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Coagulation proteases have been suggested to play a
role in the pathogenesis of tissue remodeling and
fibrosis. We therefore assessed the proinflammatory
and fibroproliferative effects of coagulation protease
factor (F)Xa. We show that FXa elicits a signaling
response in C2C12 and NIH3T3 fibroblasts. FXa-in-
duced ERK1/2 phosphorylation was dependent on
protease-activated receptor (PAR)-2 cleavage because
desensitization with a PAR-2 agonist (trypsin) but not
a PAR-1 agonist (thrombin) abolished FXa-induced sig-
nal transduction and PAR-2 siRNA abolished FXa-in-
duced ERK1/2 phosphorylation. The PAR-2-dependent
cellular effects of FXa led to fibroblast proliferation,
migration, and differentiation into myofibroblasts, as
demonstrated by the expression of a-smooth muscle
actin and desmin, followed by the secretion of the cy-
tokines monocyte chemotactic protein-1 and interleu-
kin-6 as well as the expression of the fibrogenic pro-
teins transforming growth factor-B and fibronectin. To
assess the relevance of FXa-induced proliferation and
cell migration, we examined the effect of FXa in a
wound scratch assay. Indeed, FXa facilitated wound
healing in a PAR-2- and ERK1/2-dependent manner.
Taken together, these results support the notion that,
beyond its role in coagulation, FXa-dependent PAR-2
cleavage might play a role in the progression of tissue
fibrosis and remodeling. (4m J Patbol 2008, 172:309-320;
DOI: 10.2353/ajpath.2008.070347)

Fibroblasts comprise the most abundant cell type in con-
nective tissues and are central players in organ ho-
meostasis. Their main function is to maintain the struc-

tural integrity of connective tissue by secreting collagen
and fibronectin, which are principal components of the ex-
tracellular matrix (ECM). On injury, the fibrotic response
orchestrated by fibroblasts is a critical component of tissue
restoration and wound healing. Fibroblasts are frequently
exposed to coagulation proteases after vascular damage.
As fibroblasts constitutively express tissue factor, vascular
injury exposes tissue factor to circulating factor (F)VIL." After
activation, FVlla converts FX into its active form, FXa, which
subsequently converts prothrombin into thrombin leading to
the formation of a fibrin clot.

On the action of cytokines and growth factors secreted
by monocytes, fibroblasts migrate into the wound and
subsequently proliferate and concomitantly differentiate
into myofibroblasts®® that develop ultrastructural and
phenotypic characteristics of smooth muscle (SM) cells.
The neoexpression of a-SM actin (a-SMA), typical of SM
cells located in the vessel wall, is the hallmark of myofi-
broblastic cells.* Myofibroblasts, which have enhanced
metabolic activity as compared to undifferentiated fibro-
blasts, synthesize components of the new ECM, thereby
restoring the structure and function of the injured tissue.
In addition, myofibroblasts amplify the healing process
by secreting inflammatory mediators.®

Fibroblast migration, proliferation, and differentiation in
combination with enhanced ECM synthesis require tight
regulation. The escape to self-limiting control results in a
broad range of pathologies characterized by fibrotic dis-
orders attributable to excessive fibroblast proliferation
and deregulated ECM deposition.®® Eventually, the ac-
cumulation of connective tissue compromises organ
function and often leads to premature death. Additionally,
vascular remodeling, which is characterized by deregu-
lated fibroproliferative responses represents a common
theme of many cardiovascular abnormalities. Mechanis-
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tic studies suggest that transforming growth factor
(TGF)-B is the most potent cytokine inducing ECM syn-
thesis by myofibroblasts.”

Strikingly, many of the tissue fibrosis and remodeling
disorders are associated with activation of the coagula-
tion cascade. Persistent fibrin deposition has been ob-
served in renal fibrotic disease.® In lung fibrosis patients,
thrombin levels but also zymogen FX levels are increased
together with enhanced fibrin deposition.® Abundant fi-
brin deposition is also observed in atherosclerosis, '° and
patients with a thrombus after coronary angioplasty
(which is known to contain thrombin and FXa'") at the site
of vascular injury are at higher risk of restenosis.'?

The identification of protease-activated receptors
(PARs), a family of G-protein-coupled receptors, consti-
tutes a potential link between activation of the coagula-
tion cascade and the progression of tissue remodeling or
fibrotic disease. Indeed, besides its properties in blood
coagulation, FXa and thrombin induce intracellular sig-
naling via proteolytic cleavage of PARs. PAR-1, -3, and -4
are cleaved by thrombin,'® whereas FXa can activate
both PAR-1 and PAR-2.'*

Although the role of thrombin-induced PAR-1 activa-
tion in tissue repair has been well documented, ¢ less
is known about the contribution of FXa. In addition, the
involvement of PAR-2 in wound healing and fibrotic dis-
ease has only recently begun to unfold. For instance,
a-SMA and PAR-2 expression are correlated in a renal
interstitial fibrosis model."” Pulmonary PAR-2 is highly
expressed in acute and chronic lung injury, which sug-
gests that PAR-2 may participate in inflammation and
fibroproliferation.'® PAR-2 furthermore maintains pancre-
atic fibrosis through increased proliferation and collagen
production in pancreatic stellate cells.™ Finally, IgA ne-
phropathy biopsies revealed the presence of PAR-2.2°

Interestingly, FXa triggers signaling pathways involved
in the regulation of cell growth and ECM deposition: it
stimulates proliferation of fibroblasts and SM cells®'24
and induces the expression of interleukin (IL)-6, IL-8,
monocyte chemotactic protein (MCP-1),°° and TGF-B8.%°
Moreover, FXa induces ERK1/2 phosphorylation in several
cell lines, both murine and human, such as SM cells,?®2”
cancer cells,'*2"28 endothelial cells,?® mesangial cells,>°
and fibroblasts.?*3" The phosphorylation of ERK1/2 is
widely used as a surrogate marker for PAR-1 and PAR-2
activation.®2 Moreover, the activation of ERK1/2 has been
closely associated with cellular proliferation,**2* protein
synthesis,*® and more recently wound healing.® Taken
together, these data support the hypothesis that FXa is
involved in the pathogenesis of tissue fibrosis and
remodeling. Therefore, we studied FXa-induced intra-
cellular signaling and determined the potential conse-
quence on proinflammatory and profibrotic responses.

Materials and Methods

Cell Culture

Growth-arrested fibroblasts NIH3T3 (CRL-1658) and
myoblasts C2C12 (CRL-1772) were purchased from

American Type Culture Collection (Manassas, VA), and
human dermal fibroblasts were obtained from Promocell
(Heidelberg, Germany). Cells were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal calf serum (FCS). Unless stated otherwise,
cells were washed twice with phosphate-buffered saline
(PBS), serum-starved for 4 hours, and subsequently stim-
ulated as described.

Antibodies

Primary antibodies against «-actin, B-actin, desmin,
TGF-B, fibronectin, PAR-1 (H-111), and PAR-2 (SAM11)
were from Santa Cruz Biotechnology, Santa Cruz, CA.
Phospho-FAK, phospho-p42/p44 MAP kinase, and phos-
pho-Src antibodies were purchased from Cell Signaling
Technology (Beverly, MA).

Reagents

Human FXa and thrombin were obtained from Kordia
(Leiden, the Netherlands). Tick anticoagulant peptide
(TAP) was kindly provided by Dr. Georges Vlasuk (Cor-
vas International Inc., San Diego, CA). Hirudin was pur-
chased from Calbiochem (San Diego, CA). All experi-
ments involving 24-hour incubation with FXa included
hirudin to block any thrombin signaling as described.'
Control experiments demonstrated that hirudin alone had
no effect in our assays. ERK1/2 inhibitor U0126 was
purchased from Cell Signaling Technology. Phalloidin-
fluorescein isothiocyanate and phalloidin-tetramethyl-
rhodamine isothiocyanate were purchased from Sigma
(St. Louis, MO). Cell tracker green CMFDA (5-chlorom-
ethylfluorescein diacetate) was obtained from Molecular
Probes (Eugene, OR). PP1 was from Biomol (Plymouth
Meeting, PA). PAR-1 cleavage-blocking monoclonal an-
tibody ATAP2 was obtained from Santa Cruz Biotechnol-
ogy and used as previously reported.®” Predesigned
PAR-2 (no. 1568457) and control siRNA (no. 4611) was
obtained from Ambion Inc. (Austin, TX). One U/ml FXa
corresponds to 174 nmol/L.

Western Blot

Cells were lysed in Laemmli lysis buffer and incubated for
5 minutes at 95°C, and whole cell lysates were separated
by 10% sodium dodecy! sulfate-polyacrylamide gel elec-
trophoresis. After electrophoresis, proteins were trans-
ferred to an immobilon-P polyvinylidene difluoride mem-
brane (Millipore, Billerica, MA). Membranes were incubated
overnight at 4°C with primary antibodies. All secondary
antibodies were horseradish peroxidase-conjugated from
DakoCytomation (Glostrup, Denmark). Blots were imaged
using Lumilight Plus ECL substrate from Roche (Basel, Swit-
zerland) on a GeneGnome imager (Syngene, Cambridge,
UK). Densitometry was performed in Photoshop 7.0 (Adobe
Systems, San Jose, CA) using the histogram function in a
selected area of constant size for each band. Background
was subtracted and values for the protein of interest were
corrected for those of B-actin.



Immunofluorescence

Cells were grown on coverslips at 20 to 30% confluence.
After pretreatment (when indicated), and subsequent
stimulation with 0.75 U/ml FXa or PBS for the indicated
time periods, cells were washed with PBS and fixed with
3.7% formaldehyde for 20 minutes at room temperature.
Fixed cells were permeabilized and blocked in PBS/0.1%
Triton X-100 (PBS-T) supplemented with 10% FCS for 1
hour. Cell nuclei were stained with 4,6-diamidino-2-phe-
nylindole (200 ng/ml, Roche) in PBS-T for 30 minutes. The
actin cytoskeleton was stained with 10 png/ml of phalloi-
din-tetramethyl-rhodamine isothiocyanate in PBS-T sup-
plemented with 1% bovine serum albumin. For imaging
FAK or Src phosphorylation, cells were blocked as for
phalloidin staining but subsequently incubated with the
appropriate antibody and subsequent fluorescein isothio-
cyanate-conjugated secondary antibody (both in 3% bo-
vine serum albumin/PBS-T). After staining, the cells were
washed and mounted in Mowiol/DABCO agqueous mount-
ing medium (Vector Laboratories, Burlingame, CA). Im-
ages were visualized using an epifluorescence micro-
scope (Leica DMRA, Wetzlar, Germany) and captured on
a cooled charge-coupled camera (KX Series; Apogee,
Auburn, CA) operated by ImagePro Plus software (Media
Cybernetics, Silver Spring, MD).

Proliferation Assay (MTT)

Cells seeded at a density of 10%/cm? in 96-well plates in
DMEM supplemented with 1% FCS, were (if indicated)
pretreated with TAP (200 nmol/L), hirudin (100 nmol/L), or
the ERK1/2 inhibitor U0126 (10 wmol/L), after which they
were stimulated with FXa (1 U/ml) or PBS as a control.
Cell survival was determined at the indicated intervals
using a MTT assay as described before.®®

Transfections

Transfections of predesigned siRNAs were performed us-
ing HiPerfect kit (Qiagen, Hilden, Germany) according to
the manufacturer’'s protocol. For transfections in six-well
plates, 75 ng of siRNA was used at a 1:3 ratio of RNA/
HiPerfect reagent. Cells were incubated with transfection
complexes for 16 hours, after which fresh medium was
added for 6 hours preceding further experimentation.

Cell Migration Assay

Cells were grown to 70% confluence in six-well plates
and before experimentation labeled for 1 hour with 10
pwmol/L CellTracker Green in serum-free medium. The
dye was fixed by a 1-hour incubation in medium with 10%
FCS. Subsequently, cells were washed and detached
with 2 mmol/L ethylenediaminetetraacetic acid in PBS.
Next, cells were resuspended in serum-free medium and
transferred to 8-um pore size HTS FluoroBlok cell culture
inserts (BD Falcon, Franklin Lakes, NJ). FXa (1 U/ml) or
PBS (control), were added to the bottom well and cell
migration was assessed as described before.° Briefly,
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fluorescence values representing the number of cells on
the bottom side of the insert were read during 30 cycles
(each cycle comprising four readings spanning 2 min-
utes) at 37°C on a Series 4000 CytoFluor multiwell plate
reader (Perseptive Biosystems, Framingham, MA). The
raw fluorescence data were corrected for background
fluorescence and fading of the fluorophore, and the data
were plotted with GraphPad Prism-4 (San Diego, CA).

Wound Scratch Assay

Cells were plated in six-well plates and maintained in
DMEM supplemented with 10% FCS. After the cells
reached 80 to 90% confluence, a wound was created in
the center of the cell monolayer by a sterile plastic pipette
tip. Immediately thereafter, the cells were washed with
PBS to remove floating cellular debris and reincubated
for an additional 18 hours with either serum-free medium
(for use as a negative control), DMEM medium supple-
mented with 10% FCS (as positive control), or serum-free
medium containing FXa. When indicated, cells were pre-
incubated with PP1 (10 umol/L), U0126 (10 wmol/L), or
TAP (200 nmol/L) 30 minutes before wounding the cells.
The ability of cells to proliferate and migrate into the
wound area was assessed after 18 hours by comparing
the 0- and 18-hour phase-contrast micrographs of six
marked points along the wounded area at each plate.
The percentage of nonrecovered wound area was calcu-
lated by dividing the nonrecovered area after 18 hours by
the initial wound area at O time.

Cytokine/Chemokine Assay

IL-6, MCP-1, interferon-vy, tumor necrosis factor (TNF)-«,
and IL-10 were measured using the BD Cytometric bead
array mouse inflammation kit (Becton Dickinson, Franklin
Lakes, NJ) as described before.*° Detection limits were
10 pg/ml.

Statistics

Statistical analyses were conducted using GraphPad
Prism version 4.00 software. Data are expressed as
means = SEM. Comparisons between two conditions
were analyzed using Mann-Whitney t-tests.

Results

Expression of PAR-1 and PAR-2 by NIH3T3 and
C2C12 Cells

For efficient signal transduction of FXa, it is essential that
its cellular receptors are expressed. Therefore, we as-
sessed the presence of PAR-1 and PAR-2 on the NIH3T3
and C2C12 fibroblast cells used in this study. As shown
in Figure 1A, both NIH3T3 (lane 1) and C2C12 (lane 2)
cells constitutively expressed PAR-1 and PAR-2.
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Figure 1. FXa elicits specific phosphorylation of ERK1/2 in fibroblasts via
PAR-2 activation. A: Western blot analysis on cell lysates of NIH3T3 (lane 1)
and C2C12 (lane 2) cells showing that both cell lines constitutively express
PAR-1 and PAR-2. Actin was used as a loading control. B: Serum-starved
C2C12 cells (4 hours) treated with PBS (lane 1), thrombin (lane 2), or trypsin
(lane 3) for 30 minutes. Western blot analysis of phospho-ERK1/2 indicates
the functionality of both PARs. C: Effect of different concentrations of FXa on
the phosphorylation of ERK1/2 in C2C12 cells. Cells stimulated for 30 minutes
with PBS (lane 1) and FXa (lanes 2 to 5). D: Top: Western blot of C2C12
cells pretreated for 30 minutes with 200 nmol/L TAP (lane 2) or 100 nmol/L
hirudin (lane 3) and stimulated for 30 minutes with PBS (lane 1) or 1 U/ml
FXa (lanes 2 to 4) indicate that FXa-induced ERK1/2 phosphorylation is
specific. Bottom: Densitometric analysis of three independent Western blots
(mean * SEM). E: FXa-induced ERK1/2 phosphorylation is not mediated by
PAR-1. Western blots of C2C12 cells incubated for 30 minutes with PBS
(lanes 1 to 3) or the anti-PAR-1 antibody ATAP2 (lanes 4 to 6), which were
subsequently stimulated for 30 minutes with PBS (lane 1), 1 U/ml thrombin
(lanes 2 and 5), or 1 U/ml FXa (lanes 3 and 6). F: FXa-induced ERK1/2
phosphorylation is mediated by PAR-2. Lanes 1 to 16: Western blots of
fibroblasts exposed for 150 minutes (desensitization) to thrombin (lanes 1 to
8) or trypsin (lanes 9 to 16), subsequently stimulated with thrombin (lanes
1 to 4 and 13 to 16) or trypsin (lanes 5 to 12) for the indicated time points.
Western blots of fibroblasts exposed for 150 minutes to serum-free control
medium (lanes 17 to 20), thrombin (lanes 21 to 24), or trypsin (lanes 25
to 28) subsequently stimulated with FXa (1 U/mD for the indicated time
points. B-F: Total ERK1/2 is used as a loading control. G: PAR-2-specific
siRNA causes loss of receptor-stimulated ERK1/2 phosphorylation. Left:
Western blot of C2C12 cells transfected with control siRNA or PAR-2 siRNA.
Right: Western blot of C2C12 cells transfected with control siRNA (lanes 1
to 4) or PAR-2 siRNA (lanes 5 to 8), stimulated with FXa for the indicated
time points (minutes). Actin served as a loading control. Results presented
are representative of three independent experiments.

PAR-1 and PAR-2 Expressed by NIH3T3 and
C2C12 Are Functional

We next determined whether the expression of PAR-1
and PAR-2 was associated with functional responses in
both cell lines. As read-out we examined the phosphor-
ylation of ERK1/2, which is widely used as a surrogate
marker for PAR-1 and PAR-2 activation.®® Cells were
serum-starved for 4 hours, stimulated with thrombin (1
U/ml corresponding to 10 nmol/L), a specific PAR-1 ag-
onist; trypsin (200 nmol/L), a specific PAR-2 agonist; or
PBS as negative control. As shown in Figure 1B for
C2C12 cells, stimulation with thrombin (lane 2) or trypsin
(lane 3) induced strong phosphorylation of ERK1/2 as
compared to the negative control (lane1). Similar results
were obtained with NIH3T3 cells (data not shown).
Hence, both PAR-1 and PAR-2 are functionally active on
the fibroblasts.

FXa Elicits Signal Transduction in NIH3T3 and
C2C12 Cells

To assess the capacity of FXa to induce intracellular
signaling in fibroblasts, we examined FXa-induced phos-
phorylation of ERK1/2. Figure 1C shows that signaling
induced by FXa was already detectable at 0.25 U/ml
(lane 2). ERK1/2 phosphorylation strongly increased us-
ing 0.5 U/ml FXa (lane 3) and was maximal at 1 U/ml (lane
5). The same results were obtained in NIH3T3 cells (data
not shown). To verify the specificity of ERK1/2 phosphor-
ylation induced by FXa, cells were preincubated with
TAP, an FXa inhibitor, or hirudin, a thrombin inhibitor. As
shown in Figure 1D for C2C12 cells, pretreatment with
TAP (lane 2), but not with hirudin (lane 3), almost com-
pletely inhibited FXa-induced ERK1/2 phosphorylation.
Similar results were obtained with NIH3T3 cells (data not
shown). Hence, FXa specifically induces ERK1/2 phos-
phorylation, which is independent of thrombin formation.

FXa Signals via PAR-2 Activation

To identify the receptor by which FXa induces signaling,
we tested whether the activation of PAR-1 is required for
FXa signaling. Cells were treated with FXa in the absence
or presence of the PAR-1-blocking antibody ATAP2. As
shown in Figure 1E, ERK1/2 phosphorylation was strongly
induced by FXa (lane 3) independently of the blocking
antibody (compare lanes 3 and 6). In contrast, nearly
70% of ERK1/2 phosphorylation induced by thrombin
(lane 2) was inhibited by antibody treatment (lane 5).
These results suggest that PAR-1 activation is not re-
quired for FXa-mediated signaling (in contrast to throm-
bin-mediated signaling) and that PAR-2 is likely to be
involved. To confirm the involvement of PAR-2, we stud-
ied FXa-induced signaling in thrombin- or trypsin-desen-
sitized fibroblasts. To validate the experimental set-up,
we first verified the specificity of our desensitization ex-
periments. As shown in Figure 1F, thrombin desensitiza-
tion abolished subsequent stimulation by thrombin (lanes
1 to 4) but not by trypsin (lanes 5 to 8). Reciprocally,



trypsin pretreatment prevented subsequent ERK1/2
phosphorylation when the fibroblasts were treated with
trypsin (lanes 9 to 12) but not when treated with thrombin
(lanes 13 to 16). Because thrombin and trypsin indeed
specifically desensitized cells, we next assessed FXa-
induced signaling in desensitized cells. As shown in Fig-
ure 1F, FXa still induced ERK1/2 phosphorylation in
thrombin-desensitized cells (lanes 21 to 24). In contrast,
fibroblasts pretreated with trypsin failed to respond to
subsequent FXa stimulation (lanes 25 to 28 as compared
to lanes 17 to 20), indicating both agonists activate the
same receptor (ie, PAR-2). Similar results were obtained
with NIH3T3 cells. To confirm that PAR-2 is the receptor
mediating FXa signaling, cells were transfected with
PAR-2 siRNA. As shown in Figure 1G, PAR-2 siRNA, but
not control siRNA, impaired FXa-induced phosphoryla-
tion of ERK1/2. Taken together, these results strongly
suggest that PAR-2 mediates FXa signaling in fibroblasts.

FXa Increases a-SMA and Desmin Expression
in Fibroblasts

We assessed the consequences of PAR-2-mediated FXa-
induced signaling for processes involved in wound heal-
ing and fibrosis, which are both characterized by the
formation of a myofibroblast-enriched provisional ECM.
Therefore, we examined whether FXa induced the differ-
entiation of fibroblasts into myofibroblasts. Because
a-SMA expression is a hallmark characteristic for the
conversion of fibroblasts into myofibroblasts, we as-
sessed a-SMA levels in the fibroblast cells. As shown in
Figure 2A, growth-arrested NIH3T3 fibroblasts (lane 1)
expressed low constitutive levels of a-SMA, whereas the
differentiated C2C12 cells expressed higher basal levels
(lane 3). Stimulation of NIH3T3 cells with FXa strongly
increased a-SMA expression in a time-dependent (lanes
4 to 8) and dose-dependent (lanes 9 to 13) manner,
indeed suggesting that FXa induces the differentiation of
fibroblasts into myofibroblasts.

In addition to a-SMA expression, the intermediate fila-
ment protein desmin might be induced during fibroblast
differentiation into myofibroblast.*" Therefore, we also
determined desmin expression in NIH3T3 fibroblasts. As
shown in Figure 2B, FXa also induced a time-dependent
(lanes 1 to 5) and concentration-dependent (lanes 6 to
10) expression of desmin, further supporting the hypoth-
esis that FXa induces fibroblast differentiation.

FXa Enhances Profibrotic Protein Production by
C2C12 Myoblasts

We next examined FXa-induced synthesis of the profi-
brotic cytokine TGF-B. As shown in Figure 2C, C2C12
cells constitutively expressed very low levels of TGF-B.
Stimulation with FXa showed a time-dependent increase
in TGF-B levels (lanes 1 to 5), with maximal levels
reached at 24 hours (lane 5). TGF-B was already induced
by 0.5 U/ml FXa, but maximal expression was observed
using 1 U/mlindicating a dose-response effect (lanes 6 to
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Figure 2.FXa induces a profibrotic and proinflammatory phenotype in
fibroblasts. A: FXa increases a-SMA expression in NIH3T3 fibroblasts. Lanes
1 and 3: Constitutive expression of a-SMA. Lanes 4 to 8: Cells treated with
1 U/ml FXa. Lanes 9 to 13: Cells treated for 24 hours with various concen-
trations of FXa. B: FXa increases desmin expression in NIH3T3 fibroblasts.
Lanes 1 to 5: Cells treated with 1 U/ml FXa. Lanes 6 to 10: Cells treated for
24 hours with various concentrations of FXa. C: FXa stimulates TGF-
production in C2C12 cells. Lanes 1 to 5: Cells treated with 1 U/ml FXa. Lanes
6 to 10: Cells treated for 24 hours with various concentrations of FXa. D: FXa
induces fibronectin production. Lanes 1 to 5: Cells treated with 1 U/ml FXa.
Lanes 6 to 10: Cells treated for 24 hours with various concentrations of FXa.
A-D: B-Actin served as loading control and results are representative of three
independent experiments. E: FXa induces the secretion of MCP-1 and IL-6.
IL-10, interferon-y, TNF-e, IL-6, and MCP-1 expression in supernatants of C2C12
cells stimulated with FXa for 24 hours. Shown is the mean * SEM (1 = 4).

10). Similar results were observed in the NIH3T3 cells,
although protein synthesis was slightly less efficient in
these cells (data not shown).

Fibronectin is one of the first matrix proteins produced
in response to cell injury and inflammation. Therefore, we
investigated whether FXa induced fibronectin levels in
C2C12 cells. As shown in Figure 2D, FXa increased
fibronectin levels in a time-dependent (lanes 1 to 5) and
dose-dependent (lanes 6 to 10) manner. FXa induced
fibronectin synthesis in NIH3T3 cells also, although to a
lesser extent (data not shown). As shown in Supplemen-
tary Figure S1 at http.//ajp.amjpathol.org, PAR-2, but not
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control, siRNA transfection inhibited fibronectin synthesis
in C2C12 cells stimulated with FXa.

FXa Enhances the Expression of
Proinflammatory Mediators

To determine the potential proinflammatory effect of FXa,
the levels of TNF-q, interferon-y, IL-6, IL-10, and MCP-1in
the supernatant of C2C12 fibroblasts stimulated with FXa
were determined. As shown in Figure 2E, FXa did not
modify the expression of IL-10, TNF-«, and interferon-.
In contrast, FXa induced IL-6 expression in a dose-de-
pendent manner. IL-6 levels were detectable after stim-
ulation with 0.25 U/ml FXa, whereas maximal levels were
obtained at a concentration of 0.75 U/ml. Finally, FXa
strongly enhanced the expression of MCP-1, which
peaked at a FXa concentration of 1 U/ml.

FXa Stimulates Fibroblast Proliferation

Because fibroblast proliferation is an important process
in wound healing, we assessed the functional conse-
quences of FXa-induced signaling on fibroblast prolifer-
ation. As shown in Figure 3A (left), FXa enhanced the
proliferation of NIH3T3 cells by 334 + 10% after 24 hours.
This induction was sustained after a 48-hour incubation
(319 = 17%) and further increased after 72 hours (600 +
35%). As shown in Figure 3A (right), FXa also stimulated

proliferation of C2C12 fibroblasts (195 *+ 6% after 24
hours, 202 = 4% after 48 hours, and 140 *= 6% after 72
hours), but to a lesser extent (approximately three times
less proliferation than in NIH3T3 fibroblasts). Further-
more, we demonstrated that the effect of FXa on cell
proliferation was concentration-dependent. As shown in
Figure 3B, a 24-hour incubation with FXa enhanced
C2C12 proliferation by 168 = 6% at a concentration as
low as 0.25 U/ml, whereas maximal induction of prolifer-
ation was observed using 1 U/ml (191 = 5%).

To verify that FXa-induced cell proliferation is specific,
cells were preincubated with TAP for 2 hours and subse-
quently incubated with FXa for 24 hours. As shown in Figure
3C, TAP pretreatment almost completely inhibited the FXa
effect on cell proliferation. Furthermore, we verified the in-
volvement of ERK1/2 in FXa-induced cell proliferation by
pretreatment with the ERK1/2 inhibitor U0O126. As shown in
Figure 3C, ERK1/2 inhibition abolished FXa-induced prolif-
eration. To assess the role of PAR-2 in FXa-induced cell
proliferation, cells were transfected with PAR-2 and/or con-
trol siRNA. As shown in Figure 3D, PAR-2 siRNA blocked
FXa-induced proliferation, whereas control siRNA did not
modify the FXa effect on proliferation.

FXa Enhances Fibroblast Migration

Next to proliferation, another important process in wound
healing and fibrotic disease is the recruitment of fibro-
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blasts toward the site of injury/inflammation. Therefore,
we assessed transmigration of NIH3T3 cells toward a
gradient of FXa. As shown in Figure 4A (left), FXa en-
hanced NIH3T3 migration by 249 + 23%, as compared to
PBS-negative controls. FXa also enhanced C2C12 cell
migration as compared to the PBS control (195 = 19%;
Figure 4A, right), but again to a lesser extent as com-
pared to the NIH3T3 fibroblasts. Again, FXa exerted its
effect in a concentration-dependent manner: As shown in
Figure 4B, 0.25 U/ml FXa was already a powerful che-
moattractant inducing migration by 146 = 18%, but max-
imal induction was observed at 1 U/ml FXa (199 = 20%).

A crucial mediator involved in cell migration is the
nonreceptor protein tyrosine kinase FAK (focal adhesion
kinase). When activated, FAK phosphorylates and/or as-
sociates with other cytoskeletal components, including
Src, and this complex is involved in actin stress fiber
formation and cytoskeletal reorganization. Therefore, we
studied the effect of FXa on the FAK/Src pathway. As
shown in Figure 4C for C2C12 cells, FXa induced phos-

performed in duplicate. C: FXa (1 U/mlD) induced
phosphorylation of FAK and Src. B-Actin serves as
loading control. The blots are representative of
two independent experiments. D: Inhibition of Src
abolishes FXa-induced stimulation of cell migra-
tion, as demonstrated by pretreatment of cells with
PP1. Results represent the number of cells mi-
grated as percentage of the control and are shown
as mean = SEM (n = %) P < 005 =P < 001

stlmuldtcd (2( 12 cclls (['or 15 mlnutcs) shov\mg
that FXa induces phosphorylation of tyrosine res-
idues. Stress fibers are indicated by arrows and
the spikes by asterisks. F: Effect of FXa (15-
minute incubation) on stress fiber assembly and
tyrosine-phosphorylation in the absence or pres-
ence of PP1. Red, actin; blue, nucleus; green,
phosphotyrosine. Experiments were repeated
twice.

phorylation of FAK with maximal phosphorylation at 20
minutes (lane 6). In addition, FXa induced a robust phos-
phorylation of Src, which also peaked at 20 minutes. To
assess further the importance of the FAK/Src pathway in
FXa-induced migration, cells were pretreated with PP1, a
Src-inhibitor, before performing the migration assay. As
shown in Figure 4D, PP1 pretreatment abolished the FXa
effect. Taken together, these data suggest that FXa in-
duces fibroblast migration via the FAK/Src pathway. Sim-
ilar results were obtained with the NIH3T3 cells.

FXa Mediates Cytoskeletal Reorganization and
Stress Fiber Formation

To confirm the activation of the FAK/Src pathway by FXa,
we used fluorescent microscopy on C2C12 cells stimu-
lated with FXa. As shown in Figure 4E, after 15 minutes of
stimulation, spikes (indicated by asterisks) representing
phosphorylated tyrosine residues could be observed at
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Figure 5. FXa facilitates wound healing in a wound scratch assay. A: Wound

size of C2C12 fibroblast monolayers after treatment with either PBS (control), FXa

(1 U/mD), FCS (10%), FXa/TAP (200 nmol/L), or FXa/PP1 (1 umol/L) for 18 hours. Shown are photographs of representative microscopic fields. B: Actin staining
of fibroblasts treated with PBS (control), FXa (1 U/mbD), or FCS (10%) after wound induction. C: Detail of the effect of FXa, in the presence or in the absence of
TAP or PP1, on stress fiber formation. D: Quantification of the results depicted in A as described in the Materials and Methods section. E: Involvement of ERK1/2
in FXa-mediated wound healing. Quantification of wound size of fibroblast monolayers after treatment with either PBS (control), FXa (1 U/mlD), or FXa/U0126 for
18 hours. F: Wound size of C2C12 cells transfected with control or PAR-2 siRNA, after treatment with either PBS (control) or FXa (1 U/ml) for 18 hours. Results
are shown as mean * SEM of two independent experiments performed in octuplicate. **P < 0.01; **P < 0.001.

the cell membrane. Concomitant with the activation of
these kinases, FXa induced actin cytoskeletal reorgani-
zation with an increase in stress fiber formation (indicated
by arrows) as compared to the control. To assess the
involvement of FXa-induced FAK/Src activation in stress
fiber formation, cells were pretreated with PP1 and sub-
sequently stimulated with FXa. As shown in Figure 4F,
pretreatment with PP1 reduced the amount of cells with
stress fibers and with phosphorylated tyrosines at the
membrane as compared to the previous conditions (Fig-
ure 4E). Overall these data confirm the involvement of the
FAK/Src pathway in FXa-mediated cytoskeletal reorgani-
zation leading to cell migration.

FXa Facilitates Wound Healing

To assess further the relevance of FXa-induced prolifer-
ation and cell migration, we examined the effect of FXa in
wound scratch assays. In such assays, C2C12 cells are
grown to confluence in monolayers, and their ability to
migrate into and across a denuded area of the monolayer
is followed throughout time. Control-treated cells hardly
migrated into the wounded area within 18 hours (Figure
5A, control), whereas FXa-treated cells did migrate into

the wounded area within this time period (Figure 5A,
FXa). Both FXa-treated cells as well as 10% FCS-treated
cells (positive control) reduced the wound size by ~50%
within 18 hours as compared to no significant reduction in
wound size for control-treated cells (Figure 5, A and D).
To assess the role of ERK1/2 phosphorylation in FXa-
induced wound healing, cells were pretreated with
U0126 before FXa treatment. As shown in Figure 5E,
ERK1/2 inhibition abolishes the effect of FXa on wound
healing. Furthermore, cells were transfected with PAR-2
and/or control siRNA to assess the role of PAR-2 in FXa-
induced wound healing. As shown in Figure 5F, PAR-2
siRNA strongly reduced FXa-induced wound healing,
whereas control siRNA did not modify the FXa effect.
As indicated before, FXa induces stress fiber formation
via the FAK/Src pathway and inhibition of Src abolished
FXa-induced fibroblast migration. Indeed, fluorescent
staining of cells in the wound scratch assay confirmed
the induction of stress fibers of cells treated with FXa or
10% FCS, as compared to control-treated cells (Figure 5,
B and C). Importantly, PP1 treatment abolished the effect
of FXa on wound healing (Figure 5, A and D), which
suggests that during the first hours after wound induction,
fibroblasts migrate, whereas proliferation becomes prom-



inent only later. To confirm that FXa-induced stress fiber
formation is specific and mediated by Src, we pretreated
the cells with PP1 or TAP before incubating them with FXa
for 18 hours. As shown in Figure 5C, both inhibitors
strongly diminished FXa-induced stress fiber formation.

Discussion

In this study, we demonstrated that FXa initiated both
proinflammatory and fibroproliferative responses in fibro-
blasts via PAR-2 activation. The signaling effects of FXa
were specific and required its proteolytic activity. We also
demonstrated that FXa acted as a chemoattractant. The
recruitment of fibroblasts, as well as their subsequent
proliferation and synthesis of the ECM are essential in
wound healing but are also central features in patholog-
ical mechanisms leading to tissue fibrosis and remodel-
ing. The consequences of FXa on fibroblast activation
were shown by using a wound scratch model in which
FXa induced wound healing. The Src inhibitor PP1, which
inhibited migration, also prevented FXa-induced wound
healing suggesting that cell migration occurs before pro-
liferation during the wound healing process.

ERK1/2 phosphorylation is widely used as a surrogate
marker for PAR-1 and PAR-2 activation.®? Indeed, FXa-
induced PAR-2 cleavage results in phosphorylation of
ERK1/2 also in our cell lines. As the activation of ERK1/2
has been closely associated with cellular prolifera-
tion,®334 protein synthesis, and more recently wound
healing,®® it is tempting to speculate that the ERK1/2
pathway is critically involved in mediating the profi-
brotic effects of FXa. The fact that the ERK1/2 inhibitor
U0126 completely blocked FXa-induced proliferation
(Figure 3C) and wound healing (Figure 5E) strongly
suggests that the profibrotic response induced by FXa
is ERK1/2-dependent.

We established a potential role for coagulation FXa
signaling in the progression of tissue fibrosis/wound heal-
ing. Fibroblasts can become exposed to coagulation pro-
teases after vascular damage, and activation of the co-
agulation cascade occurs in many pathological conditions
involving wound healing and fibrosis. Moreover, there are
a number of potential mechanisms that may lead to in-
creased expression of FXa in inflammatory contexts like
atherosclerotic plaque formation or bleomycin-induced
lung injury. For instance, FXa may leak into the connec-
tive tissue from the vascular compartment as a result of
chronic activation of the coagulation cascade, after ex-
tensive and continued endothelial injury.

Because activation of the coagulation cascade is rel-
evant to organs where the interstitial compartment is in
close contact with the microvasculature bed, one could
hypothesize from our data that locally generated FXa first
acts as a chemoattractant and contributes to the initiation
of fibroblast migration toward the wound or the site of
inflammation. Further exposure of the fibroblasts to FXa
leads to fibroblast activation, which includes enhance-
ment of the expression of a-actin, TGF-p, fibronectin, and
secretion of IL-6 and MCP-1, all of which are implicated in
tissue fibrosis and wound healing (Figure 6). Of these,
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Figure 6. Proposed role of FXa in wound healing and fibrosis. After activa-
tion of the coagulation cascade (1), FXa induces fibrosis via thrombin gen-
eration (2) or via PAR-2-dependent signaling (3). Signaling leads to fibroblast
proliferation (4) and differentiation into myofibroblasts (5) followed by the
secretion of MCP-1, IL-6, TGF-B, and fibronectin (6). Ultimately this leads to
the accumulation of ECM thereby disrupting the tight balance between
production and degradation of ECM, leading to wound healing and fibrosis.

IL-6 and MCP-12% expression has already been reported
in fibroblasts and SM cells after stimulation with FXa. IL-6
and MCP-1 expression are suggested to contribute to
fibrosis and wound healing as the expression and secre-
tion of IL-6 correlates with fibrosis in the liver,*? skin,*®
and lung.** The development of subepithelial fibrosis in
transgenic mice with targeted overexpression of IL-6 in
the lung,*® as well as the significant reduction of fibrosis
in IL-6-deficient mice in a model of hepatic fibrosis,*€ also
argues for an important role of IL-6 in fibrosis. MCP-1
stimulates and induces the recruitment of monocytes that
in turn secrete cytokines and chemokines thereby pro-
moting inflammation and fibrosis. In addition, MCP-1-
deficient mice show less skin fibrosis,*” and anti-MCP-1
therapy attenuates intimal hyperplasia and vein graft
thickening by inhibiting vascular SM cell proliferation.*®
Our finding that FXa enhanced MCP-1 secretion by fibro-
blasts supports the view that FXa enhances MCP-1-in-
duced infiltration of inflammatory cells during tissue
remodeling.

We observed that FXa induced a time- and concentra-
tion-dependent increase in a-SMA expression, which is
the hallmark of differentiated myofibroblasts.? The pres-
ence of myofibroblasts, associated with excessive ECM
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protein biosynthesis, hypercontractility, and organ-de-
structive remodeling, has been extensively documented
in active fibrotic lesions and vascular remodeling.*®:%°
Differentiation of fibroblasts into myofibroblasts contrib-
uted to the progression of, among others, resteno-
sis,®°1%2 as well as intimal hyperplasia and vein graft
remodeling®® or atherogenesis.?** Therefore, the finding
that FXa led to activation of fibroblasts and to the appear-
ance of a myofibroblast phenotype provides additional
support for the notion that FXa is an important mediator in
tissue remodeling.

We also observed a significant increase in TGF-B ex-
pression in fibroblasts exposed to FXa. Because TGF-8 is
a well established mediator of interstitial fibrosis,” our
observation supports the hypothesis that FXa plays a
pathogenic role in the progression of fibrotic diseases.
TGF-B is known to induce fibroblast proliferation, differ-
entiation into myofibroblasts,®® and to enhance fibronec-
tin expression. However, it is likely that the expression of
these proteins by FXa via PAR-2 activation does not
depend on the autocrine effect of TGF-B. Indeed, the time
courses for fibronectin, a-SMA, and TGF-B expression
did not differ significantly, suggesting that newly synthe-
sized TGF-B did not play a significant role in FXa-induced
fibronectin and a-SMA expression. However, it is likely
that TGF-B plays a contributing role to these processes at
later time points.

Fibronectin is a major component of the ECM, expres-
sion of which markedly increases after tissue injury.®® In
keeping with its properties in connective tissue remodel-
ing that takes place during wound healing and fibrosis,
increased fibronectin expression occurs in pulmonary
fibroproliferative disease.®” Furthermore, there is a cor-
relation between atherosclerotic plaque development
and fibronectin expression,®® and fibronectin deposition
increases after angioplasty during vascular remodel-
ing.° Because aberrant accumulation of ECM is primar-
ily responsible for the destruction of architecture and loss
of function during organ remodeling, FXa-induced fi-
bronectin expression likely contributes to profibrotic
responses.

We showed that FXa mediates its effects via PAR-2 by
using several approaches. First, we showed that a PAR-
1-inhibiting antibody did not block the FXa response,
suggesting that PAR-1 was not involved in mediating FXa
effects. Second, we showed that trypsin but not thrombin
desensitized FXa-mediated cellular effects, thereby sug-
gesting that PAR-2 activation mediated these effects.
Finally, to assess definitely the role of PAR-2, we trans-
fected cells with PAR-2 siRNA and showed that FXa
effects on cell proliferation, migration (determined in a
wound scratch assay), protein synthesis, and ERK1/2
phosphorylation were diminished. FXa-induced signaling
has been documented in many cell types originating from
different species; however, the receptor involved re-
mained controversial. In human coronary artery SM cells,
FXa signaling was mediated via PAR-2 exclusively®® or
via the activation of PAR-1 and PAR-2.°° Other studies
suggest that in human and murine fibroblasts FXa signals
exclusively via PAR-1.%2 Finally, studies using rat, human,
and rabbit vascular SM cells showed that FXa signaled

independent of PARs.?*27 Importantly, the profibrotic
and proinflammatory effects induced by FXa-dependent
PAR-2 signaling are not redundant of the profibrotic ef-
fects of thrombin, including fibronectin, IL-6, MCP-1, and
TGF-B expression, which are mediated by PAR-1.751¢

The studies described in this paper were performed
using murine fibroblasts, and one could therefore argue
that our data are less informative for fibrosis in humans.
However, FXa also induces phosphorylation of ERK1/2
and synthesis of profibrotic and proinflammatory proteins
in human dermal fibroblasts (Supplementary Figure S2 at
http://ajp.amjpathol.org). Furthermore, these human der-
mal fibroblasts show increased proliferation and en-
hanced wound healing after FXa stimulation. It therefore
seems that the profibrotic effects of FXa are not species-
specific and hold true for human cells as well. Obviously,
future experiments should elucidate the in vivo relevance
of FXa in fibrotic disease.

In conclusion, we have demonstrated that coagulation
of FXa stimulates proinflammatory and fibroproliferative
responses in fibroblasts and their differentiation into myo-
fibroblasts. Further studies are needed to assess the in
vivo relevance of these results, but it can be hypothesized
that these responses, which are mediated by PAR-2, may
help explain the extent of fibrosis and remodeling ob-
served in association with activation of the coagulation
cascade. Although therapies that specifically block
PAR-1 activation partly limit the progression of fibrosis,
combined strategies targeting both PAR-1 (induced by
thrombin) and PAR-2 (induced by FXa) activation may be
more effective.
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