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SUMMARY

Endothelial cells express several types of integral membrane protein receptors, which upon
interaction and activation by their specific ligands, initiate a signaling network that links
extracellular cues in circulation to various biological processes within a plethora of cells in the
vascular system. A small family of G-protein coupled receptors, termed protease-activated
receptors (PAR1-4), can be specifically activated by coagulation proteases, thereby modulating a
diverse array of cellular activities under various pathophysiological conditions. Thrombin and all
vitamin K-dependent coagulation proteases, with the exception of factor 1Xa for which no PAR
signaling has been attributed, can selectively activate cell surface PARs on the vasculature.
Thrombin can activate PAR1, PAR3 and PAR4, but not PAR2 which can be specifically activated
by factors Vlla and Xa. The mechanistic details of the specificity of PAR signaling by coagulation
proteases are the subject of extensive investigation by many research groups worldwide. However,
analysis of PAR signaling data in the literature has proved to be challenging since a single
coagulation protease can elicit different signaling responses through activation of the same PAR
receptor in endothelial cells. This article is focused on briefly reviewing the literature with respect
to determinants of the specificity of PAR signaling by coagulation proteases with special emphasis
on the mechanism of PARL1 signaling by thrombin and activated protein C in endothelial cells.
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Introduction

In addition to their role in the initiation and regulation of the clotting cascade, coagulation
proteases regulate diverse cellular functions through the activation of a small family of G-
protein coupled receptors (GPCR) called protease-activated receptors (PARS) (1-4). Thus
far, four members of the PAR family (PAR1, PAR2, PAR3 and PAR4) have been cloned
and characterized (1,5). Protease cleavage of PARs on various cell types exposes new N-
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termini (tethered ligand) on the extracellular domains of PARSs that bind to the second
membrane-spanning extracellular loop of the receptors, thereby activating them and eliciting
intracellular signaling responses. VVascular PAR signaling, mediated by coagulation
proteases, plays key roles in modulating diverse arrays of cellular activities under different
pathophysiological conditions including inflammation, cardiovascular disease, tumor growth
and metastasis, apoptosis, angiogenesis and tissue remodeling (1-5). Thrombin and all
vitamin K-dependent coagulation proteases, with the exception of factor IXa for which no
PAR signaling has been attributed, are capable of selectively activating cell surface PARs on
various tissues. Thrombin can activate PAR1, PAR3 and PAR4, but not PAR2 (1). PAR2
can be specifically activated by both factor Xa (FXa) and factor Vlla (FVlla) (1,6,7).
Nevertheless, high concentrations of all coagulation proteases may be able to non-
specifically cleave all four PARs in vitro or in cellular models. The physiological relevance
of such results should be interpreted with some caution. With the exception of PAR3, which
has a short cytoplasmic domain and does not appear to be directly involved in signaling, the
protease cleavage of other three cell surface PARs can elicit intracellular signaling responses
(1). The mechanistic details of the specificity of PAR signaling by plasma proteases are the
subject of extensive investigation by many research groups worldwide. Since human
umbilical vein endothelial cells (HUVECS) express all four PARs (8-10), this question has
been extensively studied using this cell type. However, analysis of PAR signaling data in the
literature in HUVECSs has proved to be challenging since coagulation proteases can elicit
paradoxical signaling responses through activation of the same PAR receptor in these cells.
For instance, it has been shown that activation of PAR1 by thrombin induces
proinflammatory signaling responses (1,9-12), whereas the activation of the same receptor
by activated protein C (APC) elicits antiinflammatory responses in cultured HUVECs (12—
15). A PAR1-dependent antiinflammatory activity for APC has also been documented in
several animal models of inflammation and severe sepsis. Thus, following a clinical trial,
recombinant APC was approved by the FDA as a therapeutic drug for treating adults with
severe sepsis (16). However, APC was recently pulled out of the market by the manufacturer
(Eli Lilly) due to its apparent lack of significant mortality reducing beneficial effect in a new
follow-up clinical study (17). Nevertheless, other controlled clinical trials may be required
to fully assess the protective antiinflammatory properties of APC in humans (18). This
article will not elaborate on this subject but rather focus on reviewing the literature with
respect to the specificity of PAR signaling by coagulation proteases with special emphasis
on the mechanism of PARL1 signaling by thrombin and APC in HUVEC:s.

PARL1 signaling by thrombin

Thrombin activates PAR1 by catalyzing the cleavage of the Arg41-Ser42 peptide bond on
the N-terminal extracellular domain (exodomain) of the receptor (1,12). In addition to the
P1-Arg41 recognition site, the exodomain of PAR1 also has an acidic hirudin-like sequence
at the C-terminus of the scissile bond which constitutes a binding site for basic exosite | of
thrombin (1,19). The acidic hirudin-like sequence of PARL1 is also conserved in PAR3, but
in neither PAR2 or PARA4 (1,12). The exosite 1-dependent interaction of thrombin with this
site of PARL is primarily responsible for the high specificity of receptor recognition by
thrombin, reminiscent of its interaction with thrombomodulin (TM) and fibrinogen (19).
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PAR1 was first identified as thrombin receptor on the surface of human platelets, which can
be effectively cleaved by sub-nanomolar concentrations of thrombin, thereby leading to
rapid platelet aggregation in response to vascular injury (1). It is of interest to note that
unlike PAR1 on human platelets, PAR4 has been identified as the primary target receptor for
thrombin on mouse platelets. In this case, PAR3 has been found to function as a cofactor for
PAR4 activation by thrombin on mouse platelets (1). Such species differences in PAR
signaling by thrombin have important implications in terms of relating studies conducted in
mouse to human that have been nicely discussed in an excellent review article by Coughlin

).

As a G-protein coupled receptor, the activation of cell surface PAR1 by thrombin facilitates
the interaction of the C-terminal intracellular loop of PAR1 with different members of the G
protein subfamilies including Gj, Gq and Gy/13 (11,20,21). Thrombin elicits
proinflammatory signaling responses in endothelial cells through activation and coupling of
PAR1 to Gq and/or Gy/13 (11,20,21). Thrombin activation of cell surface PAR1 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 (ICAM-1) and vascular
cell adhesion molecule 1 (VCAM-1) on endothelial cells (12,22,23). Thrombin also induces
apoptosis through the activation of caspases and enhances the barrier permeability of
endothelial cells through PAR1-dependent activation of the nuclear factor (NF)-xB and
RhoA GTPase (24,25). Noting that the protease cleavage of PAR1 is an irreversible process,
termination of signaling is mediated through phosphorylation-dependent internalization of
the receptor through coated pits and its subsequent targeting to lysosomes (26,27).

It is worth noting that the expression level of TM on HUVECs is very low in comparison to
that on microvascular endothelial cells which express high levels of TM (28). As indicated
above, the interaction of thrombin with the hirudin-like exosite of PARL1 is required for the
cleavage-dependent activation of the receptor (1,19). Given that both PAR1 and TM
compete for binding to thrombin through the same exosite and that thrombin binds to this
site on TM with much higher affinity than PAR1 (29,30), further studies will be required to
determine whether thrombin can actually bind to and activate PAR1 on capillary endothelial
cells which have high levels of TM on their surfaces (28). Furthermore, even if TM-bound
thrombin activates PAR1, it is not known if signaling responses elicited by the thrombin-TM
complex would be disruptive in nature. We believe that, in addition to its role in regulating
the procoagulant function of thrombin, TM also plays a critical role in regulating the PAR1-
dependent signaling specificity of thrombin (31,32).

PAR1 signaling by APC

APC activates PAR1 through cleavage of one or two P1-Arg recognition sites (Arg-41 and
Arg-46) present on the exodomain of the receptor (33,34). However unlike thrombin, APC
is not known to utilize the hirudin-like exosite of PARL1 to activate it, thus APC cleaves the
receptor with markedly slower catalytic efficiency (35). Paradoxically, APC activation of
PAR1 in endothelial cells evokes cytoprotective and antiinflammatory responses (12,33-37).
The PAR1-dependent protective response by APC requires that it forms a complex with
endothelial protein C receptor (EPCR) on the surface of endothelial cells (38—40). Thus, it
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has been demonstrated that the APC-EPCR complex inhibits cytokine-mediated activation
of NF-xB and down-regulates expression of proinflammatory cytokines and cell adhesion
molecules in endothelial cells. Unlike, thrombin which activates RhoA, APC in complex
with EPCR activates Racl GTPase and by doing so stabilizes the barrier permeability
function of endothelial cells (24,25). It is well established that APC exerts its protective
cellular effect through EPCR- and PAR1-dependent up-regulation of the expression of
protective genes and down-regulation of the expression of proinflammatory genes
(23,24,39). However, noting that thrombin is the only known physiological activator of
protein C, and that it can also cleave PAR1 with approximately 3 orders of magnitude higher
catalytic efficiency (35), the question that had remained controversial for several years was:
how can APC cleavage of PARL1 elicit a protective response in an environment where
thrombin is also present? A partial answer for this question came from the observation that
the two receptors required for protein C activation by thrombin (TM and EPCR) together
with PAR1 are co-localized within lipid-rafts/caveolae microenvironment of endothelial
cells (31) (Fig. 1). This finding, together with the observation that TM-bound thrombin
cannot activate PAR1 to initiate a proinflammatory response (32), strongly suggests that the
activation of protein C and signaling by the APC-EPCR complex is a mechanistically-
coupled event occurring locally on specific cell surface microenvironments (41).
Interestingly, further studies revealed that EPCR is also associated with caveolin-1 (10).
However, when EPCR is bound by the Gla-domain of either protein C or APC (40), EPCR
dissociates from caveolin-1, thereby recruiting PAR1 to a protective signaling pathway (10).
Remarkably, we have found that, similar to thrombin, Gla-domainless APC also elicits a
proinflammatory response in HUVECs (32). However, pretreatment of endothelial cells with
the catalytically inactive protein C-S195A switches the PAR1-dependent signaling
specificity of both thrombin and Gla-domainless APC from a disruptive to a protective
response (32). Thus, it appears that the occupancy of EPCR by protein C results in
dissociation of EPCR from caveolin-1, thereby switching the signaling specificity of both
proteases (10,32). Further support for this hypothesis was provided by the observation that a
meizothrombin/protein C Gla-domain chimera also elicited a protective response in the
cytokine-stimulated endothelial cells through the cleavage of PAR1 with an efficiency that
was nearly 50-fold higher than APC (10,42). Taken together, these results indicated that the
specificity of PAR1 signaling by thrombin and APC is determined by the occupancy of
EPCR by its natural ligand independent of the protease cleaving the receptor (42,43). The
mechanism by which the occupancy of EPCR alters the specificity of PARL signaling by
thrombin remains largely unknown and is the subject of investigation in our laboratory.

Biased PARL1 signaling by thrombin and APC

Recently, a new paradigm in GPCR signaling has been discovered in which the transmission
of the signal by activated receptor is not mediated through one of the heterotrimeric G
proteins, but rather via a biased signaling mechanism through B-arrestins (44,45). In this
case, the cytoplasmic domain of GPCR is phosphorylated by GPCR kinases (GRK), thereby
recruiting p-arrestins, preventing GPCR interaction with G proteins and directly signaling
via p-arrestins (44,45). According to this concept, an interesting recent paper demonstrated
that the PAR1-dependent protective activity of APC may not be mediated through either one
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of the G proteins but via a B-arrestin2 biased signaling mechanism (46) (Fig. 1). The
mechanism by which APC but not thrombin can initiate B-arrestin2 biased PARL1 signaling
is not known. A hypothesis that may explain -arrestin2 biased PAR1 signaling by APC was
provided in a recent report by Mosnier et al, who demonstrated that APC can cleave a
second P1-Arg site (Arg-46) on the exodomain of PARL1 to initiate antiinflammatory
signaling responses (33,47) (Fig. 1). This finding indicates that when APC cleaves the
alternative recognition site after Arg-46, the activated receptor may differentially recruit -
arrestin2, thereby exerting a protective effect independent of an interaction with one of the G
proteins. In light of the observation that unlike APC, the Gla-domainless derivative of APC
lacks cytoprotective activity and elicits thrombin-like proinflammatory signaling responses
through the cleavage of PARL1 (32), the new findings may suggest that the interaction of
APC with EPCR somehow alters the substrate specificity of the protease (by catalytic or
topographical mechanisms) so that the EPCR-bound APC specifically cleaves PAR1 at a
recognition site that is different from that of thrombin (33,47). Our results, demonstrating a
disruptive effect for thrombin in the absence of EPCR occupancy but a protective one for the
protease in protein C-S195A-treated cells, may suggest that when EPCR is occupied,
thrombin’s PAR1-dependent signaling effect may also be mediated through a -arrestin2
biased signaling mechanism (Fig. 2). Thus, further studies will be required to test this
hypothesis and to determine whether the non-canonical cleavage of PAR1 by APC at Arg-46
site and/or the occupancy of EPCR by the Gla-domain of protein C/APC are responsible for
inducing B-arrestin2 biased PAR1 signaling by coagulation proteases. It is worth noting that
there is a report showing that the endocytic internalization of the thrombin-bound PAR1 is
markedly faster than that of the APC-bound receptor (48), possibility due to exosite I-
dependent interaction of thrombin with the hirudin-like exosite of the receptor. Whether
such differences in the interaction of APC and thrombin with PARL1 lead to distinct receptor
conformations and/or signal-transmission durations which may differentially couple the
receptor to either a G-protein or B-arrestin2 requires further investigation.

PAR1 and PAR2 signaling by FVlla and FXa

FVIla is the protease of the extrinsic pathway that binds to the cell surface receptor, tissue
factor (TF), on negatively charged membrane phospholipids and activates factor X to FXa to
initiate the clotting cascade (2,7). The FVIla-TF complex is also known to activate PAR2 to
elicit intracellular signaling responses in various cell types independent of its procoagulant
activity (2,7). A strong link between TF-dependent PAR2 signaling by FVI1la and tumor
progression/metastasis has been established in several cellular and in vivo models (49,50). It
has been demonstrated that activation of PAR2 by FVlla also modulates the pro-migratory
properties of non-cancerous TF- expressing epithelial cells by phosphorylation of the
cytoplasmic domain of TF and activation of p38 and ERK1/2 MAP kinases (51-53),
suggesting a key role for TF-dependent PAR2 signaling by FVI1la in altering cellular
functions.

In addition to TF-dependent signaling through PAR2, FV1la also activates PAR1 to initiate
intracellular signaling responses in endothelial cells (54-56). In a series of interesting recent
studies, Rao et al discovered that EPCR functions as a true receptor for FV1la to modulate
the PAR1-dependent signaling specificity of FVIla (55,56). Similar to APC, FVIla was
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shown to bind EPCR with a similar high affinity to effectively activate PAR1, thereby
eliciting protective signaling responses in endothelial cells in both in vitro and in vivo model
systems (54-56). Thus, FVV1la was shown to prevent the barrier disruptive effect of
proinflammatory cytokines in vascular endothelial cells by the EPCR- and PAR1-dependent
activation of Racl, reminiscent of APC-EPCR activation of this GTPase (54,56). The
mechanism by which EPCR endows PAR1-dependent protective activity for FV1la is not
known. Further studies will be required to determine whether similar to the APC-EPCR
complex, FVIla-EPCR cleaves the exodomains of PAR1 complex at an alternative non-
canonical recognition site and/or the activated receptor signals via the p-arrestin2 biased
PARL signaling pathway (Fig. 1).

Similar to its activator FVIla-TF complex, FXa can activate PAR2 to initiate signaling
responses in endothelial and other cell types (2,7,57). FXa reportedly also signals through
activation of PAR1 (58). In a recent report, it was demonstrated that FXa, through activation
of both PAR1 and PAR2, exerts a barrier protective effect in HUVECs in response to
proinflammatory stimuli (6). Other studies have reported a proinflammatory role for FXa in
similar cellular model systems (59-61). Discrepancies in the results between different
studies are not known. In support of a protective PAR2-dependent signaling function for
FXa, we demonstrated that FXa can inhibit the barrier disruptive effect of proinflammatory
cytokines in HUVECSs through activation of PAR2 by a mechanism that was partly
independent of the Gla-domain of the protease (62,63). This was evidenced by the
observation that both full-length FXa and Gla-domainless FXa exerted a PAR2-dependent
protective effect in response to LPS in HUVECs (62). Interestingly, further studies revealed
that mutagenesis of two basic residues, Arg-86 and Lys-87, located at the N-terminus of
EGF-2 domain of the light chain, abrogated the protective signaling response of FXa,
suggesting the interaction of the light chain of the protease with a cell surface receptor/
cofactor contributes to the signaling mechanism of the protease (62,63). This observation is
consistent with a report that the interaction of 6 residues of the inter-EGF sequence Leu-83
to Leu-88 (Leu-Phe-Thr-Arg-Lys-Leu) of FXa with an endothelial cell surface receptor is
required for the signaling function of FXa (64). The physiological significance of FXa
signaling in cellular models remains unknown since a high FXa concentration of ~20 nM
was required to observe a signaling effect in these studies.

In addition to changing the signaling specificity of PAR1, the occupancy of EPCR by
protein C was shown to switch the signaling specificity of PAR2 from a barrier disruptive to
a barrier protective effect in endothelial cells (65). This was evidenced by the observation
that the PAR2 agonist peptide, SLIGKYV, 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 PAR2 agonist peptide (65). Furthermore, it
was discovered that pretreatment of endothelial cells with either protein C or FX zymogen
renders the signaling specificity of both PAR1 and PAR2 a protective one in endothelial
cells (65). It appears that all coagulation proteases capable of cleaving either PARL or PAR2
would elicit only protective signaling responses if cells express protein C and/or the putative
factor X/Xa receptors and that the receptors are bound by their physiological ligands. Thus,
this mechanism of co-receptor signaling plays a key role in determining the specificity of
PAR1 and PAR?2 signaling by coagulation proteases in endothelial cells. Based on these
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results, we believe that the physiological relevance of in vitro studies in cellular models, in
particular those monitoring the signaling effects of PAR1 and PAR2 in the absence of co-
receptor signaling, should be interpreted with some caution.

PAR4 signaling by coagulation proteases

The activation of PAR4 by coagulation proteases appears to be primarily associated with
evoking proinflammatory signaling responses in vascular and arterial endothelial cells
(10,66,67). Thrombin has been identified as the primary coagulation protease that is
responsible for the activation of cell surface PAR4 in vascular endothelial cells. Thrombin
cleavage of PAR4 appears to couple the receptor to G, thereby activating RhoA GTPase
and signaling via p38 and ERK1/2 MAP kinase pathways (8). In contrast to activation of
PAR1, a markedly higher concentration of thrombin is required to cleave PAR4 in order to
initiate proinflammatory signaling responses in endothelial cells (10). This is because PAR4
does not possess the hirudin-like sequence of PAR1 on its exodomain in order to facilitate
its high affinity interaction with thrombin (1). Thus, TM cannot compete with the activation
of PAR4 by thrombin as presumably occurs with the protease activation of PAR1 at the cell
surface of endothelial cells. Endothelial cells are known to express both PAR1 and PAR4.
Based on the published data, a low concentration of thrombin (<2 nM) is sufficient to
activate cell surface PAR1 (10), thus one should be cautious not to attribute PAR4 signaling
by higher concentrations of thrombin to PAR1 signaling in endothelial cells. It is of interest
to note that even APC signaling turns disruptive and proinflammatory when a non-
physiological and high concentration of APC (>100 nM) is employed to activate endothelial
cells (10). We have demonstrated that under these conditions, similar to thrombin, APC
activates PAR4, thereby losing its antiinflammatory function (10).

PAR signaling crosstalk with other receptors

Communication with a number of other G-protein, non-G-protein coupled receptors and
integrins modulates the PAR-dependent signaling specificity of coagulation proteases. The
EPCR- and PAR1-dependent cytoprotective and antiinflammatory signaling functions of
both APC and thrombin can be inhibited by the siRNA knockdown of either sphingosine 1-
phosphate receptor 1 (S1P4) or angiopoietin/Tie2 axis in endothelial cells (21,66,68-70).
Moreover, APC-mediated signaling via apolipoprotein E receptor 2 (ApoER2) contributes to
its cytoprotective function by a Dab1-dependent activation of the PI3K-Akt survival
pathway in U937 cells (71). A study demonstrated that the interaction of APC with integrin
CD11b facilitates the PAR1-dependent protective activity of the protease in macrophages by
an EPCR-independent mechanism (72). Unlike a protective signaling crosstalk between
PARL1 and S1P,, a proinflammatory signaling crosstalk between PAR1 and S1P3 in vascular
and dendritic cells have been reported (73), suggesting that tissue-type specific expression of
different cell surface receptors can modulate the PAR-dependent signaling specificity of
coagulation proteases. Other recent studies have demonstrated that effective EPCR-
dependent cytoprotective activity of APC also requires PAR3 in neurons and podocytes
(74,75). A PAR3-dependent cytoprotective activity for APC in endothelial cells has also
been demonstrated (76). A role for PAR receptor homo- and/or hetero-dimerization,
modulating the specificity of PAR signaling in endothelial cells, has also been envisioned
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(9,77). Finally, in a recent study, we demonstrated that the adenosine receptor signaling
through the A, receptor subtype alters the signaling specificity of thrombin by a cAMP-

de

pendent manner in endothelial cells (78). Thus, pretreatment of HUVECs with adenosine

inhibited RhoA activation by thrombin, thereby inhibiting the barrier disruptive effect of
thrombin (78). These results underscore the complex nature of the crosstalk that may control
the specificity of PAR signaling by coagulation proteases under different pathophysiological

co
co

nditions. A better understanding of the specificity and mechanism of PAR signaling by
agulation proteases requires systems biology approaches to spatiotemporally measure and

integrate crosstalk among multiple signaling networks.
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Barrier Protective Response

Fig. 1.

Cz?rtoons of protein C activation and APC signaling in the membrane lipid-rafts of
endothelial cells. Thrombin binds to thrombomodulin and activates the EPCR-bound protein
C zymogen to APC in the membrane lipid-rafts of endothelial cells. APC, remained
associated with EPCR, activates PAR1 through the cleavage of Arg-41 and/or Arg-46 on the
extracellular domain of the receptor. The activation of PAR1 by APC results in a
conformational change on the C-terminal intracellular loop of the receptor, thereby
mediating its phosphorylation by a member of G protein coupled receptor kinases (GRK).
The phosphorylated receptor recruits p-arrestin2, thereby preventing the interaction of the
receptor with a subunit of one of the heterotrimeric G proteins and transmitting the
intracellular message via p-arrestin2 biased signaling mechanism. This mode of activation of
PAR1 by APC results in the activation of the PI1-3K/Akt survival pathway, transactivation of
the G;j protein coupled receptor, S1P; and activation of Racl GTPase. These signaling
events lead to improvement in the barrier permeability function and inhibition of the NF-xB
pathway in endothelial cells.
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Barrier Disruptive Response

Barrier Protective Response

Fig. 2.

Cartoons of PAR1 activation by thrombin in the membrane lipid-rafts of endothelial cells
when EPCR is free or occupied by its natural ligand. (A) 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. Under these conditions, thrombin cleavage of PAR1 activates RhoA, up-regulates
the NF-xB pathway and elicits disruptive signaling responses through activation of G15/13
and/or G proteins. (B) The occupancy of EPCR by protein C leads to dissociation of EPCR
from caveolin-1 and a switch in the PAR1-dependent specificity of thrombin signaling,
presumably through B-arrestin2 biased signaling and S1P; transactivation mechanisms as

observed with APC signaling.
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