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Uncontrolled activation of the coagulation cascade after tissue injury has been implicated in both inflammation and tissue
fibrosis. Thrombin exerts pluripotent cellular effects via its high-affinity receptor, proteinase-activated receptor-1 (PAR,)
and signaling via Gay,,, G, 0r Gayy 3. Activation of PAR, on fibroblasts, a key effector cell in fibrosis, results in the
induction of several mediators, including the potent monocyte and fibrocyte chemoattractant CCL2. The aim of this study
was to identify the G protein and signaling pathway involved in PAR,-mediated CCL2 production and release. Using a
novel PAR, antagonist that blocks the interaction between PAR, and Ge,, we report for the first time that PAR, coupling
to Ga is essential for thrombin-induced CCL2 gene expression and protein release in murine lung fibroblasts. We further
demonstrate that these effects are mediated via the cooperation between ERK1/2 and Rho kinase signaling pathways: a
calcium-independent protein kinase C (PKC), c-Raf, and ERK1/2 pathway was found to mediate PAR,-induced CCL2 gene
transcription, whereas a phospholipase C, calcium-dependent PKC, and Rho kinase pathway influences CCL2 protein
release. We propose that targeting the interaction between PAR, and Ga, may allow us to selectively interfere with PAR,
proinflammatory and profibrotic signaling, while preserving the essential role of other PAR,-mediated cellular responses.

INTRODUCTION

Inflammation and the subsequent fibroproliferative re-
sponse are critical components of tissue repair after injury.
However, if uncontrolled, these processes can lead to the
development of tissue remodeling and fibrosis of the skin,
vasculature, and internal organs, including the lung. Previ-
ously, the fibroblast was considered to be a passive partici-
pant in tissue repair through its end-stage contribution of
extracellular matrix synthesis. However, emerging evidence
now points to a more active role for fibroblasts in the response
to tissue injury by releasing a host of mediators, including the
CC-chemokine: CCL2 (MCP-1/CCL2/JE; Hogaboam ef al.,
1998). Although primarily considered a potent chemoattrac-
tant for monocytes, T-cells, and natural killer cells, CCL2 is
also involved in the direct activation of fibroblasts leading to
extracellular matrix generation via the induction of the po-
tent profibrotic mediator, transforming growth factor B1
(TGF-B1; Gharaee-Kermani et al., 1996). Recent evidence fur-
ther suggests that CCL2 may also contribute to excessive
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collagen deposition via the recruitment of fibrocytes (Moore
et al., 2005), which are believed to represent a source of
fibroblasts and myofibroblasts during the fibroproliferative
response to tissue damage (Phillips et al., 2004).

One of the earliest responses to tissue injury involves the
highly coordinated activation of the coagulation cascade
with the resultant generation of thrombin. In addition to its
central role in hemostasis, thrombin exerts a number of cel-
lular effects that initiate and influence subsequent inflamma-
tory and tissue repair responses (Chambers, 2003). Thrombin
exerts potent profibrotic effects by influencing fibroblast
function and has also been shown to up-regulate CCL2
expression by several cell types, including monocytes (Co-
lotta et al., 1994), endothelial cells (Colotta ef al., 1994; Marin
et al., 2001), smooth muscle cells (Brandes et al., 2001), and
dermal fibroblasts (Bachli et al., 2003). The cellular effects of
thrombin are largely, but not exclusively, mediated via the
activation of a unique family of cell surface receptors
termed, proteinase-activated receptors (PARs). To date, four
PARs have been described, of which three (PAR;, PAR;, and
PAR,) are activated by thrombin. These receptors belong to
the seven transmembrane domain G protein—coupled recep-
tor (GPCR) superfamily, but are activated by a unique mech-
anism involving limited proteolytic cleavage of the N-termi-
nal extracellular domain leading to the unmasking of a
tethered ligand that in turn activates the receptor by in-
tramolecular binding (Vu et al., 1991) .

PAR, is the high-affinity thrombin receptor and the major
receptor responsible for mediating many of the proinflam-
matory and profibrotic effects of thrombin via the induction
and activation of a host of secondary mediators(Chambers,
2003). PAR; exhibits the ability to couple to multiple G
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protein family subunits, including Ge;,o, Gag, or Gays /13
within the same cell type. In general, the Ga;,, pathway
inhibits adenylate cyclase and the generation of cyclic aden-
osine monophosphate (cAMP); the Ga, pathway involves
phospholipase C-B (PLC-pB) activation and concomitant cal-
cium mobilization and protein kinase C (PKC) activation,
whereas the Gay, 45 pathway activates Rho kinase and reg-
ulates actin remodeling (Coughlin, 2000).

Studies employing PAR, antagonists and PAR;-deficient
mice have provided strong evidence that PAR, signaling
plays an important role in inflammation and tissue remod-
eling in a number of tissues, including the vasculature
(Cheung et al., 1999), the kidney (Cunningham et al., 2000),
the liver (Fiorucci et al., 2004), and the lung (Howell et al.,
2005). In the context of lung injury, we have recently re-
ported that protection from bleomycin-induced lung inflam-
mation and fibrosis in PAR;-deficient mice is accompanied
by a marked attenuation of the characteristic increase in
CCL2 lung levels (Howell et al., 2005). In human fibropro-
liferative lung diseases, CCL2 levels in bronchoalveolar la-
vage fluid (BALF) correlate with the severity of lung injury
in acute respiratory distress syndrome (ARDS; Goodman et
al., 1996). CCL2 lung levels are also increased in patients
with interstitial lung disease (ILD) and in patients with the
fatal chronic fibrotic lung condition, idiopathic pulmonary
fibrosis (IPF), where CCL2 may serve as a useful biomarker
for the clinical course of the disease (Suga et al., 1999). In
patients with fibrotic lung disease and in animal models,
fibroblast numbers are dramatically increased, and numer-
ous cells are strongly immunoreactive for both CCL2 and
PAR; (Mercer, Johns, Scotton, Krupiczojc, Koenigshoff, How-
ell, McAnulty, Das, Eickelberg, and Chambers, unpublished
data). However, the signaling pathways involved in PAR;-
mediated CCL2 production remain poorly understood. The
aim of this study was therefore to begin to delineate the
signaling pathways by which thrombin induces CCL2 pro-
duction by lung fibroblasts. We report for the first time that
thrombin induces fibroblast CCL2 production and release
via coupling of PAR; to Ge, and the cooperation between
ERK1/2 and Rho kinase signaling pathways. We further
provide evidence that the Ca?*-independent PKC, c-Raf,
and ERK1/2 pathway is responsible for thrombin-induced
CCL2 gene expression, whereas the second PLC, Ca?",
Ca?*-dependent PKC, Rho kinase pathway influences CCL2
protein release via a posttranscriptional mechanism. These
data demonstrate a central role for Ga, in thrombin-induced
CCL2 signaling. In this report, we further demonstrate the
effectiveness of blocking this response using a recently de-
veloped novel small-molecule PAR,; antagonist, which
blocks PAR; at the intracellular interaction site with Gey
(Caden Biosciences, Madison, WI). This antagonist may al-
low more selective targeting of some, but not all, PAR;-
mediated cellular responses and may hold promise for in-
terfering with deleterious PAR, signaling in a number of
inflammatory and fibrotic conditions associated with uncon-
trolled activation of the coagulation cascade.

MATERIALS AND METHODS

Materials

Human thrombin, Ro-318425, GF109203X, G66976, U0126, SB 203580, Y-
27632, H-1152, U73122, BAPTA-AM, and c-Raf inhibitor were purchased from
Calbiochem (Merck Biosciences, Nottingham, United Kingdom). Tumor ne-
crosis factor o (TNF-a) was purchased from Peprotech (London, United
Kingdom). Anti-phospho-p38, anti-p38, anti-phospho-ERK1/2, anti-ERK1/2,
anti-phospho-c-Raf, anti-c-Raf, and anti-MLC antibodies were purchased
from New England Biolabs (Hitchin, United Kingdom). Anti-phospho-MLC
antibody was a kind and generous gift from Dr. James M. Staddon (Eisai

Vol. 19, June 2008

Thrombin-induced CCL2 Release

London Research Laboratories, United Kingdom). Anti-CCL2 antibody was
obtained from R&D Systems (Abingdon, United Kingdom). Wild-type MEK1
(wt-MEK1), dominant negative MEK1 (dn-MEK1), and constitutively active
MEKT1 (ca-MEKT1) cloned to pBABEpuro eukaryotic expression vectors were
generous gifts from Professor Chris Marshall (Cancer Research UK, London,
United Kingdom). Selective PAR; agonists, corresponding to the sequence
TFLLR-NH, (TF) and the reverse control peptide RLLFT-NH, (RL), were
obtained from Dr. Robert P. Mecham (University of Washington Medical
School, St. Louis, MO). pRev Tet-on vector was purchased from BD Bio-
sciences (San Jose, CA). The pRevTRE2-dEGFP (a control vector encoding
enhanced green fluorescent protein [EGFP]), pRevIRE2-Ga,, pRevIRE2-
Gayp, pRevIRE-Gay 3, and pRevTRE-Gq; ,, minigenes and the PAR,; antago-
nist Q94 were developed by Dr. Annette Gilchrist (Caden Biosciences). These
C-terminal G alpha minigenes encode 11 amino acid C-terminal sequences of
Gayg, Gayn, Gays, and Ga; which act as highly specific competitive inhibitors
for each isoform (Gilchrist et al., 2001, 2002). The novel PAR, antagonist, Q94,
is a small molecule (MW <500) that meets the Lipinski rule of five and was
identified during an ELISA screen for competition of a high-affinity peptide
that mimics the C-terminus of Ga, using a commercially available library
(ChemDiv). Further details of the Q94 selection criteria and binding affinity
for PAR; are provided as supplementary data (see Supplementary Data Table
S1 and Figure 1). A patent application for this compound has been filed
(patent application EFS ID 2841714; application number 61027665) This com-
pound will be made freely available to qualified investigators upon applica-
tion to Dr. A. Gilchrist (Caden Biosciences).

Fibroblast Culture

Mouse lung fibroblasts (MLFs) from PAR; knockout (PAR; KO) and corre-
sponding wild-type MLFs were a kind gift from Professor Shaun Coughlin
(University of California, San Francisco, CA) and have been described previ-
ously (Trejo et al., 1996). Cells were maintained in DMEM supplemented with
penicillin (100 U/ml), glutamine (100 U/ml), streptomycin (100 U/ml), and
10% (vol/vol) FCS (DMEM, 10% FCS), in a humidified atmosphere containing
10% CO,. Cells were routinely passaged every 5-6 d. There were no notice-
able effects on the parameters measured for cells used between passages 8 and
20. Cells were routinely tested and found negative for mycoplasma infection.
For all experiments, cells were grown to confluence and 0.01% serum-starved
for 24 h before stimulation.

Detection of CCL2 by ELISA

Cells were seeded in 96-well plates (Nunc, Naperville, IL). For each condition
there were three biological replicates, and after the specified period, super-
natants from each replicate were evaluated for CCL2 levels in duplicate by
sandwich ELISA according to the manufacturer’s instructions (BD Bio-
sciences, Bath, United Kingdom). The lowest detection limit of the assay was
15.6 pg ml~!, and the standard curve was linear up to 1000 pg ml~'.

Western Blotting of Phosphorylated Kinases and Proteins

MLFs monolayers from six-well plates were washed twice with ice-cold
phosphate-buffered saline (PBS), and cells were lysed by adding 100 ul
Laemmli sample buffer directly to the monolayer, followed by scraping with
a cell scraper. The cell lysate was passed through a 2-gauge needle several
times to shear DNA and heated for 10 min at 85°C. Proteins from each lysate
were separated by electrophoresis on a 10% or 12.5% SDS-polyacrylamide gel
with a 7% stacking gel. Separated proteins were transferred onto Hybond-
ECL nylon membranes (GE Healthcare, Waukesha, WI). The membranes were
incubated with various primary antibodies: anti-phospho-p38 (1/1000), anti-
p38 (1/2500), anti-phospho-ERK (1/2000), anti-ERK (1/2500), anti-phospho-
Raf (1/2500), anti-Raf (1/2500), anti-phospho-MLC (1/500), and anti-MLC
(1/1000) overnight at 4°C. A horseradish peroxidase-conjugated anti-rabbit
IgG (DAKO, Cambridge, United Kingdom) was added at a 1:5000 dilution
for 1 h at room temperature. Immunoreactive bands were visualized by
standard enhanced chemiluminescence detection (Amersham Pharmacia
Biotech, Piscataway, NJ).

Quantitative Real-Time RT-PCR Analysis of CCL2
mRNA Levels

Total RNA from cell cultures was isolated with TRIzol reagent per the
manufacturer’s protocol. RNA was DNase-treated using a DNAfree kit (Am-
bion, Europe, Ltd, Huntingdon, United Kingdom). Random hexamers were
used as the primer for reverse transcription (RT) of 1 ug of total RNA in a
reaction volume of 20 ul using the Applied Biosystems Geneamp RNA PCR
core kit (Applied Biosystems, United Kingdom) following the manufacturer’s
instructions. Real-time RT-PCR was conducted using the Platinum SYBR
Green qPCR SuperMix UDG (Invitrogen, Paisley, United Kingdom) on a
LightCycler 1.5 Real-Time Detection System (Roche, Lewes, United Kingdom)
and analyzed using LightCycler Real-time PCR Detection System (software
version 3.5). Cycling conditions were as follows: one cycle of 50°C (2 min) and
95°C (2 min) and 45 cycles of 95°C (5 s), 55°C (5 s), and 72°C (15 s). The
specificity of the PCR product was confirmed by melting curve analysis and
gel electrophoresis. Relative quantitation was performed using the 2~AACp
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method, with 18S as the reference gene. The CCL2 primers were as follows:
5'-AGCTCTCTCTTCCTCCACCAC-3' and  3'-CGTTAACTGCATCTG-
GCTGA-5'.

Retroviral Transduction with Mutant MEK1 Constructs

Ecotropic Phoenix packaging cells were transiently transfected with either
wild-type MEK1, dominant negative MEK1, or constitutively active MEK1
using a calcium phosphate precipitation transfection protocol. Virus contain-
ing supernatants were harvested and used to infect target MLFs as previ-
ously described (Janes and Watt, 2004). Stably transduced MLFs were
grown in the presence of puromycin (2.5 ug/ml; Calbiochem, Nottingham,
United Kingdom).

Retroviral Transduction with G Protein Minigenes

Ecotropic Phoenix packaging cells were transiently transfected with either
pRevTet-On vector or pRevIRE2 minigenes (pRevTRE2-EGFP and pRe-
VTRE2-Ge,) according to the instructions from the manufacturer (CLON-
TECH, Palo Alto, CA), and virus-containing supernatants were used to infect
and transducer target MLFs. Transduced Tet-On-MLFs were selected in me-
dium containing 400 pg/ml G418. Tet-On-MLFs were subsequently infected
with pRevIRE2-EGFP, pRevTREZ-Gaq, PRevIRE2-Gay,, pRevIRE2-Gayy3, or
pRevTRE2-Ge; minigenes containing viral supernatants. The Tet-On-MLFs
transduced with EGFP or G protein minigenes were selected by culture in
medium containing 400 pg/ml G418 and 500 ug/ml hygromycin. Expression
of EGFP or minigenes was induced by incubation with 2 ug/ml doxycycline.
Subsequent experiments were performed 48 h after doxycycline addition.
Transduction efficiency was ~90% as determined by assessing the expression
obtained with the EGFP encoding RevTRE2-EGFP vector.

Immunocytofluoresence

MLFs were plated on eight-well chamber glass slides. After stimulation, cells
were rinsed with PBS and then fixed for 10 min with 4% formaldehyde in PBS
and permeabilized with 0.2% Triton X-100 at room temperature. To avoid
nonspecific binding, the cells were incubated with 4% rabbit normal serum for
1 h at room temperature and then washed three times with PBS. Primary
antibody (goat polyclonal anti-CCL2; R&D Systems, Europe, Ltd, Abingdon,

United Kingdom) was incubated for 1 h at room temperature after three
washes with PBS. Secondary antibody (FITC-conjugated rabbit anti-goat IgG)
was incubated in the dark for 1 h at room temperature, and subsequently
slides were washed three times with PBS. Immunofluoresence images were
acquired by confocal microscopy using the Bio-Rad MRC 1024 confocal
system (Hercules, CA), and the images were analyzed for the pixel intensity
of the fluorescence using the Bio-Rad LaserPix image analysis software.

Statistical Analysis

Data were analyzed by two-tailed Student’s ¢ test for single and by one-way
analysis of variance with the Newman-Keuls post hoc analysis for multiple
group comparisons. Differences were considered significant at p < 0.05.

RESULTS

Thrombin Induces CCL2 Production and CCL2 mRNA
Accumulation in Murine Lung Fibroblasts (MLFs)

To determine the effect of thrombin on MLF CCL2 produc-
tion and release, MLFs were exposed to various concentra-
tions of thrombin, and CCL2 protein levels in culture super-
natants were assessed by ELISA. Figure 1, A and B, shows
that thrombin stimulates CCL2 protein release in a time- and
dose-dependent manner from 0.03 nM onward. CCL2 pro-
duction continued to increase at all concentrations exam-
ined, and the effect did not plateau at the highest concentra-
tion of thrombin (300 nM) examined. Time-course experiments
(Figure 1B) with thrombin at a physiologically relevant con-
centration (10 nM) showed that the sharpest increase in
CCL2 release occurs over the first 12 h.

To determine whether thrombin influences CCL2 gene
expression, the effect of thrombin on CCL2 mRNA levels

p<0.05

Figure 1. Thrombin stimulates fibroblast
CCL2 gene expression and protein produc-
tion. (A and B) Dose-response (A) and time-
course (B) data for the effect of thrombin on
MLF CCL2 protein release. MLFs were ex-
. posed to thrombin (0.001-300 nM) for 6 h or to
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effect ActD on thrombin-induced CCL2
mRNA levels. MLFs were exposed to throm-
bin for 2 h with or without preincubation with
ActD (1 pg/ml) for 30 min. CCL2 mRNA
levels were determined as in C. (E) The effect
of ActD on thrombin-induced CCL2 protein
release. MLFs were preincubated with ActD (1
png/ml) for 30 min before exposure to throm-
bin for 6 h. CCL2 release into cell culture were
analyzed by ELISA as in A. Data are ex-
pressed as the mean = SEM from triplicates.
p < 0.05, comparison with unstimulated cells
or time point-matched media control cells;
**p < 0.01, comparison with medium con-
trol; ' p < 0.01, comparison with thrombin
alone.
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was assessed by quantitative real-time RT-PCR. Figure 1C
shows that thrombin increases CCL2 mRNA levels within 30
min, with a maximal increase (21 = 3-fold relative to control)
observed at 6 h (p < 0.01). Thrombin-induced CCL2 protein
release is completely blocked by actinomycin D (ActD; Fig-
ure 1E) at concentrations at which this transcriptional inhib-
itor also blocked the increase in thrombin-induced mRNA
levels (Figure 1D). Thrombin-induced CCL2 protein release
is therefore not due to the release of prestored CCL2.

The Stimulatory Effects of Thrombin on Fibroblast CCL2
Gene Expression and Protein Production Are Mediated via
PAR; Coupling to Ge,

To begin to unravel the mechanisms by which thrombin
exerts its stimulatory effects on CCL2 mRNA and protein
levels, we first examined the potential involvement of the
high-affinity thrombin receptor PAR,. Wild-type and PAR,
knockout (KO) MLFs were exposed to thrombin (10 nM) and
the specific PAR, agonist peptide TFLLR (200 uM) for 6 h
(Figure 2A). Wild-type MLFs responded to thrombin and
TFLLR, whereas PAR,; KO MLFs were completely unrespon-
sive (Figure 2A). The inactive reverse peptide RLLFT had no
effect on either wild-type or PAR;, KO MLFs. Experiments
were also performed with TNF-a (10 ng/ml) as a positive
control known to induce CCL2 independent of PAR signal-
ing. The results show that both wild-type and PAR,; KO
MLFs respond normally to TNF-a (Figure 2A). Taken to-
gether, these data show that thrombin exerts its effects on

N
(=]
]

Figure 2. PAR, coupling to Ge, is necessary
and sufficient for thrombin-induced CCL2
mRNA levels and protein release. (A) The
effects of thrombin, PAR,; agonist TFLLR-
NH,, the reverse peptide RLLFT-NH,, and
TNF-a on CCL2 protein release in MLFs and
PAR; KO fibroblasts. Cells were exposed to
thrombin (Thr, 10 nM), TFLLR-NH, (TF, 200
uM), RLLFT- NH, (RL, 200 uM), or TNF-« (10
ng/ml) for 6 h. CCL2 levels in culture super-
natants were measured by ELISA. Data are
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compound has been shown to inhibit thrombin receptor
activating peptide (TRAP) induced calcium transients in a
concentration-dependent manner (see Supplementary Data
Figure S1, right panel). Figure 2C shows that Q94 blocked
PAR,-mediated CCL2 production in a dose-dependent man-
ner with complete inhibition obtained at 10 uM. Experi-
ments performed with TNF-a as the stimulus showed that
Q94 had no effect on TNF-a-stimulated CCL2 production
(Figure 2D), indicating that the antagonist was specific for
PAR, in blocking this response. We also examined the role
of this antagonist on thrombin-induced CCL2 mRNA levels.
Figure 2E shows that Q94 (10 uM) blocked thrombin-in-
duced CCL2 mRNA levels by ~70% (p < 0.01). Taken to-
gether, these data show that Ge, plays a central role in
PAR;-induced CCL2 protein release and gene expression.

ERK1/2 Is Required for Thrombin-induced CCL2 Gene
Expression and Protein Production

It has previously been reported that activation of Ge, by
PAR, leads to the activation of ERK1/2 in MLFs (Trejo et al.,
1996). However, in terms of thrombin-induced CCL2 release
by other cell types, the p38 MAPK pathway has been shown
to play an important role (Brandes et al., 2001; Marin et al.,
2001). Thus, we next performed experiments to determine
the relative roles of the p38 MAPK and ERK1/2 pathways in
PAR;-induced CCL2 expression. Figure 3A shows that inhi-
bition of p38 MAPK with SB203580 had no effect on throm-
bin-induced CCL2 protein release at concentrations at which
this compound was effective at blocking thrombin-induced
p38 phosphorylation (Figure 3B). It is worth pointing out
that in these experiments, the inactive control compound
SB202474 at the highest dose used significantly inhibited
thrombin-induced CCL2 release by ~50% (data not shown),
suggesting that at high concentrations these compounds
may exert off-target effects. We therefore conclude that al-
though thrombin activates p38 MAPK in MLFs, p38 is not
involved in mediating PAR;-induced CCL2 release. In con-
trast, preincubation of MLFs with the MEK1/2 inhibitor
U0126 blocked this response in a dose-dependent manner
from 0.3 uM onward (Figure 3C). The ICy, of U0126 was
determined to be 1.3 uM for this response. U0126 also in-
hibited thrombin-induced phosphorylation of the MEK1/2
substrate, ERK1/2, in a dose-dependent manner (Figure
3D). We next determined the role of ERK1/2 in thrombin-
induced CCL2 mRNA levels. Figure 3E shows that U0126 (1
uM) blocked the effect of thrombin on CCL2 mRNA levels
by ~70% (p < 0.01).

To further examine the role of the ERK1/2 pathway in
thrombin-induced CCL2 production, a genetic approach
was used. Wildtype-(wt-MEK1), dominant-negative (dn-
MEK1), or constitutively active (ca-MEK1) constructs were
transduced into MLFs (Cowley et al., 1994). Figure 3F shows
that thrombin-induced ERK1/2 phosphorylation was blocked
by up to 70% in cells transduced with dn-MEK1. Figure 3G
shows that ca-MEK1 significantly increased basal ERK1/2
phosphorylation, but had no additive effect on thrombin-
induced ERK1/2 phosphorylation. Transduction with dn-
MEKT1 also significantly reduced thrombin-induced CCL2
production, whereas transduction with ca-MEK1 signifi-
cantly increased basal CCL2 production by about fourfold
(p < 0.01), but had no additive effect on thrombin-stimu-
lated CCL2 production (Figure 3H). These results provide
strong evidence that the MEK1-ERK1/2 pathway rather
than the p38 MAPK pathway is both necessary and sufficient
for PAR,-mediated CCL2 production in MLFs.

We next examined the role of PKC and c-Raf in thrombin-
induced ERK1/2 activation and CCL2 expression. Both
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broad spectrum PKC inhibitors Ro-318425 (Figure 4A) and
the c-Raf inhibitor (Figure 4B) blocked thrombin-induced
ERK1/2 phosphorylation in a dose-dependent manner from
1 uM onward for Ro-318425 and 0.3 uM onward for c-Raf
inhibitor. To determine whether PKC is upstream of c-Raf,
cells were preincubated with Ro-318425, and c-Raf phos-
phorylation was assessed by Western blotting. As shown in
Figure 4C, Ro-318425 (1 uM) completely blocked c-Raf phos-
phorylation induced by thrombin.

We next determined whether PKC and c-Raf are involved
in thrombin-induced CCL2 production and gene expression.
Figure 4, D-F, shows that both PKC broad spectrum inhib-
itors Ro-318425 and GF109203X, and the c-Raf inhibitor in-
hibited thrombin-induced CCL2 release in a dose-dependent
manner. At concentrations of Ro-318425 and c-Raf inhibitor
that blocked thrombin-induced ERK1/2 phosphorylation,
thrombin-induced CCL2 production was blocked by 56 =
4% (p < 0.01) with Ro-318425 (1 uM) and by 61 = 5% (p <
0.01) with the c-Raf inhibitor (3 uM). At these concentra-
tions, these inhibitors inhibited thrombin-induced CCL2
mRNA accumulation by 75 and 81%, respectively (Figure 4,
F and G). Taken together, these data show that PKC, c-Raf,
and ERK1/2 are in a linear pathway for thrombin-induced
CCL2 gene expression and protein production.

The Rho Kinase Pathway Mediates Thrombin-induced
CCL2 Protein Release via a Nontranscriptional
Mechanism

The data obtained so far point to a central role for Ge, and
ERK1/2 in mediating the effects of PAR, activation on ¢cL2
production. Although, Ga,, 5 is generally considered as a
major activator of Rho kinase, there is emerging evidence
that Gey is also able to signal via Rho kinase by activating
the PLC-Ca?* pathway (Singh et al., 2007). Moreover, throm-
bin is known to mediate Ca®* signaling via PAR, in fibro-
blasts, and this can be inhibited by BAPTA (Trejo et al., 1996;
Tanaka ef al., 2004). We therefore next examined the role of
the PLC-Ca?* pathway and Rho kinase in PAR,-mediated
CCL2 release. Cells were treated with increasing concentra-
tions of U73122 (PLC inhibitor, Figure 5A), BAPTA-AM
(Ca?* chelator, Figure 5B), G66976 (Ca?*-dependent PKC
inhibitor, Figure 5C), or Y-27632 and H-1152 (Rho kinase
inhibitors, Figure 5, D and E). The data obtained show that
all these inhibitors blocked PAR;-mediated CCL2 produc-
tion in a dose-dependent manner. The ICs, of each inhibitor
was determined to be 1.5 uM for U73122, 1 uM for BAPTA-
AM, 0.5 uM for Go6976, 3 uM for Y-27632, and 2.7 uM for
H-1152, for this response. In contrast, the inactive control
compound for U73122, U73343, was found to have no effect
on PAR;-mediated CCL2 production at the highest concen-
trations used (data not shown).

To determine whether these kinases are upstream of the
ERK1/2 pathway, we examined the effects of these inhibi-
tors at their respective ICg, concentrations on thrombin-
induced ERK1/2 phosphorylation. Figure 5F shows that
none of the four inhibitors interfered with thrombin-induced
ERK1/2 phosphorylation, indicating that PLC, Ca?*, Ca®>*-
dependent PKC, and Rho kinase mediate their effects on
thrombin-induced CCL2 protein release in an ERK1/2-inde-
pendent manner.

To determine whether PLC, Ca?*, and Ca?*-dependent
PKC signal via Rho kinase, we examined the effects of the
above inhibitors on the phosphorylation of myosin light
chain (MLC), a downstream substrate of Rho kinase (Amano
et al., 1996). Figure 5G shows that PAR, activation induces
MLC phosphorylation within 10 min of stimulation and that
this response is blocked by U73122, BAPTA-AM, G6679, and
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Figure 3. ERK1/2 is necessary and sufficient for thrombin-induced CCL2 mRNA levels and protein release. (A) The effect of SB203580 on
CCL2 protein release in response to thrombin. Data are presented as a percentage of the maximal response obtained with thrombin and drug
vehicle alone (0.2% DMSO in DMEM). Cells were treated with increasing concentrations of SB203580 for 30 min before exposure to thrombin
(10 nM) for 6 h. Final concentrations of DMSO were kept constant for all treatment conditions. The first bar represents the highest dose of
SB203580 examined and shows that this compound has no effect on basal CCL2 production. Negative log of the concentration of SB203580
is presented. (B) The effect of SB203580 (2 uM) on thrombin-induced p38 phosphorylation. Cells were treated with or without SB203580 for
30 min before exposure to thrombin for 2 min. p38 phosphorylation was assessed by Western blotting of cell lysates using an anti-phospho-
p38 antibody (B, p-p38). Protein loading was verified by blotting with an anti-p38 antibody (B, t-p38). The blot is representative of three
separate experiments performed. (C) The effect of U0126 on CCL2 protein release in response to thrombin. Data were analyzed as in A. (D)
Dose-response data for the effect of U0126 on thrombin-induced ERK1/2 phosphorylation. Cells were treated with increasing concentrations
of U0126 for 30 min before exposure to thrombin for 2 min. ERK1/2 phosphorylation was assessed by Western blotting of cell lysates as in
B. (E) The effect of U0126 on thrombin-induced CCL2 mRNA levels. MLFs were exposed to thrombin (10 nM) for 2 h with or without
preincubation with U0126 (1 uM) for 30 min. CCL2 mRNA levels were determined by quantitative RT-PCR. (F and G) The effects of wt-MEK1,
dn-MEK1, or ca-MEK1 on thrombin-induced ERK1/2 phosphorylation. MLFs transduced with MEK1-pBabePuro constructs expressing the
wt-MEK1, dn-MEK1 (F) or ca-MEK1 (G) were exposed to thrombin (10 nM) for 2 min. ERK1/2 phosphorylation was assessed by Western
blotting of cell lysates using an anti-phospho-ERK1/2 antibody (F and G, p-ERK1/2). Protein loading was verified by blotting with an
anti-ERK1/2 antibody (F and G, t-ERK1/2). The blot is representative of three separate experiments performed. The column graphs represent
the densitometry analysis of the blots as a result of phospho-ERK1/2 relative to total ERK1/2 and are representative of three separate
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Y-27632. These data indicate that PLC, Ca?", and Ca?"-
dependent PKC signals to Rho kinase rather than ERK1/2 to
mediate the effects of thrombin on CCL2 release.

We also examined the effect of PLC-Rho kinase pathway
on thrombin-induced CCL2 mRNA levels. As shown in
Figure 6, A-D, none of the four inhibitors blocked PAR;-
stimulated CCL2 mRNA levels. Taken together the data
obtained suggest that the PLC-Rho kinase pathway influ-
ences CCL2 release via a posttranscriptional mechanism.

Inhibition of Rho Kinase by Y-27632 Has No Effect on
Intracellular Protein Production

The results obtained thus far demonstrate an essential role
for ERK1/2 in PAR, activation-induced CCL2 production by
influencing CCL2 mRNA levels, whereas the Rho kinase
pathway acts via a posttranscriptional mechanism. To begin
to elucidate the mechanism by which the Rho kinase path-
way influences this response, we used immunocytofluores-
cence to examine thrombin-induced intracellular CCL2 pro-
tein production. The isotype-matched control antibody
panels are completely negative, indicating that the signal
obtained with the CCL2 antibody was specific (Figure 7A).
Unstimulated cells also yielded no immunostaining or a
very weak signal for CCL2 (Figure 7B). In contrast, up to
60% cells were positive for intracellular CCL2 staining for
both thrombin alone and for Y-27632 pretreated cultures,
whereas only 5-10% of cells were positive for thrombin-
treated cells in the presence of U0126. The pixel intensity of
each treatment group was also analyzed (Figure 7F). The
mean pixel intensity of three randomly chosen fields of view
was calculated for each group, and the data are presented as
fold change over control. Thrombin induced a 2.8 + 0.1-fold
increase in fluorescent signal over control, and this was
significantly inhibited by U0126. In contrast, pretreatment of
cells with Y-27632 did not block thrombin-induced intracel-
lular CCL2 accumulation (3.2 = 0.5-fold increase over con-
trol). We therefore conclude that blockade of ERK1/2 sig-
naling results in near total blockade of thrombin-induced
CCL2 production. In contrast, blockade of Rho kinase sig-
naling is not essential for CCL2 protein production but likely
affects the subsequent release of CCL2 from the cell, because
thrombin-induced CCL2 levels in cell culture supernatants
are inhibited by Y-27632 (Figure 5D).

The ERK1/2 and Rho Kinase Pathways Are Both
Downstream of PAR; Coupling to Ge,,

To determine whether ERK1/2 and Rho kinase pathways
are both downstream of PAR;-coupling to Ga,, we evalu-
ated the effect of the Ga, selective PAR; antagonist Q94 on
thrombin-induced ERK1/2 and MLC phosphorylation. Fig-
ure 8 shows that Q94 completely blocked thrombin-induced
ERK1/2 (Figure 8A) and MLC phosphorylation (Figure 8B).
These data confirm that ERK1/2 and Rho kinase pathways
are downstream of PAR;-coupling to G, and act in coop-
eration to mediate the effects of PAR; activation on CCL2
gene expression, protein production and release.

Figure 3 (cont). experiments performed with three replicates per
sample. (H) The effects of wt-MEK1, dn-MEK1, or ca-MEK1 on
thrombin-induced CCL2 protein release. MLFs transduced with
MEKI1-pBabePuro constructs expressing the wt-MEK1, dn-MEK1, or
ca-MEK1 were exposed to thrombin (10 nM) for 6 h, and subsequent
CCL2 protein levels in culture supernatants were measured by
ELISA. ** p < 0.01, comparison with medium control; “p < 0.05
and " p < 0.01, comparison with thrombin alone.
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DISCUSSION

The activation of the coagulation cascade leading to the
generation of thrombin is one of the earliest events after
tissue injury. PAR,, the main high-affinity thrombin signal-
ing receptor, contributes to excessive inflammation and tis-
sue remodeling in a number of disease settings, including
atherosclerosis (Major et al., 2003), vascular neointima for-
mation (Cheung et al., 1999), glomerulonephritis (Cunning-
ham et al., 2000), liver fibrosis (Fiorucci et al., 2004), inflam-
matory bowel disease (Vergnolle et al., 2004), acute lung
injury (Jenkins et al., 2006), and fibrotic lung disease (Howell
et al., 2005). In this setting, we have recently shown that the
dramatic attenuation of the acute inflammatory and late
fibrotic response in PAR;-deficient mice after bleomycin-
induced lung injury is associated with a marked reduction in
pulmonary levels of CCL2 (Howell et al., 2005). However,
the signal transduction pathways involved in the induction
of CCL2 after PAR, activation are currently poorly under-
stood. This study sheds important light on both the G pro-
tein pathway and subsequent signaling cascades involved
and identifies a central role for Gag, ERK1/2, and Rho
signaling pathways in this response.

Thrombin Stimulates CCL2 Protein Production via CCL2
Gene Transcription

In this report, we show that thrombin induces CCL2 protein
production in a dose-dependent manner from 0.03 nM on-
ward. Strikingly, this response did not reach a plateau at 300
nM, the highest concentration examined. In normal human
plasma, the zymogen prothrombin is present at concentra-
tions around 1.4 uM, but concentrations of around 130 nM
have been calculated to represent the maximum concentra-
tion of active thrombin generated during blood clotting in
vivo (Walz et al., 1985). We further show that the stimulatory
effects of thrombin at the protein level were accompanied by
a rapid and ActD-sensitive increase in CCL2 mRNA levels,
indicating that the observed increase in CCL2 release is not
due to the release of prestored CCL2. These data are consis-
tent with previous reports of thrombin-induced CCL2 pro-
duction in endothelial cells and monocytes (Colotta et al.,
1994).

Thrombin Exerts Its Stimulatory Effects on CCL2
Expression via PAR; Coupling to Ge,

Thrombin exerts most of its cellular effects via activation of
at least three PARs (PAR,, PAR;, and PAR,) by limited
proteolytic cleavage of the N-terminus. We and others have
shown that PAR, is the major receptor involved in mediat-
ing the mitogenic and profibrotic effects of thrombin in
fibroblasts (reviewed in Chambers, 2003). In the present
study, the involvement of PAR, in mediating CCL2 produc-
tion was demonstrated in experiments employing the highly
selective PAR, peptide agonist, TFLLR-NH,. This agonist
activates PAR, independently of receptor cleavage, and un-
like the commonly used peptide agonists, based on the
tethered ligand sequence of PAR, (SFLLRN), does not acti-
vate PAR, in human mesenchymal cells (Hollenberg et al.,
1997). The necessity for PAR; in mediating the effects of
thrombin at 10 nM was confirmed in experiments demon-
strating that CCL2 production was not up-regulated in fi-
broblasts derived from PAR,; KO mice.

Although many of the resultant biological consequences
of PAR, activation in fibroblasts are known, less is known
about which G proteins mediate these events. The C-termi-
nal region of Ga subunits has been shown to be critical in
determining the specificity of GPCR-G protein interactions
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Figure 4. Inhibition of c-Raf kinase and PKC attenuates thrombin-induced ERK1/2 phosphorylation, CCL2 protein production, and CCL2
mRNA levels. (A and B) Dose-response data for the effects of Ro-318425 (A) and c-Raf inhibitor (B) on thrombin-induced ERK1/2
phosphorylation. Cells were treated with increasing concentrations of inhibitors for 30 min before exposure to thrombin (10 nM) for 2 min.
ERK1/2 phosphorylation was assessed by Western blotting of cell lysates using an anti-phospho-ERK1/2 antibody (A and B, p-ERK1/2).
Protein loading control was verified by blotting with an anti-ERK1/2 antibody (A and B, t-ERK). The blots are representative of three separate
experiments performed. (C) The effect of Ro-318425 on thrombin-induced c-Raf phosphorylation. Cells were treated with Ro-318425 (1 uM) for 30
min before stimulation with thrombin (10 nM) for 10 min. c-Raf phosphorylation was assessed by Western blotting of cell lysates using an
anti-phospho-c-Raf antibody (C, p-c-Raf). Protein loading was verified by blotting with an anti-c-Raf antibody (C, p-c-Raf). The blot is representative
of three separate experiments performed. (D-F) The effects of Ro-318425 (D), GF109203X (E), and c-Raf inhibitor (F) on CCL2 protein production
in response to thrombin. Data are presented as a percentage of the maximal response obtained with thrombin (10 nM) and drug vehicle alone (0.1%
DMSO in DMEM). Cells were treated with increasing concentrations of Ro-318425, GF109203X, or c-Raf kinase inhibitor for 30 min before exposure
to thrombin for 6 h. Final concentrations of DMSO were kept constant for all treatment conditions. The first bar in each graph represents the highest
doses of inhibitors examined and shows that these compounds have no effect on basal CCL2 production. Negative log of the concentrations of
inhibitors are presented. (G and H) The effects of Ro-318425 (G) and c-Raf inhibitor (H) on thrombin-induced CCL2 mRNA levels. MLFs were
exposed to thrombin (10 nM) for 2 h with or without preincubation with c-Raf inhibitor (3 uM) or Ro-318425 (1 uM) for 30 min. CCL2 mRNA levels
were determined by quantitative RT-PCR. Final concentrations of DMSO were kept constant for all treatment conditions (0.01% DMSO in DMEM).
Data represent the mean * SEM from triplicates. ** p < 0.01, comparison with medium control; ” p < 0.01, comparison with thrombin alone.
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(Hamm and Gilchrist, 1996; Hamm, 1998). This interaction is
highly specific. For example, substituting a single amino
acid has been shown to annul the ability of Gg; to bind the
A, adenosine receptor (Gilchrist et al., 1998). Dominant-
negative constructs of the a subunit of G proteins (termed G
protein minigenes), encoding the C-terminal sequence for
each family of Ga subunits, have been developed as pow-
erful tools for identifying the G protein that mediates a given
physiological function after thrombin activation (Gilchrist
et al., 2001). In experiments employing such a Ga subunit
minigene approach, we were able to show that only Ge, is
necessary for PAR,-mediated CCL2 protein release, and that
Gay,, Gayg, and G, play no role. The critical involvement of
Ga, was further confirmed with a recently developed novel
PAR, selective Ga, protein signaling antagonist (Q94, Ca-
den Biosciences), which blocked PAR,-mediated increases in
both CCL2 mRNA and protein levels in a dose-dependent
manner. It is worth mentioning that in these experiments,
the CCL2 response obtained was usually greater for TFLLR-
NH, over thrombin. This observation might be explained by
recent evidence that there are differences between thrombin
and peptide agonists in terms of the subsequent ability of
PAR, to activate different G proteins (McLaughlin et al.,
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Figure 5. Inhibition of PLC (U73122), Ca%*
(BAPTA-AM), Ca?*-dependent PKC (G56976),
and Rho kinase (Y-27632 and H-1152) attenuate
thrombin-induced CCL2 production in an
ERK1/2-independent mechanism. (A-E) The ef-
fects of U73122 (A), BAPTA-AM (B), G66976
(©), Y-27632 (D), and H-1152 (E) on thrombin-
induced CCL2 protein release. Cells were pre-
incubated with increasing concentrations of
each inhibitor for 30 min before exposure to
thrombin (10 nM) for 6 h. Data are presented as
a percentage of the maximal response obtained
with thrombin and drug vehicle alone (0.1%
DMSO in DMEM). Final concentrations of DMSO
were kept constant for all treatment conditions.
The first bar in each graph represents the high-
est dose of each inhibitor examined and shows
that these compounds have no significant effect
on basal CCL2 production. Negative log of the
concentrations of each inhibitor are presented.
(F) The effect of U73122, BAPTA-AM, G66976,
and Y-27632 on thrombin-induced ERK1/2
phosphorylation. MLFs were treated with U73122
(2 pM), BAPTA-AM (2 uM), G66976 (1 uM), or
Y-27632 (3 uM) for 30 min before exposure to
thrombin (10 nM) for 2 min. ERK1/2 phosphor-
ylation was assessed by Western blotting of cell
lysates using an anti-phospho-ERK1/2 anti-
body (F, p-ERK1/2). Protein loading was veri-
fied by blotting with an anti-ERK1/2 antibody
(F, t-ERK1/2). The blot is representative of three
separate experiments performed. (G) The effect
of U73122, BAPTA-AM, G66976, and Y-27632
on thrombin-induced MLC phosphorylation.
MLFs were treated with U73122 (2 uM), BAPTA-
AM (2 uM), G66976 (1 uM), or Y-27632 (3 uM) for
30 min before stimulation with thrombin (10 nM)
for 10 min. MLC phosphorylation was assessed by
Western blotting of cell lysates using an anti-phos-
pho-MLC antibody (G, p-MLC). Protein loading
was verified by blotting with an anti-MLC anti-
body (G, +tMLC). The blot is representative of
three separate experiments performed. Data rep-
resent the mean = SEM from triplicates. ** p <
0.01, comparison with medium control; “ p < 0.01,
comparison with thrombin alone.

2005). PAR, activation studies in endothelial cells showed
that peptide activation altered receptor/G protein binding
to favor Gay activation over Gay, /q3. It is tempting to spec-
ulate that such functional selectivity may also occur in fi-
broblasts and may similarly explain the finding that TFLLR-
NH, induces a greater CCL2 response compared with the
physiological activator thrombin in our experiments.

PAR; Activation Induces CCL2 Release via a
Ca**-dependent PKC/ERK1/2 Pathway and
Increased CCL2 Gene Expression

Ga, has been shown to be necessary for mediating throm-
bin-induced ERK1/2 phosphorylation in MLFs (Trejo et al.,
1996). We therefore examined the possibility that the
ERK1/2 pathway may be downstream of PAR, coupling to
Ga, and therefore may be involved in thrombin-induced
CCL2 gene expression and protein production. Using either
the pharmacological inhibitor, U0126, or dn-MEK1 gene
constructs, we show that the ERK1/2 pathway is necessary
for CCL2 protein production and release mediated by PAR,
coupling to Ga,. Gay was further found to be necessary for
mediating thrombin-induced ERK1/2 phosphorylation be-
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cause the PAR, selective Ga, antagonist Q94 blocked this
response.

In this study, we exclude a role for the p38 MAPK path-
way since although thrombin was found to activate the p38
MAPK pathway in our cells, the p38 MAPK inhibitor, SB
203580, had no effect on thrombin-induced CCL2 protein
production This latter finding is not in agreement with
previous reports demonstrating a role for p38 MAPK in
thrombin-induced CCL2 production using comparable
doses of SB203580 in other cell types, including human
endothelial cells (Marin et al., 2001) and human smooth
muscle cells (Brandes et al., 2001). The discrepancy between
our findings in MLFs and others may have several explana-
tions, including important differences in both the species
and the cell type examined, as well as differences in the
concentrations of thrombin used in our (10 nM is equivalent
to 0.5 U/ml) and other studies (8 U/ml; Marin et al., 2001).
Moreover, from our experience with PAR; KO fibroblasts,
we are aware that thrombin can induce CCL2 release at
higher concentrations via a non-PAR mediated mechanism
because only PAR; and PAR, are expressed, and PAR,
agonist peptides fail to induce CCL2 release in PAR; KO
fibroblasts (data not shown). As thrombin is a proteinase, we
propose it is likely that at higher concentrations, CCL2 pro-
tein production may be mediated via the release of other
stimulatory mediators bound to the pericellular matrix. In
this regard, thrombin has previously been shown to release
TGEF-B bound to the pericellular matrix of fibroblasts (Tai-
pale et al., 1992). It is therefore possible that non-PAR,—
dependent pathways lead to activation of the p38 MAPK
pathway to mediate thrombin-induced CCL2 release at high
concentrations of the proteinase. Although concentrations
around 130 nM may be generated after intravascular coag-
ulation and are therefore relevant in the context of thrombin
signaling in vascular cell types, thrombin concentrations in
extravascular compartments and hence in the context of
fibroblast signaling responses are likely to be much lower.

The downstream signaling molecules that mediate the
actions of G proteins on ERK1/2 include ras, PKC, and c-Raf
kinase (Blumer and Johnson, 1994), which can activate MEK
(Cobb et al., 1994). Indeed, our data show that both c-Raf and
PKC are involved in PAR,-mediated ERK1/2 phosphoryla-
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tion as previously reported (Trejo et al., 1996). We also
examined which class of PKC isozymes are involved in this
response. PKC isozymes can be generally divided into two
groups: Ca?"-dependent (conventional PKC) and Ca?"*-in-
dependent (novel and atypical isozymes). Experiments us-
ing the specific Ca?"-dependent PKC inhibitor, G66976,
showed that Ca?*-dependent PKC is not involved in the
activation of ERK1/2 after PAR, activation. Our data further
show that the Ca?"-independent PKC-ERK1/2 pathway me-
diates CCL2 protein production by influencing CCL2 gene
transcription because inhibition of ERK1/2, c-Raf, and PKC
using the broad-spectrum inhibitor, Ro-318425, abolished
PAR;-induced CCL2 mRNA accumulation and protein pro-
duction, whereas inhibition of Ca?*"-dependent PKC by
G066976 had no effect on PAR;-induced CCL2 mRNA accu-
mulation but did inhibit CCL2 release into cell culture su-
pernatants.

The Ca?*-dependent PKC Rho Pathway Mediates the
Effects of PAR, Activation on CCL2 Release via a
Posttranscriptional Mechanism

Ca?*-dependent PKC is a well-recognized downstream ef-
fector of Ga and is activated in response to a rise in intra-
cellular Ca* concentration. Although the a-subunit of Ge
is well-known to trigger an increase in intracellular Ca®*
concentration by stimulating PLC-B activity and Goy,,q5
activation preferentially induces Rho kinase activation, a
recent study by Singh et al. (2007) demonstrated that Ge, can
lead to Rho kinase activation via PLC-B-Ca?*-dependent
PKC to mediate thrombin-induced endothelial cell contrac-
tion. In the present study, our data similarly suggest that
Rho kinase activation is mediated by a Ga-PLC-Ca**~de-
pendent PKC pathway to mediate thrombin-induced CCL2
release. First, we show that inhibitors of PLC, Ca?*, and
Ca?*-dependent PKC all block thrombin-induced phosphor-
ylation of MLC, one of the major downstream substrates of
Rho kinase (Amano et al., 1996). Second, a direct link be-
tween this pathway and Ge, coupling to PAR,; was dem-
onstrated by showing that the novel PAR, selective Ga
antagonist (Q94) also abolishes thrombin-induced ML(E.l
phosphorylation.
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Our findings and those reported by Singh et al. (2007)
contrast with a previous report demonstrating that Ga,-
mediated Rho kinase activation occurs independently of
PLCB in mouse embryonic fibroblasts (MEFs; Vogt et al.,
2003). The activation of Rho A requires its dissociation from
the Rho kinase/GDP/GDI-1 complex followed by GTP ex-
change mediated by guanine nucleotide exchange factors
(GEFs). In terms of Rho kinase activation by GPCRs, the
RhoGEF (Rho guanine nucleotide exchange factor) proteins,
p115RhoGEF, PDZ-RhoGEF, and leukemia-associated Rho
guanine-nucleotide exchange factor (LARG), have been
shown to stimulate Rho kinase activity (Hart et al., 1998;
Kozasa ef al., 1998; Fukuhara ef al., 2001; Suzuki et al., 2003).
Singh and colleagues provided evidence that Ga,-mediated
Rho kinase activation is p115RhoGEF dependent after PLC-
Ca?*-dependent PKC activation, whereas in studies by
Vogt and colleagues in MEFs, thrombin-induced Rho kinase
activation was shown to be mediated by the RhoGEF,
LARG. Taken together, our findings are consistent with a
PLC-Ca?"-dependent PKC-dependent Rho kinase activa-
tion mechanism rather than a LARG-mediated mechanism.

Although Rho kinase was first characterized as a major
regulator of actin dynamics, it is now well recognized that

A - B
p-ERK1/2
-— p-MLC -
t-ERK1/2 E-MLC s o s
—— Thr . + +
The -+ - . Q4 - - +
Q4 - . 4+ 4

Figure 8. ERK1/2 and MLC pathways are downstream of PAR;
coupling to Ge. (A and B) The effect of Q94 on thrombin-induced
ERK1/2 (A) an(i MLC (B) phosphorylation. Cells were treated with
Q94 (10 uM) for 3 h before exposure to thrombin (2 min for ERK1/2,
10 min for MLC). Phosphorylation of ERK1/2 or MLC was assessed
by Western blotting of cell lysates using an anti-phospho-ERK1/2
antibody (A, p-ERK1/2) or an anti-phospho-MLC antibody (B, p-
MLC). Protein loading was verified by blotting with an anti-ERK1/2
antibody (A, t-ERK1/2) or an anti-MLC antibody (B, t-MLC). The
blots are representative of three separate experiments.
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Figure 7. Immunocytofluorescence demonstrates
that CCL2 intracellular protein production is
blocked by MEK1/2 inhibition (U0126) but not by
Rho kinase inhibition (Y-27632). (A) Isotype control;
(B) untreated cells; (C) the effect of thrombin on
CCL2 intracellular protein production; (D) the effect
of U0126 on CCL2 intracellular protein production
induced by thrombin; (E) the effect of Y-27632 on
CCL2 intracellular protein production induced by
thrombin. Cells were preincubated with or without
U0126 (10 uM) or Y-27632 (10 uM) for 30 min before
stimulation with thrombin (10 nM) for 3 h. At the
end of incubation, cells were immunostained with
normal goat IgG (A) or anti-CCL2 antibody (B-E)
followed by DAPI staining. Areas of CCL2 localiza-
tion are shown in green, and nuclei appear blue. (F)
The mean pixel intensity of three randomly chosen
fields of view, expressed as fold increase over
DMSO control, for each group. ** p < 0.01, com-
parison with untreated cells. ** p < 0.01, compar-
ison with thrombin alone.

DMso U0126

Y-27632
<+—— +Thrombin ——

Rho family proteins influence a range of other cellular pro-
cesses, including gene transcription and protein secretion
(reviewed in Etienne-Manneville and Hall, 2002). In the
present study, we provide evidence that the Rho kinase
pathway is involved in PAR;-mediated CCL2 protein re-
lease posttranscriptionally, likely by influencing protein se-
cretion. This is based on two observations. First, inhibition of
Rho kinase only blocks thrombin-induced CCL2 protein re-
lease but not CCL2 mRNA levels. Second, immunocytofluo-
rescence experiments to elucidate the mechanism by which
the Rho kinase pathway influences CCL2 release, demon-
strate that intracellular protein production is blocked with
the MEK1/2 inhibitor, U0126, but is unaffected by the Rho
kinase inhibitor, Y-27632. Taken together, these data indicate
that blockade of Rho kinase signaling is not essential for
PAR,-mediated CCL2 gene expression and protein produc-
tion. Given that Y-27632 blocks PAR;-mediated increases in
CCL2 levels measured in cell culture supernatants, we pro-
pose that this pathway most likely affects CCL2 protein
secretion.

Specificity of Pharmacological Inhibitors Used

In this study we used a range of small cell-permeable inhib-
itors of protein kinases to dissect the signaling pathways
involved in PAR;-mediated CCL2 release. These inhibitors
exhibit a relatively high degree of specificity for the target
kinase, but these compounds are not always totally specific
and need to be used with caution. In this study, all experi-
ments involving such inhibitors were designed according to
expert recommendations (Davies et al., 2000; Bain et al.,
2003). First, the role of most of the targeting kinases was
verified by more than one structurally unrelated inhibitor.
For instance, the involvement of ERK1/2 was confirmed by
both U0126 and PD98059 (data no shown). Similarly for
PKC, we used the broad-spectrum PKC inhibitors, Ro-
318425 and GF109203X. For Rho kinase, we used two com-
pounds: Y-27632 and H-1152. Second, wherever available,
inactive control compounds (e.g., SB202474 as a negative
control for SB203580 and U73343 as a negative control for
U73122) for each inhibitor were tested in parallel cultures.
This was particularly important when high concentrations
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of the active compounds were used. Third, genetic ap-
proaches were used to strengthen the results obtained with
MEK1/2 inhibition and to identify the G protein involved in
coupling to PAR,. Finally, we demonstrated that most in-
hibitors blocked CCL2 release at the same concentrations
that prevented the phosphorylation of an authentic physio-
logical substrate of the protein kinase. For example, ERK1/2,
p38 MAPK, and MLC phosphorylation was assessed to
identify the lowest concentration of respective inhibitors
required for subsequent CCL2 release experiments.

Integration of the Flow of Information

In this study, we provide evidence that thrombin-induced
CCL2 release is mediated via coupling of PAR, to Ga, and
the cooperation between ERK1/2 and Rho kinase 51gna11ng
pathways. This raises the question as to how the flow of
information to the two pathways, one directed at the nucleus
and the other at a specific secretory apparatus, is regulated?
Signal transduction leading to cellular responses is a com-
plex processes initiated by protein—protein interactions be-
tween ligands, receptors, and kinases. Recent hypotheses
including the formation of lipid rafts and “transduceo-
somes” have shed light on how these multiple components
work in harmony. Lipid rafts are specialized structures on
the plasma membrane that have an altered lipid composi-
tion as well as links to the cytoskeleton. Recent studies
indicate that some GPCRs, G proteins, and their effectors
localize to lipid rafts or dynamically move in and out of
microdomains (Simons and Toomre, 2000). A recent study
has shown that PAR; is present in endothelial cell plasma
membrane rafts and caveolae and that the localization of
PAR, specifically to rafts serves as an important mechanism
for the regulation of thrombin-induced cytoskeletal changes
in endothelial cells. Of particular interest to the current
work, these authors further demonstrate a role for lipid rafts
in mediating PAR, activation of both RhoA/Rho kinase
signaling and MLC phosphorylation (Carlile-Klusacek and
Rizzo, 2007). Because PAR, coupling to Ga, mediates
thrombin-induced CCL2 secretion via the RhoA /ci?ho kinase
pathway, we propose that it is likely that the components for
secretion in this pathway might integrate on lipid rafts. In
contrast, the role of lipid rafts in MAPK signaling remains
controversial. For example, Ga, /1, has been shown to acti-
vate p38 MAPK via lipid rafts, whereas two studies have
shown that Ga, does not mediate ERK1/2 phosphorylation
via such rafts (Hiol et al., 2003; Sugawara et al., 2007). In this
study, we report that PAR, coupling to Ge, mediates throm-
bin-induced CCL2 production via ERK1/2 rather than p38
signaling so that current evidence would lead us to propose
that the components involved in the transcriptional re-
sponse may not float together on lipid rafts and would
therefore be segregated from the components involved in
CCL2 secretion. It is also possible that these pathways in-
volve the assembly of a transduceosome that would act as a
relay to assemble and integrate the signals derived from the
two pathways in order to optimize the amplitude of down-
stream signaling. Transduceosomes are most well described
in terms of the essential role of the scaffold and anchoring
protein, A-kinase anchor proteins (AKAP) in cAMP signal-
ing (Feliciello et al., 2001). cAMP-dependent protein kinase is
targeted to discrete subcellular locations by the AKAPs.
Localization recruits protein kinase A (PKA) holoenzyme
close to its substrate/effector proteins, directing and ampli-
fying the biological effects of cAMP signaling. Although
AKAPs were identified on the basis of their interaction with
PKA, AKAPs bind other signaling molecules, principally
phosphatases and kinases, including notably PKC (Feliciello
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Figure 9. Model for thrombin-induced CCL2 production and re-
lease. Thrombin ligation of PAR, stimulates Gag. Activation of
Ca?*-independent PKC leads to the sequential activation of c-Raf,
MEKT1 and ERK1/2 to stimulate CCL2 gene transcription. G, also
leads to the activation of PLC, Ca*?*, and Ca?*-dependent PKC to
activate Rho kinase (likely via p115RhoGEF, Singh et al., 2007) to
mediate CCL2 protein release.

et al., 2001). It is therefore tempting to speculate and propose
a role for both lipid rafts and transduceosomes to integrate
and assemble the signaling components leading from PAR,
activation of Ge, to CCL2 gene transcription via the ERK1/2
pathway and CCL2 release via the RhoA /RhoA pathway.

Summary and Therapeutic Implications

We provide compelling evidence that thrombin mediates its
potent stimulatory effects on fibroblast CCL2 production
and release by coupling to Ga, and the cooperation between
ERK1/2 and Rho kinase 51gnal1ng pathways (Figure 9). In-
hibition of the Ca*>*-independent PKC-ERK1/2 pathway not
only inhibits CCL2 protein levels, but also inhibits intracel-
lular CCL2 protein production and CCL2 mRNA levels,
suggesting that this pathway mediates thrombin-induced
CCL2 release by influencing CCL2 gene transcription. Inhi-
bition of the PLC-Rho kinase pathway inhibits CCL2 protein
release, but has no effect on thrombin-induced intracellular
CCL2 protein production and CCL2 mRNA levels. The
RhoA /Rho kinases are well known for their regulatory role
in stress fiber formation and secretory vesicle trafficking,
suggesting that this pathway mediates thrombin-induced
CCL2 secretion. Blockade of PAR; coupling to Ga, was
found to inhibit both ERK1/2 and MLC phosphorylation
induced by thrombin, indicating that these two pathways
both lie downstream of PAR, coupling to Ga,.

To the best of our knowledge, this report represents the
first demonstration of the cooperation between these two
pathways in mediating the stimulatory effects of thrombin,
or indeed any other extracellular stimulus, on the induction
and release of the potent chemoattractant, CCL2. In this
report, we further demonstrate the effectiveness of blocking
this response using the recently developed novel PAR, antag-
onist, Q94, which blocks PAR; at the intracellular interaction
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site with Ge, (Caden Biosciences) and therefore allows more
selective targeting of some, but not all, PAR;-mediated cel-
lular responses. We propose that such an antagonist ap-
proach may hold promise for selectively interfering with
deleterious thrombin signaling in the context of tissue in-
flammation and fibroproliferative disease, while preserving
other essential PAR;-mediatedcellular responses.
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