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SUMMARY

Several recent studies have demonstrated that the activation of protease-activated receptor 1
(PAR-1) by thrombin and activated protein C (APC) on cultured vascular endothelial cells elicits
paradoxical proinflammatory and antiinflammatory responses, respectively. Noting that the
protective intracellular signaling activity of APC requires the interaction of the protease with its
receptor, endothelial protein C receptor (EPCR), we recently hypothesized that the occupancy of
EPCR by protein C may also change the PAR-1-dependent signaling specificity of thrombin. In
support of this hypothesis, we demonstrated that EPCR is associated with caveolin-1 in lipid rafts
of endothelial cells and that the occupancy of EPCR by the Gla-domain of protein C/APC leads to
its dissociation from caveolin-1 and recruitment of PAR-1 to a protective signaling pathway
through the coupling of PAR-1 to the pertussis toxin sensitive G;-protein. Thus, when EPCR is
bound by protein C, a PAR-1-dependent protective signaling response in cultured endothelial cells
can be mediated by either thrombin or APC. This article will briefly review the mechanism by
which the occupancy of EPCR by its natural ligand modulates the PAR-1-dependent signaling
specificity of coagulation proteases.
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INTRODUCTION

Protein C is a multi-domain vitamin K-dependent plasma serine protease zymogen that upon
activation by thrombin in complex with the endothelial cell surface receptor,
thrombomodulin (TM), down-regulates the clotting cascade by the proteolytic degradation
of procoagulant cofactors Va and Vllla by limited proteolysis (1). In addition to its
anticoagulant function, activated protein C (APC) also exhibits potent cytoprotective and
antiinflammatory properties (2-4). The protective anticoagulant and antiinflammatory
activities of APC have led to FDA approval of recombinant APC as a therapeutic drug for
treating severe sepsis (5). Unlike the relatively well-known mechanism of function of APC
in the anticoagulant pathway (1), the exact mechanism by which APC functions in the
antiinflammatory pathway is not known. However, in vitro and in vivo data in various
cellular and animal models of inflammation have indicated that the interaction of APC with
the endothelial protein C receptor (EPCR) is required for the cytoprotective activity of the

"Address of Corresponding Author: Alireza R. Rezaie, Ph.D., Department of Biochemistry and Molecular Biology, St. Louis
University School of Medicine, 1100 S. Grand Blvd., St. Louis, MO 63104, Phone: (314) 977-9240, Fax: (314) 977-9205,
rezaiear@slu.edu.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rezaie

Page 2

protease (4,6-8). It has been demonstrated that the interaction of APC with EPCR renders
the protease capable of activating the G-protein coupled receptor, protease-activated
receptor 1 (PAR-1), thereby initiating protective intracellular signaling responses in cells
expressing both receptors (3,4). Noting that thrombin is the only known physiological
activator of protein C, and it cleaves PAR-1 with 3—4 orders of magnitude higher catalytic
efficiency to elicit proinflammatory responses (9), there is controversy as to whether or not
APC can exert protective activity through the cleavage of PAR-1 when thrombin is also
present in the same environment (9-11). In this review, we will present some of our recent
findings which suggest that the occupancy of EPCR by the Gla-domain of either the
zymogen protein C or APC on vascular endothelial cells can switch the PAR-1-dependent
signaling specificity of thrombin. Thus, the activation of PAR-1 by either thrombin or APC
elicits protective signaling responses on cells expressing both receptors.

ACTIVATION OF PAR-1 BY COAGULATION PROTEASES

In addition to their role in the clotting cascade, coagulation proteases regulate a diverse array
of cellular activities including inflammation, development, tumor growth, metastasis,
apoptosis, and tissue remodeling (12—15). It has become clear in recent years that the direct
cellular effects of coagulation proteases are mediated through their activation of the PAR
sub-family of G-protein coupled receptors expressed on the surface of various cell types
(12,14). So far, four members of the PAR family (PAR-1, PAR-2, PAR-3 and PAR-4) have
been identified (12). The protease cleavage of PARs on cell surfaces exposes a new N-
terminus on the NHy-terminal domain that binds to the second membrane-spanning
extracellular loop of the receptor, thereby activating them by a tethered ligand mechanism
and initiating intracellular signaling responses under various pathophysiological conditions
(12). PAR-1, which was first identified as a thrombin receptor on the surface of human
platelets, can be cleaved by sub-nanomolar concentrations of thrombin, thereby leading to
rapid platelet aggregation in response to vascular injury (12). However, subsequent studies
indicated that thrombin also modulates inflammatory pathways through the activation of
PAR-1 (12,14). Thus, it has been demonstrated that thrombin up-regulates the expression of
various cytokines (i.e., IL-1, IL-6 and TNF-a) and cell adhesion molecules; E-selectin, P-
selectin, intracellular adhesion molecule-1 and vascular cell adhesion molecule-1 on
endothelial cells (15,16). Thrombin also induces apoptosis through the activation of caspases
and enhances the barrier permeability of endothelial cells through the PAR-1-dependent
activation of the Rho family of GTPases (17,18). Thrombin mediates its proinflammatory
properties through activation of the nuclear factor (NF)-xB pathway in endothelial cells
(16,18). Paradoxically, when APC forms a complex with EPCR it evokes antiinflammatory
responses in endothelial cells, apparently through the activation of PAR-1 (3,4). Thus, it has
been demonstrated that the APC-EPCR complex inhibits the cytokine-mediated activation of
NF-kB and down-regulates the expression of proinflammatory cytokines by activation of
PAR-1 in endothelial cells (3,4,16,19). It is thought that these properties of APC are
responsible, at least partially, for the beneficial protective effects of the protease in reducing
the mortality rate of severe sepsis (4,5,7,14). Noting that thrombin is the only known
physiological activator of protein C, and that it cleaves PAR-1 with 3-4 orders of magnitude
higher catalytic efficiency than APC to elicit proinflammatory responses (9), the hypothesis
that APC can exert protective activity through the cleavage of the same receptor has
remained controversial (9—11). Since most of the PAR-1-dependent proinflammatory
activities of thrombin are based on in vitro data, as described below, a partial answer for this
question my be provided by our recent discovery that the occupancy of EPCR plays a
critical role in determining the PAR-1-dependent signaling specificity of coagulation
proteases in vascular endothelial cells independent of the protease (thrombin or APC)
activating the receptor (19). Thus, the physiological relevance of the in vitro data in cellular
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models proposing PAR-1-dependent proinflammatory activities for thrombin requires
further investigation.

EPCR OCCUPANCY ALTERS THE SIGNALING SPECIFICITY OF PAR-1

In a series of recent studies, we employed molecular biology and biochemical approaches to
investigate the mechanism by which the activation of PAR-1 by the two proteases thrombin
and APC may initiate two opposite responses in endothelial cells. Our aim was to investigate
two questions. 1) Is the level of receptor activation by thrombin and APC a contributing
factor in determining the specificity of signaling responses in endothelial cells? 2) Does the
occupancy of EPCR by the Gla-domain of APC alter the signaling specificity of PAR-1 in
endothelial cells? To provide answers to these questions, we engineered a meizothrombin
derivative in which the Gla-domain of the thrombin intermediate was changed with the
corresponding domain of APC as described in Fig. 1 (19,20). Relative to APC, the protein
C-meizothrombin chimera cleaved PAR-1 with a 3-4-fold higher catalytic efficiency similar
to that observed with thrombin (20). The mutant construct also interacted with EPCR with
an affinity that was essentially identical to that observed with protein C/APC (20).
Interestingly, however, this meizothrombin derivative elicited a PAR-1-dependent barrier
protective response in human umbilical vein endothelial cells (HUVECS) (Fig. 2A) with an
efficiency that was at least 10-fold higher than the protective effect of APC (20). These
results suggested that the binding of Gla-domain of APC to EPCR determines the type of
PAR-1 response rather than the protease type that cleaves the receptor (20). To provide
further support for this hypothesis, the effect of PAR-1 cleavage by thrombin was monitored
in endothelial cells which had been pretreated with the catalytically inactive Ser-195 to Ala
(PC-S195A) substitution mutant of protein C (19,20). The results revealed that when
endothelial EPCR is occupied by its ligand, the cleavage of PAR-1 by thrombin elicits only
protective signaling responses in endothelial cells (19,20) (Fig. 2A). To provide firm support
for this hypothesis, HUVECSs were pre-incubated with a sub-physiological concentration of
the zymogen protein C (50-nM of either wild-type protein C or PC-S195A) and used the
thrombin receptor agonist peptides (TRAP) SFLLRN or TFLLRN to activate PAR-1 (19—
22). In agreement with the hypothesis, both PAR-1 agonist peptides elicited a barrier
disruptive response in HUVECs that could be effectively reversed to a protective response if
cells were pretreated with the protein C zymogen prior to stimulation by TRAPs (Fig. 2B).
Further studies demonstrated that when EPCR is occupied by protein C, thrombin activation
of PAR-1 inhibited the activation of RhoA GTPase and enhanced the activation of Racl
GTPase in the TNF-a-stimulated endothelial cells, which is similar to the response observed
with APC (19,21). Furthermore, thrombin inhibited the NF-kB pathway by a PAR-1-
dependent mechanism if cells were pretreated with the protein C zymogen (19,21). These
results suggested that the activation of PAR-1 by thrombin on intact vascular endothelial
cells expressing EPCR would initiate potent protective intracellular signaling responses in
the presence of physiological concentrations of the zymogen protein C.

It is worth noting that a recent study demonstrated that the PAR-1 cleavage dependent
signaling by thrombin leads to rapid internalization of the receptor, whereas the APC-
activated PAR-1 remains for a longer time on the surface of cultured endothelial cells (23).
The relevance of this observation to paradoxical PAR-1 signaling by the two proteases
requires further investigation, nevertheless, these results raise the possibility that differences
in the duration of PAR-1 signaling in endothelial cells may also alter the signaling
specificity of coagulation proteases.
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EPCR AND PAR-1 ARE ASSOCIATED WITH CAVEOLIN-1 IN LIPID-RAFTS

Recent results have demonstrated that both EPCR and PAR-1 are localized and/or associated
with caveolin-1 within the cholesterol rich lipid-rafts in HUVECSs (24). However, in a recent
study, by co-immunoprecipitation and immunoblotting approaches using specific antibodies
for EPCR, PAR-1 and caveolin-1, our results indicated that EPCR no longer remains
associated with caveolin-1 if endothelial cells were pretreated with PC-S195A (19,20).
Thus, the ligand occupancy of EPCR led to dissociation and/or emigration of the receptor
from the caveolar compartment, a process that appears to change the PAR-1-dependent
signaling specificity of thrombin and APC from a permeability-enhancing to a barrier-
protective response (19,20). Similar results have been obtained in human pulmonary arterial
endothelial cells (22). Thus, the thrombin cleavage of PAR-1 in endothelial cells of both
venular and arterial beds expressing EPCR initiates protective signaling responses as long as
there is sufficient ligand (protein C) to occupy the receptor (19-22). Consistent with our
results, a recent study showed that the PAR-1-dependent activation of Racl by APC requires
caveolin-1, whereas the PAR-1-dependent activation of RhoA by thrombin was independent
of caveolin-1 (25), suggesting a key role for the caveolin-1 modulation of the signaling
specificity of coagulation proteases. To provide further support for the hypothesis that the
interaction of the Gla-domain of APC with EPCR alters the PAR-1-dependent signaling
specificity of coagulation proteases, in a recent study we showed that the APC deletion
mutant lacking the Gla-domain (activated GD-PC), similar to thrombin, elicits a PAR-1-
dependent disruptive proinflammatory response in endothelial cells (26). However,
preincubation of cells with PC-S195A switched the signaling specificity of activated GD-PC
to a protective response similar to that observed with APC (26), confirming our hypothesis
that if EPCR is occupied by protein C the activation of PAR-1 is protective, independent of
the protease cleaving the receptor.

How the occupancy of EPCR changes the PAR-1-dependent signaling specificity of
coagulation proteases is not known. PAR-1 is known to signal through coupling with
different members of the G proteins including Gjjo, Gq and G113 (17,19,25,27). It has been
hypothesized that thrombin disrupts the endothelial barrier function through activation of
PAR-1 coupled to Gg and/or G113, but APC signals through the cleavage of PAR-1
coupled to Gjy, (17,19,27). Among these G proteins, only the signaling function of Gj, is
sensitive to the pertussis toxin (PTX) (28). Interestingly, we demonstrated that while the
PAR-1-dependent permeability-enhancing effect of thrombin is insensitive to PTX, the
protective response of thrombin is sensitive to PTX in PC-S195A pretreated endothelial
cells, suggesting that the ligand occupancy of EPCR recruits PAR-1 to a protective pathway,
possibly by coupling the receptor to Gjso-protein in endothelial cells (19,20). Similar to the
protective activity of APC (18,29), the EPCR-dependent barrier protective activity of
thrombin was also demonstrated to require signaling via another G;j-protein coupled
receptor, sphingosine 1-phosphate receptor 1 (S1P1) (19,22). Thus, it is not known whether
the PTX sensitivity of the barrier protective activity of thrombin is due to EPCR facilitating
a direct coupling of PAR-1 to G;j or if it is due to EPCR mediating it indirectly via the P13-
kinase dependent phosphorylation and activation of S1P; independent of its ligand S1P
(18,29,30). A hypothetical model showing how the occupancy of EPCR changes the PAR-1-
dependent signaling specificity of thrombin in endothelial cells is presented in Fig. 3.

EPCR OCCUPANCY ALTERS THE SIGNALING SPECIFICITY OF PAR-2

In addition to thrombin and APC, other coagulation proteases activate PAR-1 and PAR-2 to
initiate both proinflammatory and antiinflammatory responses (14,31). For instance, factor
Vlla (FV1a), by itself or in complex with tissue factor (TF), has been demonstrated to
modulate cellular responses through activation of PAR-2 on endothelial and other cell types
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(14,31,32). Furthermore, it has been demonstrated that the TF-FVIla complex can indirectly
signal through both PAR-1 and PAR-2 by activating FX to FXa on endothelial cells (33). In
a recent report, it was demonstrated that FXa, through activation of both PAR-1 and PAR-2
can initiate potent barrier protective effects in HUVECSs in response to proinflammatory
stimuli (34). Other studies have reported a proinflammatory role for FXa in similar cellular
model systems (35). The discrepancy in results between different studies is not known.
Interestingly, in a recent study we demonstrated that, in addition to changing the signaling
specificity of PAR-1, the occupancy of EPCR by protein C also switches the signaling
specificity of PAR-2 from a barrier disruptive to a barrier protective effect in endothelial
cells (36). This was evidenced by the observation that, similar to PAR-1 agonist peptides
(36), the PAR-2 agonist peptide, SLIGKV, also elicited a barrier disruptive response in
HUVECs that could be effectively reversed to a protective response if cells were pretreated
with the protein C zymogen prior to stimulation by the PAR-2 agonist peptide (36). These
results suggested that the occupancy of EPCR by protein C recruits both PAR-1 and PAR-2
to protective pathways. Thus, it appears that all coagulation proteases capable of cleaving
these receptors would elicit only protective signaling responses if cells express EPCR and
the receptor is exposed to physiological concentrations of protein C. These results challenge
the physiological relevance of in vitro studies in cellular models, which have all monitored
the signaling effects of PAR-1 and PAR-2 in the absence of EPCR occupancy and thus
reported disruptive proinflammatory roles for activation of both receptors in cultured
endothelial cells.

CROSSTALKS BETWEEN PAR-1 AND OTHER RECEPTORS

In addition to EPCR, recent results have indicated that the PAR-1-dependent protective
signaling activity of both APC and thrombin requires receptor crosstalks with a number of
other G-protein and non-G-protein coupled receptors. Thus, it has been demonstrated that
siRNA for S1P4 eliminates the protective effect of APC in response to proinflammatory
stimuli in endothelial cells (18,19,22,29). Two other recent studies demonstrated that APC-
mediated signaling via both apolipoprotein E receptor 2 (ApoER?2) and angiopoietin/Tie2
pathways also contributes to cytoprotective and antiinflammatory properties of APC (37,38).
Thus, the knockdown or blockade of either one of these receptors (EPCR, PAR-1, S1P;,
ApoER?2 or Tie2) eliminated the protective effect of APC in cellular models. We have
demonstrated a similar requirement for crosstalks between PAR-1 with S1P4 and Tie2 for
the protective effect of thrombin in endothelial cells pretreated with PC-S195A (19,39),
suggesting that coordinated communications among these receptors are involved in
determining the PAR-1-dependent signaling specificity of coagulation proteases. EPCR and
PAR-1-dependent cytoprotective and antiinflammatory activity for APC has been
established in animal models of inflammation (6,7,40,41). In murine models of
endotoxemia, it has been demonstrated that APC does not exert a protective effect in
genetically altered mice either lacking PAR-1 or expressing sub-optimal levels of EPCR
(7,40,41). Results from a recent study using a similar model of endotoxemia indicated that,
the interaction of APC with the macrophage integrin CD11b mediates the PAR-1-dependent
protective activity of APC by an EPCR-independent mechanism (42), suggesting that EPCR
co-receptor signaling may not contribute to protective PAR-1 signaling in immune cells.
However, another study using a similar model, demonstrated that the expression of EPCR on
CD8™ dendritic cells is required for the protective activity of APC (40). Another recent study
demonstrated that unlike the crosstalk between PAR-1 and S1P4 which elicits a protective
response in endothelial cells (29), crosstalk between PAR-1 and S1P3 on both vascular and
dendritic cells evokes proinflammatory responses (43), providing a clue for the mechanism
by which PAR-1 activation can elicit paradoxical signaling responses through interaction
with different co-receptors. In addition to PAR-1, in vitro and in vivo studies have indicated
that the optimal EPCR-dependent cytoprotective activity of APC also requires PAR-3 in
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neurons (44). These results underscore the complex nature of crosstalks that could be
controlling the PAR-1 signaling network under different pathophysiological conditions. A
better understanding of the mechanism of receptor crosstalks among the players of the
PAR-1 axis is imperative to developing new strategies for treating severe inflammatory
disorders.

CONCLUDING REMARKS

Our in vitro results in cellular models suggest that the activation of both PAR-1 and PAR-2
by coagulation proteases would elicit only protective signaling responses in endothelial cells
if they express EPCR and that the receptor is occupied by the Gla-domain of its ligand
protein C/APC. The relevance of these findings to the physiology of PAR-1 and PAR-2
under in vivo conditions is not known and requires further investigation. We hypothesize
that the protective EPCR co-receptor signaling on endothelial cells may constitute a self-
guarding mechanism that ensures PAR-1 signaling by thrombin and other coagulation
proteases does not disrupt the integrity of healthy vasculature. Thus, only during injury,
trauma and inflammation, which can lead to denudation of the endothelium and/or down-
regulation of the cell surface EPCR, the activation of these receptors by coagulation
proteases initiates proinflammatory responses. We recently demonstrated that TM is
localized with EPCR and PAR-1 within lipid-rafts of endothelial cells (24). Based on our in
vitro data, it appears that, similar to TM, EPCR is involved in modulating the physiological
function of thrombin in circulation. TM, by directly interacting with thrombin, switches the
specificity of thrombin in the clotting cascade (1), and EPCR, by interacting with protein C,
indirectly switches the PAR-1-dependent signaling specificity of thrombin in the signaling
pathway (19). It is worth noting that a similar regulatory role for TM in altering the PAR-1-
dependent signaling function of thrombin has also been reported (45). In a recent study, we
showed that thrombin in complex with TM is a less effective activator of PAR-1 than APC
(26). Noting that TM is abundantly expressed on capillary endothelial cells (46) and that it
has a much higher affinity than PAR-1 for thrombin, the possibility that APC is the primary
PAR-1 activator in microcirculation needs to be considered.
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3A-PC/Gla- in PCIGI

Fig. 1.

Cartoons of construction and factor Xa activation of wild-type and the three Arg to Ala
substitution mutants of prothrombin. (Left Panel) The proteolytic cleavage of wild-type
prothrombin by factor Xa after Arg-320 generates an intermediate active product called
meizothrombin. A second cleavage at Arg-271 by factor Xa separates the catalytic domain
of prothrombin from the non-catalytic Gla, Kringle-1 and Kringle-2 domains to yield
thrombin. Further cleavages at Arg-155 and Arg-286 can occur by a feed-back cleavage
mechanism by both thrombin and meizothrombin. (Central Panel) A prothrombin derivative
(3A-PC/Gla-prothrombin) was prepared in which the Gla-domain of the molecule was
replaced with the corresponding domain of protein C and its Arg-155, Arg-271 and Arg-286
residues were substituted with 3 Ala residues. (Right Panel) The prothrombin chimeric
mutant can be activated by factor Xa through cleavage after Arg-320 to yield the active
protease PC/Gla-meizothrombin. K-1 and K-2 represent Kringle-1 and 2 domains of
prothrombin, respectively. PD, protease domain. The figure is adopted from Ref. 19 with
modifications.

IUBMB Life. Author manuscript; available in PMC 2012 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rezaie

Page 11

01 1 10 100 100
TRAP, [:M]

Fig. 2.

The occupancy of EPCR by the Gla-domain of protein C switches the PAR-1-dependent
signaling specificity of thrombin from a barrier-enhancing effect to a barrier protective
response in HUVECSs. The barrier protective effect of proteases (1 nM for thrombin and
meizothrombin derivatives and 10 nM for APC) in HUVECSs in response to
proinflammatory stimuli (10 nM thrombin or 10 ng/mL LPS) with or without pretreatment
of cells with PC-S195A (50 nM) and a function-blocking antibody to PAR-1 was monitored
as described in Ref. 22. (B) The concentration dependence of the barrier permeability effect
of the PAR-1 agonist peptides (either SFLLRN or TFLLRN) was monitored in the absence
(o) or presence of 50 nM PC-S195A (e) as described in Ref. 20.
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Fig. 3.

Cartoons of PAR-1-dependent signaling by APC and thrombin in endothelial cells when
EPCR is either free or occupied by protein C. (Left Panel) EPCR interacts with caveolin-1
(Cav-1) within lipid-rafts of endothelial cells when it is not occupied by the Gla-domain of
protein C. Thrombin cleavage of PAR-1 activates RhoA, up-regulates the NF-xB pathway
and elicits disruptive signaling responses by signaling through Gy/13 and/or Gq proteins.
(Right Panel) The occupancy of EPCR by protein C leads to dissociation of EPCR from
caveolin-1 and a switch in the specificity of PAR-1, presumably by signaling via the G;-
protein. Under these conditions, the thrombin cleavage of PAR-1 activates Rac1l, inhibits the
activation of the NF-«xB pathway and initiates protective responses in endothelial cells. See
the text for more detail. The figure is adopted from Ref. 39 with modifications.
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