodecylsulfate (SDS). Next, 1 μg polyA75 and 15 pmol Cy3- and
Cy5-labeled cDNAs were mixed in Version 2 microarray hybridization buffer (Amersham
Pharmacia Biotech, Piscataway, NJ, USA) and formamide (1:1, vol/vol) in a total volume of
40 μL, denatured at 95°C for 3 min and hybridized in a ISO20 microarray hybridization
incubator (Grant Instruments, Cambridge, UK) at 42°C for 16 h. Slides were subsequently
washed at 55°C in 1 × sodium chloride/sodium citrate buffer (SSC) (150 mM NaCl, 15 mM

sodium citrate, pH 7.0) containing 0.2% SDS for 10 min, then twice in 0.1 × SSC, 0.2%
SDS for 10 min, and in 0.1 × SSC for 1 min. Finally, slides were dried and scanned in an
Axon4000B (Axon Instruments, Union City, CA, USA).

Data analysis of cDNA microarrays
After DNA microarray hybridization, spots were automatically identified and signals as well
as background signals surrounding the spots were measured by the use of ARRAYVISION
Software (Amersham Bioscience). To correct for spots with negative net intensities a
smoothing function was used as described previously [13]. The threshold values (δ) were
chosen in a slide/dye-specific fashion so that the proportion of spots with net intensities
between 0 and δ was 10% of the proportion with negative net intensities. For each drug/
time-point combination, quantile normalization [14] was performed on the log-intensities
from the Cy3 and Cy5 channels. To determine if differences between compared treatments
were statistically significant, estimates of the log-expression ratio for each probe, together
with the associated SE and t-tests for the hypothesis that the log expression ratio is zero,
were calculated.

Real-time quantitative PCR analysis
Total RNA samples were reverse transcribed to cDNA using Superscript II reverse
transcriptase (Invitrogen) according to the manufacturer's instructions. Two (U373 cells) and
three (MDA-MB-231 cells) individual reverse transcription reactions were made for each
sample. Expression of selected genes was determined using an ABI PRISM 7000 sequence
detection system (Applied Biosystems) as previously described [15,16]. Briefly, a five-point
serial standard curve (each point performed in triplicate) was made using cDNA from MDA-
MB-231 cells treated with FVIIa for 1 or 6 h, with the final assay concentration ranging
from 76 pg to 120 ng total RNA (in 25 μL reaction volume). This curve was used to
calculate the amount of target gene mRNA in all samples based on qPCR performed with 48
ng total RNA (in 25 μL) reaction volume. Universal PCR master mix and the primer/probe
assays listed below were used. mRNA levels of all genes were normalized to the expression
level of GAPDH using the primer/probe combinations: 5′-
CTGCCACCCAGAAGACTGTG-3′,5′-AGGCAGGGATGATGTTCTGG-3′, and 5′-FAM-
CCCTCCGGGAAACTGTGGCG-3′. A t-test was applied to determine if differences
between treatments were statistically significant.
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Gene name
Assay # Applied
Biosystems

IL-8 Hs00174103_m1

CXCL1 (Gro-α) Hs00605382_gH

CSF1 (GM-CSF) Hs00174164_m1

CSF2 (M-CSF) Hs00171266_m1

VEGFc Hs00153458_m1

CNN1 (Cyr61) Hs00155479_m1

CNN2 (CTGF) Hs00170014_m1

Integrin- β1 Hs00559596_m1

uPA Hs00170182_m1

PAI-1 Hs00167155_m1

NFKBIE Hs00234431_m1

PTX3 Hs00173615_m1

Glutamine-fructose-6-P-transaminase Hs00192725_m1

Flow cytometry
U373 cells were flushed once with serum-free medium and once with Versene buffer
(Invitrogen, Gibco). The cells supplemented with Versene buffer were detached from the
culture flask by scraping. FACS buffer (phosphate-buffered saline containing 1% bovine
serum albumin and 0.05% sodium azide) was added, and the cells were split in samples and
control of 1× 106 cells and stored on ice. Cells were resuspended in FACS buffer at 4°C.
Samples were incubated with 10 μg mL−1 monoclonal antibodies against TF (1F44A1,
Novo Nordisk, Maalov, Denmark), PAR1 (ATAP-2) or PAR2 (SAM11) (Santa-Cruz
Biotechnology, Santa Cruz, CA, USA) for 60 min at 4°C. Samples and controls were then
washed and incubated with 50 μg mL−1 PE-conjugated goat antimouse IgG (Dako,
Copenhagen, Denmark) in the dark for 30 min at 4°C, after which they were washed twice
with FACS buffer and fixed for 2 h in the dark at 4°C in FACS buffer containing 0.5%
paraformaldehyde and analyzed for fluorescence using a BD FACS CantoTM (Becton
Dickinson, Brondby, Denmark).

Results
Genes identified as differentially regulated by FVIIa in MDA-MB-231 cells are similarly
regulated by PAR2 agonist peptide

Previous studies have shown that MDA-MB-231 cells express high levels of functionally
active TF, PAR1 and PAR2. To further elucidate the effect of TF–FVIIa-induced cell
signaling, we characterized TF–FVIIa-induced gene expression profiles in MDA-MB-231
cells using cDNA micro-arrays consisting of approximately 8500 human genes and
expressed sequence tags. Quiescent monolayers of MDA-MB-231 cells were exposed either
to serum-free medium (control) or serum-free medium supplemented with 100 nM FVIIa for
1 and 6 h, and total RNA was harvested and used for micro-array analysis. Genes
significantly (P < 0.01) differentially regulated more than 2-fold were considered regulated
by FVIIa. Using these criteria, we identified 15 and 27 genes that were regulated by FVIIa
after 1 and 6 h, respectively. Of these, three genes were regulated at both time points,
resulting in a total of 39 FVIIa-regulated genes.
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To analyze the mechanisms of FVIIa-induced intracellular signaling in MDA-MB-231 cells,
we determined whether genes regulated by FVIIa were also regulated by selective
stimulation of PAR1 or PAR2. For this, MDA-MB-231 cells were treated in parallel for 1
and 6 h with a selective agonist peptide for PAR1 (TFLLRNPNDK) or a selective agonist
peptide for PAR2 (SLIGKV). The fold regulation of genes stimulated by FVIIa vs. control
was compared with the fold regulations of FVIIa vs. PAR1 agonist or PAR2 agonist.
Therefore, genes regulated by all three stimuli (FVIIa, PAR1- and PAR2 agonist) result in
FVIIa/PAR1 and FVIIa/PAR2 ratios close to 1, whereas genes regulated by FVIIa, and not
by either PAR1 or PAR2, result in FVIIa/PAR ratios above 2-fold. The results revealed that
all 15 genes, which were regulated by FVIIa after 1 h, were also regulated by the PAR2
agonist. However, only 10 of the 15 genes were regulated by PAR1 agonist at this time point
(Fig. 1A, Tables 1 and 2).

A similar pattern was seen in cells treated for 6 h (Fig. 1B, Tables 3 and 4). Many of the
FVIIa-regulated genes (16 out of 27) were also regulated by both PAR1 and PAR2 agonists
(Table 3), and eight other genes were regulated by the PAR2 and FVIIa, but not by the
PAR1 selective agonist (Table 4). Among the remaining three genes on the array, one
appeared to be regulated by FVIIa through PAR1, whereas two appeared to be regulated by
FVIIa independent of PAR1 and PAR2. However, the differential regulation was close to the
cut-off value of 2-fold, and qPCR analysis (see the following section) of RNA samples from
a separate experiment (data not shown) was used to confirm that the genes were weakly
(approximately 2-fold) regulated by FVIIa and the PAR2 agonist, but not by the PAR1
agonist.

To examine whether the proteolytic activity was mandatory for FVIIa signaling, we treated
MDA-MB-231 cells with active site blocked FVIIa (FFR-FVIIa). FFR-FVIIa induced only a
few statistically significant transcriptional changes, which barely exceeded the 2-fold
threshold set for differential expression. Analysis of signal intensities of these spots revealed
very low levels for both control and FFR-FVIIa treated cells. Additionally, real-time qPCR
analysis failed to confirm differential regulation of these genes (data not shown). This is
consistent with the general experience that genes expressed at low levels are at an increased
risk of being falsely scored as positives. We conclude that we were unable to find genes that
are regulated by FFR-FVIIa. The data are therefore not at variance with a transcriptional
FVIIa response mediated exclusively via proteolytic activation of PAR2.

Confirmation of FVIIa-induced differential gene expressions by real time qPCR analysis
To validate the data obtained by cDNA microarray analysis, we subjected the array RNA
samples to real-time qPCR analysis. Thirteen genes were selected for verification: CXCL1
(Groα), IL-8, CSF1 (M-CSF), CSF2 (GM-CSF), VEGFc, CCN1 (Cyr61), CCN2 (CTGF),
integrin β1, uPA, PAI-1, NFKBIE, PTX3, and GFPT2. Except for one gene, integrin β1 (not
shown), we confirmed the differential regulation by FVIIa of all genes selected (Fig. 2).

To further confirm the results obtained by cDNA microarray analysis, six genes, IL8, CSF1,
CCN1, CCN2, NFKBIE and GFPT2 were re-examined by qPCR analysis using RNA
samples from an independent experiment. All six were differentially regulated by FVIIa
(data not shown). According to the array analysis, two of the FVIIa-regulated genes (CSF1
and NFKBIE) appeared not to be regulated by either the PAR1 or the PAR2 selective
agonist. However, when analyzed by real-time qPCR using RNA samples from an
independent experiment, all genes were found to be regulated by the PAR2 agonist.
Similarly, GFPT2 was found by real-time qPCR to be regulated by FVIIa and the PAR2
agonist. Moreover, IL-8 and IL-6 protein expression has been confirmed by enzyme-linked
immunosorbent assay (ELISA) (data not shown). Overall, the cDNA microarray, real-time
qPCR, and ELISA data are consistent with a model in which FVIIa signal through PAR2.
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Concentration dependency of FVIIa-induced gene regulation
The cellular response to FVIIa stimulation measured by inositol 3 phosphate hydrolysis [6]
or by IL-8 mRNA and protein levels [10] is reported to be saturable with an EC50 in the low
nM range (< 10 nM). These observations were confirmed and expanded with dose–response
data on the FVIIa-regulated genes, IL8, CXCL1 and CSF2 (unpubl. results). Saturation was
obtained with an EC50 between 5 and 8 nM for all three genes suggesting that the gene
response is more than 50% saturated at 10 nM FVIIa. To demonstrate physiological relevance
and to avoid potential artefacts associated with supra-physiological concentrations, we
designed a small series of experiments in which the agonists FVIIa and FXa were used at
concentrations close to the plasma level of their respective zymogens, FVII and FX (Fig. 3).
In addition, we verified by micro-array analysis (results not shown) that the general gene
regulation pattern observed at 100 nM was also reproduced at 10 nM FVIIa.

The transcriptional FVIIa response is not elicited by FXa or thrombin down-stream of FVIIa
in the coagulation cascade

To exclude putative FVIIa-mediated down-stream activation of thrombin and FXa, we tested
the effect of the specific inhibitors, TAP and hirudin on FVIIa-induced gene expression. We
also investigated the ability of FXa and thrombin to induce transcriptional regulation of
selected genes. Three FVIIa/PAR2-induced genes (IL8, CSF2, and PTX3) and two PAR1
and PAR2-induced genes (CCN1 and CCN2) were selected. The inhibitors of thrombin and
FXa failed to abolish FVIIa-induced regulation of all genes tested (Fig. 3). Neither thrombin
nor FXa induced the prominent PAR2-specific gene response seen with FVIIa. Thrombin,
which is known to activate PAR1 and not PAR2, was devoid of effect on PAR2-regulated
genes. Stimulation with 100 nM FXa did, however, induce a slight up-regulation of these
genes at 6 h. This is in line with previous observations indicating PAR2 activation by FXa
[17,18]. Thrombin and FXa stimulated the transcription of CCN1 and (not shown) CCN2 as
expected from earlier studies using other cell model systems [19]. This implies that
thrombin-regulated genes were observed only among FVIIa- and PAR2-induced genes
which were also activated by the PAR1 agonists, and not among genes activated exclusively
by FVIIa and the PAR2 peptide.

Genes regulated by PAR2 in MDA-MB-231 cells are regulated by PAR1 in U373 cells
For screening of cell lines with high functional TF levels, we measured the IL-8 secretion in
response to FVIIa and thrombin as an indicator of signal transduction. Interestingly, the
human brain glioblastoma cell line, U373, was found to respond with enhanced IL-8 protein
expression when treated with thrombin, but not with FVIIa. As compared with MDA-
MB-231 cells, this cell line expressed relatively low antigen levels of PAR2 and TF (Fig.
4A). This was also reflected in a tenfold lower level of functional TF for U373 cells (0.14 nM

FXa/min/106cells) as compared with MDA-MB-231 cells (1.9 nM FXa/min/106cells),
possibly explaining the lack of FVIIa-induced effect. To analyze whether genes other than
IL-8 were differentially expressed by thrombin in U373 cells, we performed real-time qPCR
analysis of selected genes that were differentially expressed in MDA-MB-231 cells either by
both PAR1 and PAR2 agonists or by the PAR2 agonist alone. Two genes, out of 13 genes
analyzed, were below the detection level, whereas the remaining 11 genes were induced by
thrombin and PAR1 agonist, including CSF2 and IL-8 that were shown to be specific to
PAR2 activation in MDA-MB-231 cells (Fig. 4B–D). PAR2 agonist and FVIIa failed to up-
regulate expression of any of the selected genes in U373 cells. These data indicate that the
gene regulations elicited by FVIIa through PAR2 in MDA-MB-231 cells may occur in other
cell lines through thrombin activation of PAR1.
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Discussion
The present array analysis of MDA-MB-231 cells stimulated with FVIIa or with a selective
PAR agonist (Fig. 1) showed that a total of 39 out of 8,500 genes were differentially
regulated by FVIIa. Except for CCN1, CCN2 and IL-8, all genes, identified as FVIIa-
regulated in the present study, are novel. All transcripts found to be FVIIa-regulated were
similarly regulated by the PAR2 agonist. Furthermore, no FVIIa-regulated genes could be
identified as specifically PAR1 regulated, as all PAR1-regulated genes were redundantly
regulated also by PAR2. The data indicate that FVIIa regulates transcription exclusively via
PAR2 in MDA-MB-231 cells, thus supporting recent reports suggesting that PAR2
activation is critical for FVIIa-induced cellular responses in those cells [10,20]. The present
results define two groups of FVIIa-regulated genes: one group that appeared truly FVIIa
specific and was activated solely through PAR2, and another group shared with thrombin
that could be activated through PAR1 as well as PAR2. A caveat revealed by the present
study is that FVIIa and thrombin, although acting on different PARs, regulate a set of
overlapping genes, and are equally effective in eliciting the corresponding transcriptional
response. Interestingly, we note that FVIIa in contrast to the PAR2 agonist, failed to induce
intracellular Ca2+ release in MDA-MB-231 cells [10] and in other cell types that express
both TF and PAR2 (unpublished data of the authors). Apart from this remarkable difference
in Ca2+ signaling, there was little if any difference between the two PAR2 agonists in the
transcriptional response pattern. The observation that the stimulation of gene transcription
induced by FVIIa was not induced by FFR-FVIIa suggests that all genes identified were
regulated as a consequence of FVIIa proteolytic activity. Furthermore, in our array of 8500
genes, none were found to be significantly regulated by FFR-FVIIa.

The striking difference in PAR-induced gene expression profiling observed between MDA-
MB-231 and U373 cells is indicative of regulation of signaling on more than one level. The
difference may partly be explained by a difference in the relative expression levels of TF
and PARs (Fig. 4). In addition, cell-specific differences in the intracellular organization of
the signaling network may account for the finding that genes regulated via PAR1 in U373
cells are specifically coupled to PAR2 activation in MDA-MB-231 cells. Cross activation of
one PAR upon cleavage of the other and heterogeneous PAR clustering represent other
possible explanations for the shunting of PAR signaling from one PAR to the other as was
proposed to account for the distinct cellular responses obtained upon PAR1 cleavage with
either thrombin or activated protein C[21]. Further studies are needed to elucidate the
complex signaling networks that link PAR cleavage to gene transcription.

In addition to information about the role of PAR1 and PAR2 in FVIIa-induced cell
signaling, the present data provide valuable insights into how FVIIa affects various cellular
processes. Although compelling in vivo evidence is lacking, TF–FVIIa-induced cell
signaling is thought to be important for normal physiology, particularly in relation to the
host defense against tissue injury, and also to be implicated in the pathogenesis of
inflammatory diseases and malignancy [6]. FVIIa has been shown to induce migration
[10,22] and inhibit apoptosis [23,24]. TF–FVIIa signaling may also contribute to
angiogenesis through a complex interplay between TF, PAR2 and integrins [25-27].

Several of the secreted proteins including chemokines, cytokines, and growth factors that
were found to be regulated by FVIIa/PAR2 have been implicated in various aspects of cell
proliferation, cell migration, cell adhesion, cell survival/apoptosis, and angiogenesis. Thus,
IL-8 and CXCL1 have been described to be implicated in angiogenesis, metastasis, and
tumor development [28,29]. CSF2 modulates growth, differentiation, and survival of
macrophage, granulocyte, erythrocyte and megakaryocyte cells from bone marrow
progenitors, as well as the functional activities of mature effector cells such as neutrophils,
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macrophages and dendritic cells. CSF1 is the primary regulator of the survival, proliferation,
differentiation and function of mononuclear phagocytes. CSF2 like CSF1 regulates
monocyte differentiation. The resulting CSF2-derived and CSF1-derived macrophages have,
however, distinctly different features [30]. Both play important roles in innate immunity,
angiogenesis, cancer, and inflammation. They are detrimental for the ability of macrophages
to move to specific sites, increase matrix remodeling and induce angiogenesis and thus
essential for normal physiological processes such as wound healing and inflammation. CSF1
and CSF2 are supposed to be essential components of the micro-environment produced in
some tumors characterized by a high density of so called tumor-associated macrophages
[31].

A possible ‘inflammatoid’ response, as a result of FVIIa/PAR2 stimulation of MDA-
MB-231 cells, was evident from the data showing that a number of genes encoding
inflammatory mediators such as CXCL1, CXCL8 (IL8), CSF2 (GM-CSF) and PTX3 are up-
regulated already at 1 h. Later at 6 h, CSF1 (M-CSF), VEGFc, and acute-phase genes for
serum amyloid A1 and PTX3 are also found to be up-regulated. In this context, it is
interesting that PTX3 is presumed to function as a regulator of the innate immune response
by its binding to complement C1q [32]. Furthermore, PTX3 is reported to up-regulate TF
expression on endothelial cells and on activated monocytes [33]. The recent demonstration
of PTX3 as a specific bFGF ligand/antagonist [34] suggests that PTX3 may also work as a
modulator of angiogenesis. The inflammatory mediators CXCL1, CXCL8, CSF2, CSF1 and
VEGFc have all been ascribed a role in angiogenesis. CSF1 [35] and VEGFc [36,37] are
direct angiogenic factors promoting endothelial proliferation, migration and differentiation,
whereas the inflammatory chemokines, CXCL1 and IL8 show both direct and indirect
effects by stimulating endothelial proliferation and migration and by working as chemo-
attractants towards monocytes/macrophages [28,38,39].

Finally, FVIIa also induces gene products involved in remodeling of the matrix during
angiogenesis and tissue repair. These include matricellular proteins, CCN1 and CCN2 that
are up-regulated at 1 h. The later products (at 6 h) comprise the serine protease, uPA, and its
natural inhibitor, PAI-1. TF–FVIIa-induced expression of CCN1 and CCN2 is noteworthy.
CCN1 has been shown to activate genes that play multiple and coordinated roles in the
wound healing process, including angiogenesis, inflammation, and ECM remodeling [40].
Similarly, CCN2 has also been shown to induce gene expression that is relevant to wound
healing and angiogenesis [41].

In conclusion, gene expression profile analysis of MDA-MB-231 cells exposed to FVIIa and
to PAR1 and PAR2 selective peptide agonists show that FVIIa activates a specific genetic
program and also suggest that this is mediated through activation of PAR2. The data show
that FVIIa induces a set of genes whose products play a role in various steps of angiogenesis
and inflammation. These data thus support the hypothesis that TF–FVIIa cell signaling may
play an important role in inflammatory and angiogenic processes, and thus be implicated in
the normal wound healing response to injury as well as in the pathogenesis of inflammatory
diseases and cancer.
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Fig. 1.
cDNA microarray analysis comparing transcriptional effects induced by factor VIIa (FVIIa)
and selective protease-activated receptor 1 (PAR1) and PAR2 agonist peptides in MDA-
MB-231 cells. Quiescent MDA-MB-231 cells were treated for 1 (A) or 6 h (B) with serum-
free control media, or control media supplemented with 100 μM FVIIa, 10 μM

TFLLRNPNDK (PAR1 agonist peptide) or 50 μM SLIGKV (PAR2 agonist peptide). Genes
significantly (P < 0.01) differentially regulated more than 2-fold by FVIIa are included. The
differential gene regulation ratio of FVIIa/PAR1 (squares) or the ratio of FVIIa/PAR2
(triangles) is plotted against the FVIIa/media control ratio. FVIIa/PAR1 and FVIIa/PAR2
ratios below 2-fold are to be found within the grey-scaled areas and represent genes
regulated similarly by FVIIa and the PAR agonist peptides. Data points present in white-
scaled areas with FVIIa/PAR1 or FVIIa/PAR2 ratios higher than 2-fold represent genes
regulated by FVIIa but not the PAR1 agonist peptide (squares), or by FVIIa but not the
PAR2 agonist peptide (triangles). Panel C is a schematic representation of cDNA microarray
results comparing transcriptional effects induced by FVIIa and PAR1 and PAR2 agonist
peptides.
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Fig. 2.
Validation of factor VIIa (FVIIa)-induced differential gene expression in MDA-MB-231
cells by real time qPCR analysis. Total RNA samples used for cDNA micro-array analysis
were subjected to real-time qPCR analysis. Regulation of the mRNA level was measured
relative to media control (mean ± SEM; n = 3). Statistical significance (*P < 0.05; **P <
0.01; ***P < 0.001) was determined by t-test analysis.
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Fig. 3.
Differential gene regulation by factor VIIa (FVIIa), FXa and thrombin in MDA-MB-231
cells. Total RNA from MDA-MB-231 cells treated with control media, or control media
supplemented with FVIIa (10 nM) + Tick anticoagulant protein (100 nM) + hirudin (25 U
mL−1), FXa (100 nM), or thrombin (FIIa) (10 nM) for 1 or 6 h was isolated and subjected to
real-time qPCR analysis. Regulation of the mRNA level was measured relative to media
control (mean ± SEM; n = 3). Statistical significance (*P < 0.05; **P < 0.01; ***P < 0.001)
was determined by t-test analysis.
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Fig. 4.
Differential gene regulation in U373 cells. (A) Flow cytometry of U373 cells probed with
antiprotease-activated receptor 1 (PAR1), anti-PAR2 or antitissue factor (TF). (B–D) Total
RNA from U373 cells treated with: media; 50 nM FVIIa; 50 nM FXa; 50 nM thrombin (FIIa);
10 μM PAR1 agonist peptide or 50 μM PAR2 agonist peptide for 1 or 6 h was isolated and
subjected to real-time qPCR analysis. Regulation of the mRNA level was measured relative
to media control (mean ± SEM; n = 2). Statistical significance (*P < 0.05; **P < 0.01; ***P
< 0.001) was determined by t-test analysis.
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