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Abstract 

Protease-activated receptors (PARs) play significant roles in various human diseases 

including thrombosis, sepsis, cancer, and inflammation.  Attenuating the signaling of 

these G-protein coupled receptors holds promise for treatment of these ailments.  This 

thesis examines the role of PAR1 and PAR2 signaling in vascular injury and 

inflammation.   

 PAR1 and PAR2 are diverse receptors that play intriguing roles in vascular injury.  

Both receptors are upregulated in injured human vascular smooth muscle cells and 

atherosclerotic plaques, however little is known about the functional activity of these 

receptors in vascular disease and injury.  Previous studies have shown that PAR1 can 

transactivate PAR2 and that these receptors reside in close proximity.  In the present 

studies, in vitro co-immunoprecipitation revealed that PAR1 and PAR2 associate as a 

heterodimer.  To dissect the functional activity of PAR1/PAR2 heterodimers in vivo, I 

utilized a carotid arterial ligation injury model with C57BL/6 wild-type, PAR1-/-, and 

PAR2-/- mice.  I measured intimal and medial area 21 days after ligation injury in mice 

treated with vehicle or the PAR1 agonist, P1pal-13.  Treatment of mice with P1pal-13 

caused a massive increase in intimal hyperplasia in wild-type mice, which was 

significantly reduced in the PAR2 knockout strain.  This suggests that both PAR1 and 

PAR2 mediate intimal hyperplasia in this model of carotid artery ligation.    

 PAR2, a key factor in inflammatory response, has advanced therapeutic 

possibilities for treating acute and chronic inflammatory diseases of the joints, lungs, 

gastrointestinal tract, and vascular systems.  Despite considerable effort by the 

pharmaceutical industry, PAR2 has proven recalcitrant to targeting by small molecule 
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inhibitors.  In this thesis, I developed a potent and specific cell-penetrating lipopeptide 

pepducin antagonist of PAR2, P2pal-18S, which specifically inhibits PAR2-dependent 

signaling in human neutrophils, colon adenocarcinoma cells, and in mouse models of 

inflammation. These data provide proof-of-concept that PAR2 pepducin, as exemplified 

by P2pal-18S, may be effective treatment for inflammation and other diseases related to 

PAR2 signaling.  In this thesis, I employed newly developed PAR1 and PAR2 pepducins 

to demonstrate PAR1 and PAR2 signaling is important in inflammation and remodeling 

after vascular injury.   
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Chapter 1: Introduction 

 

1.1 General background 

G-Protein Coupled Receptors (GPCRs):  

GPCRs are seven helical transmembrane receptors that usually reside at the cell surface 

to allow the cell to respond to environmental changes by way of signal transduction. 

These receptors are the largest class of cell surface receptors and are involved in key 

physiological processes, making them attractive targets to the pharmaceutical industry.  

The mode of activation by GPCRs consists of the cognate ligand binding and causing a 

potential conformational change in the receptor that facilitates the exchange of GTP for 

GDP on a Gα subunit (1).  This exchange decreases the affinity of the Gα subunit for the 

Gβγ subunits, which thereby allows Gα to activate a multitude of downstream effector 

molecules.   

 The outcome of GPCR activation is diverse and often dependent on the family of 

the Gα subunit.  GPCRs can couple to more than one class of Gα protein and therefore 

can activate distinct signaling pathways.  The Gα s pathway is classically known for 

adenylate cyclase activation that converts ATP to cAMP and subsequently activates 

protein-kinase A signaling (2). Conversely, the Gα i family inhibits adenylate cyclase thus 

decreasing the concentration and effects of cAMP (2).  Additionally, the Gαi subunit can 

activate Src, which in turn activates ERK signaling via the Rac pathway and increases the 

level of STAT3 transcription factor (2).  The β and γ  subunits of the Gαi protein are 

thought to activate phosphoinositide 3-kinases (PI3K), mitogen-activated protein kinase 

pathways (MAPK), and transcriptional regulation (3).  The Gαq family of alpha subunits 
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activates phospholipase C-β (PLC-β) that generates the second messengers inositol-3-

phosphate (IP3) and diacylglycerol (DAG) (3).  These molecules promote protein kinase C 

(PKC) activation and release of Ca2+ from intracellular stores (4).  PKC is a known 

activator of NF-κB, which mediates the transcription of a host of genes involved in 

inflammation, maturation, and proliferation. The Gα12/13 family regulates cell 

proliferation, apoptosis, and the sodium-proton exchange. Gα12/13 triggers Rho guanine 

nucleotide exchange factors (GEFs) to activate RhoA (2,3).  The Rho family consists of 

three primary members: Rho, Rac, and Cdc42.  Rac activates assembly of contractile 

stress fibers, Rho activates lamellipodia and membrane ruffles, and Cdc42 causes 

filopodia to form.  These events directly affect both cell shape and migration (4,5).   

 Some GPCRs have been shown to signal without using G proteins. For example, 

the ERK1/2 mitogen-activated protein kinase can be activated via β-arrestin-2 

independent of G protein signaling (6).  The bradykinin B2 GPCR has been shown to 

directly interact with protein tyrosine phosphotases with no G protein involved (7).   

 

The History of the Protease-activated Receptor Family 

The thrombin receptor, later renamed protease-activated receptor-1 (PAR1), was first 

cloned by two separate laboratories in 1991 using direct expression cloning in Xenopus 

oocytes (8,9). The objective of these studies was to find the critical receptor responsible for 

thrombin-induced platelet activation (8).  Since platelets have very little mRNA, human 

megakaryocyte-like cell lines (HEL and Dami cells) (8) or the Chinese hamster lung 

fibroblast (CCL39 cells) (9) were chosen for the task of identifying the thrombin-activated 

receptor.  HEL, Dami, and CCL39 mRNA was fractionated by sucrose gradients and 
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assessed for thrombin induced calcium mobilization in Xenopus oocytes.  A resulting 

4 kB mRNA had an enriched 5-fold thrombin induced calcium response compared to 

unfractionated mRNA(8).  This mRNA encoded a 3.5 kB cDNA that was named F2R 

(PAR1).  PAR1 was revealed to be a member of the seven transmembrane domain 

receptor family by hydropathy sequence plot analysis (8).  The long N-terminus 

extracellular domain of the receptor indicated a novel proteolytic mechanism of 

activation (8,9) (see Figure 1.1, PAR1 sequence and domains).  Both groups confirmed 

that expression of PAR1 cDNA caused calcium stimulation by the addition of thrombin, 

and moreover, it was observed that peptides mimicking the remaining N-terminus after 

the expected thrombin cleavage site (SFLLRN) could also stimulate calcium 

mobilization, unveiling an essential tool for studying the thrombin receptor (8,9).   

 PAR2 was discovered in 1994 in a mouse genomic library that was screened for 

GPCRs using a bovine substance K receptor sequence (10).  The receptor was found to be 

a single copy gene in mice that is expressed in the kidney, small intestine, stomach, and 

eye, but not in the brain, skeletal muscle, heart, liver, nor testis (10).  PAR2 has 30% 

sequence identity to PAR1 (28% to mouse PAR1), its closest relative (10).  Of these 

similarities in the receptors there were many conserved regions of 10 consecutive 

identical amino acids (10) (See Figure 1.2, PAR1 & PAR2 sequence alignment).  An 

important difference between PAR1 and PAR2 is that the N-terminal PAR2 cleavage site 

lacks the acidic residues that allow for binding and cleavage of PAR1 by thrombin.  Since 

proteolytic cleavage of PAR1 was a main mechanism of activation and since the two 

receptors had shared identity it was hypothesized that PAR2 would also be activated by a  
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Figure 1.1.  PAR1 sequence and domains. The amino acid sequence and spatial 
arrangement of the seven transmembrane helices of PAR1.   
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protease.  Thrombin was not able to cleave the receptor, however trypsin could cleave 

and activate the receptor to generate calcium mobilization. Similarly to PAR1, it was 

found that the peptide corresponding to the cleaved N-terminus of the receptor (SLIGRL) 

also could stimulate PAR2 (10).  

 A second thrombin receptor, termed PAR3, was identified in 1997 (11). PAR3 is 

robustly expressed in human heart, kidney, small intestine, lymph nodes, and bone 

marrow, and is absent from brain, lung, skeletal muscle, and spleen.  The existence of a 

second thrombin receptor was hypothesized since no spontaneous bleeding was observed 

in PAR1 knockout mice (see Section 1.2) and because platelets from both wild-type and 

PAR1 knockout mice responded to thrombin but could not be activated by the PAR1 

mouse peptide agonist SFFLRNPSE (12).  PAR3 was found using a PCR-based strategy 

with primers corresponding to conserved regions in the PAR1 and PAR2 sequences (11).  

The resulting rat cDNA was used to isolate the human and mouse PAR3 clones (11).  The 

human PAR3 sequence shares 27% sequence similarity to PAR1 and 28% to PAR2 (11).  

PAR3 contains a sequence similar to the PAR1 thrombin-binding domain, and PAR3 was 

confirmed as a thrombin substrate by cleavage in COS7 cells transfected with the 

receptor (11).  Interestingly, the peptide corresponding to the cleaved N-terminus of PAR3 

does not cause activation as observed in PAR1 and PAR2 (11). 

 The most recent PAR to be discovered, PAR4, was independently cloned by two 

separate groups in 1998 (13,14).  The first group performed a homology BLAST search of 

the public database dbEST and the commercially available Incyte using the three 

previously identified PARs (13).  Indeed, PAR4 was recognized to share 34% identity to 
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Figure 1.2. PAR1 and PAR2 sequence alignment. PAR1 and PAR2 amino acid 
alignment showing conserved and non-conserved regions between the two receptors. 
Colors indicate the type of amino acid: blue=basic amino acids, red=acidic amino 
acids, pink=amino acids with amide groups, black=glycine and proline (often found 
in turn and loop structures), yellow=cysteines, green=all others 
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PAR2 in the transmembrane regions (13).  The second group created a PAR3 knockout 

mouse and proposed the existence of another thrombin receptor since PAR3-/- platelets 

responded normally to thrombin (14).  This group did a BLAST search on the available 

mouse GenBank and found PAR4.    Both groups confirmed that PAR4 responds to 

thrombin, albeit at much higher concentrations than PAR1, since a hirudin binding site, 

which facilitates thrombin binding, is lacking in PAR4.  Additionally, it was observed 

that the peptide corresponding to the cleaved N-terminus of PAR4 (GYPGKF) could 

successfully activate the receptor in both mouse and human platelets, alluding to a dual 

thrombin receptor role in platelets of both species (See Section 1.4) (13,14).  PAR4 was 

robustly expressed in the lung, liver, and small intestine of human tissue samples, but not 

in the heart, brain, or bone marrow (13).   

 PAR1, PAR2, and PAR3 are tightly linked on human chromosome 5q13 (15,16).  

PAR1 and PAR2 were mapped to be no more than 90 kb apart suggesting that PAR2 

came from a recent gene duplication event (15).  The structural organization of PAR3 is 

nearly identical to that of PAR1 and PAR2 suggesting that this family of receptors 

evolved from a common ancestral gene (16).  PAR3 is located less than 25 kb upstream of 

the PAR1 gene (17).  PAR1, PAR2, and PAR3 all contain two exons, with the second exon 

containing most of the receptors’ sequences (15,16).  Unlike the other PARs, PAR4 maps to 

human chromosome 19p12 (13).  It has been proposed that another gene cluster would be 

found at this location, but to date no other PARs have been discovered (13).   
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PAR activation and inhibition 

PARs are proteolytically activated by serine proteases that cleave the NH2-terminal 

extracellular domain thus creating a new N-terminus distinct to each receptor (8-11,13,14).  

This cryptic ligand then binds to the extracellular domain of its receptor activating 

downstream signaling via G proteins (18).  Binding of the tethered ligand presumably 

occurs in the second extracellular domain which is highly conserved between the 

receptors; differences between GPCRs in this region have been shown to be important for 

receptor ligand specificity (19,20).  Of the four PARs identified, PAR1, PAR3, and PAR4 

are activated by thrombin whereas PAR2 is not, but can be activated by trypsin, mast cell 

derived tryptase, coagulation proteases Factor VIIa and Factor Xa (FXa), and the recently 

discovered serine protease matriptase (10,21-24).  PAR1 can also be activated by other 

proteases such as activated protein C (APC) (25), FXa (26), and matrix metalloproteinase-1 

(MMP-1) (27).  MMPs are zinc dependent endopeptidases that are traditionally known for 

cleavage and degradation of connective tissue matrices (28).   

 As previously described, PAR1, PAR2 and PAR4 can also be activated by 

synthetic peptide fragments based on their tethered ligand sequences (8,10,17).  The peptide 

TFLLRN specifically activates PAR1 while SLIGRL and SLIGKV, the respective 

murine and human PAR2 peptides activate PAR2 but not PAR1 as shown by calcium 

mobilization in Xenopus oocytes expressing these receptors (22) (see Figure 1. 3, PAR1 

& PAR2 agonists).  Interestingly, the peptide agonist SFLLRN (which corresponds to 

the PAR1 human sequence) activates both PAR1 and PAR2 (22). PAR4 is specifically 

activated by the peptide sequences GYPGQV (human) and AYPGKF (mouse). These 
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peptide agonists are valuable tools for examining the effects of PAR1 and PAR2 without 

using proteases that can have non-specific biological activity.   

 Specific antagonists to PARs are also useful tools for characterizing receptor 

activity. Currently PAR1, PAR2, and PAR4 have functional inhibitors, however the 

efficacy and specificity of these inhibitors are not always satisfactory. PAR1 inhibitors 

include RWJ-56110, SCH 79797, P1pal-7, vorapaxar, E-5555, and JF5 which can inhibit 

GPCRs that contain a constrained 8th helix (29).  RWJ-56110 is a potent peptidomimetic 

antagonist that binds directly and specifically to PAR1 thereby preventing binding of the 

tethered ligand to the activation site (30).  This inhibitor does not block cleavage of PAR1 

and does not interact with thrombin (30). SCH 79797 is a small molecule antagonist that 

also inhibits binding of the tethered ligand (31).  P1pal-7 is a cell penetrating lipopeptide 

‘pepducin’ that blocks PAR1 signaling (32,33).  Pepducins are amino acid sequences based 

on the intracellular domain of their cognate receptor with a cell penetrating, membrane 

tethering moiety attached at either the N-or C-termini (see Section 1.5) (33).  Pepducins 

have been successfully designed to turn on or to antagonize both PAR1 (P1pal-7) and 

PAR4 (P4pal-i1) and are specific for each receptor (33).  Two different PAR2 inhibitors 

have recently been developed. A PAR2 small molecule inhibitor, ENMD-1068, has been 

characterized in a model of joint inflammation (34).  This molecule requires high dosage 

(2.5 mM) to observe its effects in vitro and 145 mg/kg in vivo.  The peptide antagonist 

K-14585 was shown to inhibit IL-8 production, NF-κB phosphorylation, and p38 

signaling of SLIGRL.  However, the compound also increased signaling of these 

pathways in the absence of SLIGRL, thus having a dual function of both antagonist and 

agonist of PAR2 (35,36).  There is also a specific small molecule antagonist for PAR4 
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called trans-cinnamoyl-YPGKF (YD-3) which binds to PAR4 to inhibit activation (37).   

Refer to Table 1.1, Summary of PAR agonists and antagonists.  This thesis will 

discuss the design and development of new PAR2 pepducin inhibitors, P2pal-18S and 

P2pal-14GQ, (see Chapter 3). 

 

 

Figure 1.3.  Protease and synthetic peptide calcium flux stimulation of PAR1 and 
PAR2 expressed in Xenopus oocytes. This research was originally published in the 
Journal of Biological Chemistry.  Blackhart et al, JBC. 1996; 271: 16466-16471. 
© the American Society for Biochemistry and Molecular Biology.  Oocytes were 
injected with H20 (a-f: closed circles), PAR1 human cDNA (a-b: closed squares, d-f: 
open circle), human PAR2 (a-c: open circles, d-f: closed squares), or murine PAR2 (c: 
closed squares, d-f: closed triangles).  Calcium flux was stimulated with indicated 
protease or peptide.   
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PAR signal transduction  

PAR1 has been shown to activate Gαq, Gα12/13 and Gαi although the major signaling 

pathway is thought to be mediated by Gαq 
(38).  Gαq signaling is evident by generation of 

inositol triphosphate (IP3) and diacylglycerol, as well as calcium mobilization and 

protein kinase C signaling (PKC) (38).  Thrombin and PAR1 peptide induced IP3 

generation in lung fibroblasts, that was partially sensitive to pertussis toxin (a known 

inhibitor of Gαi and Gαo subunits), suggesting signaling through the Gαi pathway and 

another Gα protein (38).  Gαq antibodies inhibited calcium mobilization and GTPase 

activity in PAR1 activated cells (39).  Gαi coupling was evident by the fact that PAR1 

agonist peptides decreased cAMP levels in cells and was pertussis toxin sensitive (38).  

Furthermore, a dominant negative mutant of the Gαi subunit (Gly203 to Thr, G203T) 

selectively inhibited thrombin stimulation of archidonic acid release in CHO cells 

independently of adenyl cyclase inhibition (40).   

 Gα12 and Gα13 signaling has also been detected in response to thrombin 

stimulation of platelets, which is presumably mediated through PAR1 (41).  Thrombin 

stimulation of astrocytoma cells leads to Ras-dependent AP-1 mediated transcription 

activation and DNA replication (42).   A constitutively activate mutant of the Gα12 subunit 

upregulated AP-1 dependent gene expression, and microinjection of an inhibitory Gα12 

antibody into these astrocytoma cells resulted in the concentration-dependent inhibition 

of thrombin-stimulated DNA synthesis (42).  This effect was not seen with an inhibitory 

antibody to the Gαo subunit, thereby confirming thrombin mediated activation of the 

Gα12 subunit (42).  In an interesting study by Verrall et al., chimeras of PAR1 with the 

Gαs coupled β2-adrenergic receptor (β2AR) and with the Gαi coupled dopamine receptor 
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revealed that the second intracellular loop of PAR1 was sufficient to allow coupling of 

the β2AR and the dopamine receptor to Gαq (43).  Not only does this confirm that PAR1 

does indeed signal through this subunit, but also is evidence for a similar conformational 

change in GPCRs when activated despite having very different ligands (43).    

 PAR2 signaling has not been as thoroughly studied as PAR1, however multiple 

groups have shown calcium mobilization and the generation of IP3 by PAR2 stimulation 

and therefore the receptor is believed to couple to Gαq.  Calcium mobilization has been 

observed in response to trypsin stimulation in oocytes injected with PAR2 cDNA (10), in 

rat colonic myocytes stimulated with trypsin, SLIGRL, or mast cell tryptase (23), in human 

keratinocytes stimulated with trypsin, SLIGRL, or SFLLRN (44), as well as multiple other 

cell types.   PAR2 has also been shown to couple to Gαi due to the observation that 

arachidonic acid release occurred in both enterocytes from the rat small intestine and 

PAR2 transfected cells after stimulation with trypsin or SLIGRL (45).  Treatment with 

SLIGRL stimulates c-fos mediated activation of tyrosine phosphorylation which was 

partially sensitive to pertussis toxin, showing that at least some of this mediated signal is 

through Gαi (46).  PAR2 stimulation in rat olfactory neuroepithelial cells caused Gαi-

mediated inhibition of cyclic AMP as well as stimulation of Gαq mediated 

phosphoinositide hydrolysis and activation of Rho (47).  PAR2 is also known to activate 

ERK1/2 and weakly stimulate MAP kinase p38 in rat aortic smooth muscle cells (48).  

PAR2 activation of ERK and Akt was also observed in GI epithelial cells to cause the 

release of IL-8 that occurred by both the MEK/ERK and phosphoinositide-3-kinase 

(PI3K) pathways, independently of one another (49).   
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 PAR3 is thought to be a ‘dead’ or decoy receptor despite the fact that it is widely 

expressed throughout human tissues.  There is no known peptide agonist of PAR3 and 

COS7 cells transfected with PAR3 are not activated by thrombin (50).  However, when 

co-expressed with PAR4, PAR3 gave an enhanced sensitivity to thrombin stimulated 

phosphoinositide hydrolysis.  This enhanced signal was not observed with a cleavage 

mutant of PAR4 suggesting that PAR3 may not directly activate G proteins but instead 

facilitate PAR4 cleavage by acting as a high-affinity thrombin binding site for PAR4 (50).  

 PAR4 couples to Gαq as shown by the ability of thrombin and PAR4 signal 

peptide GYPGKF to cause platelet aggregation.  PAR4 signaling also generates calcium 

mobilization when PAR4 cDNA is injected into Xenopus oocytes (14) and mediates 

thrombin activation of phosphoinositide hydrolysis in transfected COS7 cells (50).   PAR4 

generates the majority of intracellular calcium influx in human platelets with a prolonged 

signal compared to PAR1 calcium influx (51,14).  Interestingly, both PAR1 and PAR4 

stimulation by SFLLRN and GYPGKF in platelets can inhibit cAMP production 

indicating signaling via Gαi.  However, this inhibition is completely dependent on PKC 

mediated ATP secretion (Gαq pathway) and the Gαi coupled-P2Y12 receptor, as shown 

by PKC inhibitor (RO-31-8820) and the P2Y12 selective inhibitor (AR-C66096) 

completely blocking the PAR1 and PAR4 stimulated cAMP inhibition (52). Although 

PAR-signaling pathways have been extensively studied, much is still unknown about Gα 

coupling preference of different receptor oligomers. 
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PAR desensitization and internalization 

Since PAR activation is irreversible, receptor desensitization or endocytosis is required to 

regulate signaling shut-off.  Most GPCR internalization is mediated by serine and 

threonine (Ser/Thr) phosphorylation at the C-terminal end and arrestin binding, though it 

has also been shown that covalent modifications of GPCRs with ubiquitin can signal 

internalization (53).  The most well characterized pathway of GPCR internalization is that 

of the β2-adrenergic receptor, which like PARs is a Class A GPCR.  G protein-coupled 

receptor kinases (GRKs) phosphorylate the Ser/Thr residues in the C-tail of the receptor, 

which causes arrestins to bind (54).  Arrestins conformationally change upon binding, to 

expose their C-terminus, which then interacts with clathrin and the clathrin adaptor, 

AP-2 (55).  The complex is then internalized and arrestins dissociate.   

 C-terminal sequence motifs of a GPCR can indicate possible modes of receptor 

internalization.  A bioinformatics search was performed to show GPCRs that had Ser/Thr 

clusters within their C-tail, since these clusters are thought to stabilize arrestin 

interactions (53).  Indeed PAR2 contains three Ser/Thr clusters in the C-terminal domain 

and agonist-induced desensitization of PAR2 involves the phosphorylation of the receptor 

and endocytosis via β-arrestin and clathrin-dependent mechanisms (56).  Later studies 

suggested that internalized β-arrestin/PAR2 can activate ERK 1/2 signaling, however 

only the signal observed at the cell surface (Ras dependent) was able to cause 

translocation of ERK to the nucleus and induce proliferation (57).   

 PAR1 has a tyrosine and dileucine-based motif (Y420KKL423) at the C-terminal 

end of the receptor (53).  This motif allows binding of AP-2 and internalization through 

clathrin coated pits (CCPs) (53,58).  This process occurs in the absence of ligand/activation 
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and independently from phosphorylation and arrestins (58). Deletion or mutation of the 

Y420KKL423 motif inhibits PAR1 constitutive internalization (58).  Interestingly, mutation 

of a similar PAR1 C-terminal motif, Y383SIL386, inhibited receptor degradation but had 

little effect on endocytosis suggesting that the Y420KKL423 motif is responsible for 

constitutive internalization while Y383SIL386 regulates the lysosomal/degradation process. 

Additionally, bicaudal D1 (BicD1) has recently been identified to associate with the C-

terminal tail of PAR1 (59).  Silencing of BicD1 expression impaired PAR1 internalization, 

suggesting that BicD1 is a novel adaptor protein involved in PAR1 endocytosis (59).   

 Internalization of PAR3 and PAR4 has not been as extensively studied.  PAR3 

has a considerably shorter C-terminal end than other PARs and contains five Ser/Thr 

residues, none of which cluster together (60).  No studies have been published on the 

receptor’s regulatory mechanisms.  PAR4 has been shown to have a more prolonged 

signal than PAR1 and fails to undergo agonist-triggered phosphorylation (61).  A mutation 

of all 13 Ser/Thr residues in the C-terminal tail of PAR4 to alanine did not significantly 

alter receptor signaling as compared to wild-type PAR4, suggesting that either PAR4 is 

not phosphorylated at these sites or that phosphorylation of these residues does not 

contribute to PAR4 signaling or regulation (61). 
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1.2 Development of PAR knockout mice 

PAR1-/- mice 

The PAR1 knockout mouse was developed in 1996 and to the surprise of many did not 

exhibit spontaneous bleeding.  The knockout was made by homologous recombination 

that inserted a neomycin cassette to disrupt exon 2 (12).  PAR1 knockout mice were not 

born in Mendelian ratio and half of the embryos lost their heartbeat at E9.5.  All PAR1-/- 

embryos were noticeably smaller at E9.0 and exhibited delayed placenta development (12).  

Embryos that survived past E9.5 overcame all size differences by E11.5 and developed 

normally.  Thrombin was able to activate platelets from PAR1-/- mice indicating that 

another thrombin receptor must be present.  However, thrombin response was lost in 

fibroblasts isolated from the adult lung of the animal, as measured by both calcium flux 

and phosphoinositide hydrolysis (12).   

 The embryonic lethality of PAR1 deficiency in mice has been further 

investigated.  Gross examination of embryos at E9.5 reveal blood in the exocoelomic and 

pericardial cavities of some embryos as well as a dilated pericardial sac indicative of 

cardiovascular failure (62).  Transgenic knock-in of mouse PAR1 with LacZ in the PAR1-/- 

background showed PAR1 expression in the endocardium, vascular endothelium of great 

and smaller vessels, and in a subset of mesenchymal appearing cells (62).  Due to the 

observation that PAR1 was highly expressed in endothelial cells, a second transgenic 

mouse was made to express PAR1 in endothelial cells driven by the endothelial specific 

promoter TIE2p/e in the PAR1-/- mice (62).  Expression of PAR1 in endothelial cells 

reduced embryonic lethality from 52% to 14%, demonstrating that PAR1 expression on 

endothelial cells of developing blood vessel is important in vascular development (62).   
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 The relevant adult phenotypes for the PAR knockout mice will be discussed in 

Section 1.4.   

 

PAR2-/- mice 

The PAR2 knockout mouse was also made by homologous recombination that introduced 

a neomycin cassette to disrupt the second exon (63).  When breeding with heterozygous 

mice, PAR2-/- mice were not born in Mendelian ratio, and 20% were stillborn or died 

within 48 hours after birth.  Deceased pups had no abnormalities apparent, so the cause of 

perinatal lethality is unknown (63).  Those mice that survived had no physiologic or 

histologic differences from wild-type or heterozygous littermates, and breeding of two 

knockout mice yielded normal litter sizes unlike PAR1 knockouts which had much 

smaller litters (12,63).  Arterial pressure, hypotension response, and hypertension response 

were all comparable to wild-type mice (22).    

 

PAR1-/-: PAR2-/- mice 

Compensation between receptors was thought to be responsible for the lack of an obvious 

phenotype in adult PAR1 and PAR2 knockout mice.  Dual knockout mice were generated 

by double targeting the PAR locus since the genes are too close together on chromosome 

13 to allow for crossing the two mice strains (64).  The dual knockout is 95% embryonic 

lethal suggesting that compensation does occur in the single knockout mice (64).   

Endothelial cells from surviving mice were completely insensitive to all PAR-activating 

proteases with one exception.  High levels of thrombin generated a response in these cells 

which is most likely due to activation of PAR4 (64).  
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PAR3-/- mice 

PAR3 knockout mice were generated by the substitution of a neomycin cassette for the 

mouse PAR3 gene (Par3g) in exon 2 (14).  These mice developed normally, had no 

spontaneous bleeding, and platelets responded to thrombin, though ATP secretion was 

slightly delayed (14).  Studies in these mice indicated that another thrombin receptor was 

present on mouse platelets that could mediate aggregation in response to thrombin.  This 

receptor was later identified as PAR4.  

 

PAR4-/- mice 

PAR4 knockout mice were generated by the insertion of a LacZ coding sequence into the 

first exon of PAR4 resulting in the expression of β-galactosidase in its place (61) .  PAR4 

knockout mice were born in expected Mendelian ratios, survived to adulthood and were 

indistinguishable from wild-type littermates (in appearance and size) (61).  Platelets from 

PAR4-/- mice did not respond to AYPGKF or thrombin at any dose as measured by shape 

change, ATP secretion, aggregation or calcium flux (61).  Erythrocyte, leukocyte, and 

platelet counts were not different between PAR4-/- and wild-type mice, however tail 

bleeding times were markedly longer and mice lost 25 times more blood (61).  These 

results suggested that PAR4 activation of platelets by thrombin is necessary for normal 

hemostasis.  PAR4-/- mice also had smaller thrombi in ferric chloride thrombosis injury 

indicating the importance of PAR4 in platelets during thrombosis(61).   
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PAR2-/-: PAR4-/- mice 

PAR2-/-: PAR4-/- mice were made by intercrossing an existing PAR2-/- and a PAR4-/- 

mouse which was possible since these receptors are on different chromosomes (64).  These 

mice were made to explore possible redundancy among PARs in a model of 

endotoxemia. In this study, PAR2-/-: PAR4-/- mice showed no difference in cytokine 

response compared to wild-type mice (64).  Though attempted, PAR1-/-: PAR2-/-: PAR4-/- 

mice had too high a level of embryonic lethality to allow for use of the strain.  
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1.3 Protease-Activated Receptor Dimerization 

GPCR dimerization 

 A large number of GPCRs have been shown to interact as dimers and 

oligomers (65).  Though GPCR dimerization had been controversial a decade ago, it is a 

much more accepted concept today due to the advancement in detection assays.  A direct 

and noninvasive biophysical technique such as fluorescence resonance energy transfer 

(FRET) is very useful to observe GPCR interactions at the membrane surface (66).  Unlike 

coimmunoprecipitations that require solubulization from protein membranes, live cells 

can be used and interactions of proteins tagged with acceptor and donor fluorophores 

(most commonly CFP and YFP) can be detected between molecules separated by less 

than 100 Å (66).  More recently an improved technique has emerged called 

bioluminescence resonance energy transfer (BRET) that uses a bioluminescent luciferase 

fused protein and a green fluorescent protein mutant to bypass the need of fluorescent 

excitation (67).  BRET uses the same concept as FRET, allowing interactions of less than 

100 Å in distance to be detected, but does not have the same problems with background 

fluorescence, thus making it more specific (67).  The concept of dimerization has also been 

more readily accepted because structural data on the GPCR rhodopsin (68) and 

heterotrimeric G-protein (69) crystals suggests that a GPCR monomer surface area is too 

small to facilitate interaction with both the α and β/γ subunits, therefore it is likely that 

complexes or clusters of homo- and or hetero-oligomers signal to G proteins (70).   

 GPCR dimerization was first observed in 1979 with rhodopsin showing a faint 

homodimer band in an electrophoresis gel, and once cross-linked, the formation of 

dimers, trimers, tetramers, and higher oligomers was detected (71).  Interestingly, the 
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authors proposed that this observation was due to monomer collisions that were picked 

up by the cross-linking of the proteins (71).  Four years later, another group observed 

resonance energy transfer between two rhodopsin proteins thus showing an interaction or 

homodimer (72).  Multiple studies have confirmed this finding, including one that used 

atomic force microscopy to observe the higher oligomeric state of rhodopsin and opsin, 

showing that the interaction likely involves the IV and V helices of rhodopsin (73).  The 

muscarinic receptor in rat brain tissue has also been observed in a dimeric or oligomeric 

state through photoaffinity labeling detection showing 160,000 and 86,000-dalton bands 

that could be dissociated with alkali or hydroxylamine treatments to a single polypeptide 

chain of 40,000-daltons (74).  Moreover, β2-adrenergic receptors were observed in turkey 

erythrocytes to be present as a 109,000-dalton complex, suggesting a dimer from the 

55,000-58,000-dalton protein (75).  Extensive chimera studies with the β2-adrenergic 

receptor and muscarinic receptor have shown that C-terminal portions of the receptor 

along with the VI and VII transmembrane regions are important for their dimerization (76) 

and that the third cytoplasmic loop is also necessary for detectable binding activity (77).  

More recently, BRET studies have confirmed the (homo)dimerizations of both the 

muscarinic (78) and β2-adrenergic receptor (79).   

 Though a majority of receptors are thought to exist as homodimers, the number of 

reports of GPCR heterodimers has steadily increased in recent years.  The most 

commonly reported heterodimers include the chemokine receptors, such as 

CCR5/CCR2b, CCR5/CXCR4, and CCR2/CXCR4, the dopamine receptors, and the 

opioid receptors (80).  Dimerization has been shown to occur at the level of synthesis in 

the endoplasmic reticulum or in the Golgi apparatus (81).  Preventing dimerization can 
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lead to effects in receptor trafficking and function, as with olfactory receptors that need 

β2-adrenergic receptor for efficient cell surface expression in transient systems (81,82).   

Furthermore, heterodimerization is thought to mediate signal discrimination (70).  

Formation of homo- versus heterodimers may lend signaling complexity to cells by 

modulating the affinity or selectivity of the signaling pathway (83).   

 

PAR dimerization 

There is considerable evidence that PARs can interact with each other and form homo- 

and hetero-dimers.  Previous studies documented that PAR1 can transactivate an adjacent 

PAR1 (84), PAR1 can transactivate PAR2 in a possible PAR1-PAR2 heterodimer (85,86), 

and PAR1 can donate bound thrombin to cleave PAR4 in a stable PAR1-PAR4 

complex (87,33).  FRET analysis has shown that PAR1 and PAR2 have the ability to form 

heterodimers in an endothelial cell line (EA.hy926 cells) using PAR1-YFP as the 

acceptor and PAR2-CFP as the fluorescent donor.  PAR1 and PAR2 formed a substantial 

number of heterodimers that localize to the surface of the cell, and the FRET signal was 

increased when cells were stimulated by LPS (86) (see Figure 1.4, PAR1 and PAR2 

transactivation and FRET signal).  Thrombin stimulation of endothelial cells through 

PAR1 stimulated mostly Gα12/13/Rho signaling while Gαi/Rac signaling was mostly 

through PAR1/PAR2 demonstrating signaling differences between possible homo- and 

hetero-dimers.  In vivo evidence for this dimer was shown by the loss of the protective 

effects of a PAR1 specific agonist pepducin (P1pal-13) on PAR2-/- mice receiving cecal 

ligation and puncture injury (CLP, a model of sepsis).   
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Figure 1.4. PAR1-PAR2 transactivation and heterodimers (reprinted with permission from 
Nature Publishing Group).   
(a-c) Migration of HEK cells untransfected or transiently transfected with pcDEF3 vector, 
PAR1 (wild-type), PAR1-RD or PAR2 (wild-type) toward chemotactic gradients of thrombin 
(T; 0.3 nM), P1pal-13 (1 mM), SLIGKV (10 mM), P1pal-12S (3 mM) or RPMI, for 24 h in a 
transwell microchemotaxis apparatus. (d) LPS causes relocalization of PAR1-PAR2 complexes 
from internal stores to the periphery of endothelial cells.  EAhy926 cells co-transfectd with 
PAR2Δ372CFP (cyanofluorescent) and PAR1Δ377-YFP (yellow fluorescents) and treated with 
1µg/mL of LPS were assessed by confocal microscopy.  Areas of blue represent low FRET 
efficiency and areas of red (arrows) represent high FRET efficiency. * P < 0.01. 
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 Other supporting data for the formation of heterodimers comes from O’Brien et 

al (85) who have shown PAR2 to be transactivated by thrombin-cleaved PAR1.  In COS7 

fibroblasts transfected with a cleavable but non-signaling PAR1-(L258P) mutant, only 

cotransfection of PAR2 could restore phosphoinositide hydrolysis in response to 

thrombin.  This was suggested to be due to PAR1 donating its tethered N-terminal ligand 

to PAR2, which cannot be directly activated by thrombin (85).  Endogenous PAR2 

transactivation was observed in human umbilical vascular endothelial cells (HUVECs) by 

the addition of a PAR1 specific inhibitor, BMS200261, which binds to PAR1 to prevent 

receptor activation by the tethered ligand but does not prevent cleavage (88).  This 

compound, which completely inhibited thrombin response in both platelets and a pre-B 

cell line that only expresses PAR1, could not inhibit thrombin-mediated calcium flux in 

PAR2 expressing HUVEC cells (85).  This was not due to the presence of PAR4 since 

HUVECs do not respond to GYPGKF.  Cells were desensitized to PAR2 after thrombin 

mediated PAR1-PAR2 signaling, as observed by the lack of response to SLIGRL after 

the addition of thrombin (85).  PAR2 transactivation has also been demonstrated by using 

a signaling dead mutant of PAR1 (D199R200→RD) (86).  This mutant did not give a 

chemotaxis response to thrombin when transfected into HEK cells, nor did PAR2 when 

transfected alone.  However, when both receptors were co-transfected together a 

chemotaxis response was observed indicating that the PAR2 receptor has been 

transactivated (Figure 1.4a-c).  The fact that PAR1 and PAR2 appear to be so tightly co-

expressed may suggest that the two receptors interact with one another to mediate 

physiological events such as migration, mitogenesis, metastasis, and angiogenesis.    
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 PAR1/1 and PAR3/3 homodimers and PAR1/PAR3 heterodimers have also been 

observed (89).  Using BRET2 technology (BRET with a modified GFP-2), interactions 

were detected between PAR1-Rluc and PAR1-GFP2, PAR1-Rluc and PAR3-GFP2, and 

PAR3-Rluc and PAR3-GFP2 (89).   Though the affinity for homodimerization over 

heterodimerization did not appear to be different, the coupling of the G protein did show 

selectivity with PAR1/1 coupling to Gαq and PAR1/3 coupling more to Gα13 alpha 

subunits (89).  Not only does this support the theory of signaling discrimination, but also 

suggests that PAR3, while it does not itself interact with G-proteins, may have an 

important role in signal transduction.   

 Perhaps the most convincing evidence of PAR heterodimerization is the detection 

of endogenous PAR1/4 heterodimers in human platelets (87).  Based on the observation 

that PAR4 assists PAR1 in thrombin activation (90) it was proposed that these receptors 

reside in close proximity, perhaps in a complex.  To determine whether a dimer was 

formed, PAR4 was immunoprecipitated from human platelets and indeed PAR1 was 

observed to be pulled down with PAR4 (87).  Furthermore, transfected COS7 cells showed 

a FRET signal with PAR1-CFP as the fluorescent donor and PAR4-YFP as the 

fluorescent acceptor (87).  PAR4 thrombin signaling can also be enhanced by the presence 

of PAR1 as shown by coexpression of a non-cleavable PAR1 mutant (F43A) with PAR4 

in COS7 fibroblasts.  A 2.9-fold increase of calcium signal is observed in the presence of 

PAR1, which was not effected by the PAR1 specific antagonist RWJ-56110 (87).  This 

effect is most likely due to PAR1 in heterodimers recruiting thrombin via a hirudin-like 

binding motif, and this thrombin then can cleave PAR4.   
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 The formation of PAR heterodimers has been extensively examined and signal 

specification or discrimination between different heterodimers is an emerging theme. As 

previously mentioned, thrombin stimulation of endothelial cells through PAR1 strongly 

couples to Gα12/13/Rho signaling while thrombin activation of PAR1/PAR2 heterodimers 

stimulates Gαi/Rac signaling (86).  PAR1/PAR1 homodimers coupled to Gαq signaling 

while PAR1/PAR3 heterodimers stimulated Gα13 signaling (89).  Dimer mediated 

activation of distinct signaling pathways would explain the need for heterogenous 

dimerization of PARs within a signaling cascade.  
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1.4 The Physiological role of PARs: 

 PARs are expressed in a wide variety of tissues and have roles in various normal 

physiological processes and diseases.  They have been implicated in coagulation, cancer, 

vascular regulation, vascular disease and injury, as well as inflammation and pain.  The 

following section will review the important physiological and pathological activity of 

PARs and discuss in detail the diseases that are relevant to this thesis project.  

  

PARs in platelet aggregation 

 As previously described, PAR1 was first discovered during a search for a receptor 

responsible for platelet thrombin response (8).  Indeed, PAR1 and PAR4 are implicated in 

human platelet activation and aggregation, whereas in mouse platelets, PAR3 and PAR4 

mediate aggregation since no PAR1 is present (91).  Guinea pigs, like humans, express 

PAR1 on their platelets (as well as PAR3 and PAR4) and therefore are commonly used in 

studies of PAR1 platelet aggregation and thrombosis (92).   

 Prothrombin is present in blood as an inactive zymogen precursor that is 

converted to active thrombin at sites of blood vessel injury or damage (93).  Conversion of 

prothrombin to an active protease can occur in response to exposure to tissue factor (TF), 

which is normally expressed in sub-endothelial tissues of the vessels (94).  When a blood 

vessel is injured, TF comes in contact with the blood and can convert inactive 

prothrombin to active thrombin (94).  Additionally, TF can activate the extrinsic pathway 

of coagulation leading to the formation of the TF/Factor VIIa complex, which cleaves 

and activates Factor Xa (94).   
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  Thrombin triggers platelet aggregation by cleaving PAR1 to cause rapid 

activation of downstream G proteins (90).  This cascade stimulates Gα12/13 which trigger 

the platelets to change shape and release platelet-dense granules (95) and Gαq to produce a 

rapid increase in intracellular calcium and activation of the fibrinogen receptor, 

GPIIb/IIIa (96).  Fibrin and GPIIb/IIIa facilitate thrombus formation by acting as a scaffold 

for platelet aggregates and subsequent thrombus at the site of vessel injury (97).  PAR4 is 

also activated by thrombin, but at higher concentrations, and slowly produces a robust 

intracellular calcium level that is sustained over time, thus strengthening platelet 

aggregate formation (90).  PAR1 and PAR4 in platelets can also activate the Gαi-coupled 

P2Y12 ADP-receptor through Gαq mediated ADP secretion (52).  PAR3 has not been 

shown to activate platelets by itself in mice or rats, but rather is thought to serve as a 

cofactor that can sequester thrombin to a hirudin-like motif on the N-termini to then 

cleave and activate PAR4 as observed with PAR1 in human platelets (61,50,90).  

 

PARs in cancer 

PAR1 was first identified as a potential oncogene in a screen of cDNA libraries by 

Whitehead et al. in 1995 (98).  Overexpression of full length and C-terminally truncated 

PAR1 in NIH-3T3 cells conferred focus formation and loss of contact inhibition of 

proliferation (98).  PAR1 reemerged in 2001 in a search for novel oncogenes in B6SUtA 

mouse myeloid progenitor cells (99).  PAR1 overexpression induced focus formation to 

occur, as well as anchorage- and serum-independent growth.  PAR1-mediated 

transformation occurred in the presence of the thrombin inhibitor hirudin, but did not 

occur when a PAR1 cleavage mutant was overexpressed in cells, thereby suggesting that 
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PAR1 cleavage was necessary but thrombin was not the protease involved in PAR1-

mediated oncogenesis (99). Treatment of DU-145 prostate cancer cells with thrombin 

showed an increase in secretion of the cytokines IL-8 and VEGF, known angiogenic 

factors, that was dependent on PAR1, indicating that thrombin may have signaling 

potential in PAR1-mediated oncogenesis, by stimulating angiogenesis (100).   

 Inhibition of PAR1-mediated transformation by the Gαi inhibitor, pertussis toxin, 

and the Gα12/13 inhibitor, RGS domain of Lsc (a RhoGEF that contains a regulator of G 

protein signaling that functions as a GTPase and negative regulator of Gα12/13), suggested 

that transformation is conferred, at least in part by, Gαi and Gα12/13 signaling (99).  It was 

also observed that PAR1 transformation was partly dependent on RhoA activation since 

co-expression with a dominant negative RhoA significantly inhibited foci formation (99).  

These preliminary studies, along with the observation of deregulation of heterotrimeric 

G-proteins and their receptors in transformation (101), were the foundation of the now 

widely studied role of PARs in tumorigenesis.   

 Further studies have shown that PAR1 is highly expressed in malignant breast 

tissue of human patients with much lower expression in normal breast tissue (102).  In 

established breast cancer cell lines, PAR1 expression correlates with the invasive 

potential of cells as assessed by chemotaxis and matrigel barrier assays, and PAR1 

antisense inhibits the invasive response in breast cancer cells (102).  Kamath et al. found 

that PAR1, PAR2, and PAR4 were all highly expressed in the invasive breast cancer cell 

line, MDA-MB-231, whereas in the poorly invasive MCF-7 cell line PAR2 and PAR4 

had low expression and expression of PAR1 was undetectable (103).  Pertussis toxin 

inhibited PAR1-thrombin mediated matrigel invasion, suggesting a role for Gαi 
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signaling (103).  PAR2 and PAR4 activating peptides, but not PAR1, caused migration of 

the cancer cells regardless of their invasive potential suggesting a role for other PARs in 

cancer (103).   

 In recent years, it was discovered that matrix metalloprotease-1 (MMP-1) could 

cleave and activate PAR1 to mediate chemotaxis and invasion of breast cancer cells (27).  

This was the first report of activation of PAR1 by a non-serine protease, and explained 

why the addition of hirudin did not effect PAR1 transformation potential (99).   MMP-1 is 

produced and secreted by the stromal fibroblasts therefore establishing a stromal-tumor 

relationship in which MMP-1 secreted by stromal cells cleaves and activates PAR1 on 

tumor cells to mediate chemotaxis, proliferation, and invasion (27).  MMP-1 has also been 

shown to robustly activate the Akt survival pathway, which can be inhibited by MMP-1 

inhibitor, FN-439, and PAR1 inhibitor, P1pal-7 (104).  PAR1 tumor-stromal 

communication was also shown by the discovery that PAR1 on breast cancer cells 

induces expression of the angiogenic factor Cyr61 that subsequently induces MMP-1 

expression on adjacent stromal fibroblasts (105).  Knockdown of Cyr61 suppressed 

MMP-1 induction and resulted in loss of migratory ability of cancer cells towards 

fibroblasts (105).  

 PAR1 over-expression in the non-invasive breast cancer cell line, MCF-7, caused 

tumorigenesis and angiogenesis in a mouse xenograft model (27).  Treatment of mice with 

a PAR1 specific pepducin antagonist, P1pal-7, reduced tumor volume thus confirming a 

role for PAR1 in tumorigenesis (27).  PAR1 and MMP-1 inhibitor treatments in an 

experimental metastasis model of highly invasive MDA-MB-231 cells also significantly 
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reduced the metastasis of these cells to mouse lungs indicating that the MMP1/PAR1 

signaling is a potential target for metastatic cancer therapy (104).   

 PAR1 has been shown to play a role in ovarian cancer angiogenesis and tumor 

progression (106).  Both ascites from ovarian cancer patients and conditioned media of 

ovarian cancer cell lines induces PAR1-mediated migration of cancer cells.  MMP-1 and 

PAR1 expression levels correlated with migratory ability of ovarian cancer cells that 

could be inhibited by PAR1 specific inhibitors, P1pal-7 and RWJ-566110, and MMP-1 

inhibitor, FN-439 (106).  Endothelial permeability, which is important in tumor progression 

and invasion, was induced by the addition of MMP-1 and could be attenuated by PAR1 

specific inhibitors (106).  When mice were treated with PAR1 antagonist P1pal-7 in a 

xenograft ovarian cancer model, a significant reduction in both ascites and tumor 

angiogenesis was observed, as well as an overall reduction in tumor progression as 

assessed by histological staging of invasiveness (See Figure 1.5, Ovarian cancer and 

ascites treatment with P1pal-7) (106).  Further confirming the role of PAR1 in 

angiogenesis, MMP-1induces angiogenic chemokine production in ovarian cancer cells 

through PAR1, including the CXCR1/2 chemokines IL-8 and Gro (α/β/γ) and the CCR2 

chemokine monocyte-chemoattractant protein-1 (MCP-1) (107).    MMP-1 inhibitor, FN-

439, also reduced tumor angiogenesis and progression in an ovarian cancer xenograft 

model (Figure 1.5) (106).  Conditioned media from cancer cells treated with MMP-1 

promoted endothelial tube formation, which could be inhibited by PAR1 antagonists 

P1pal-7 and RWJ-566110 (107).    

 MMP-1 was confirmed as a transforming protease by a study that observed the 

tumor derived soluble factors from melanoma and colon cancer cell lines could activate 
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endothelial cells into prothrombotic and proinflammatory states (108).  This activation was 

dependent on PAR1 activation as shown by inhibitors to PAR1, RWJ-58259 and 

 
Figure 1.5. PAR1 antagonist, P1pal-7, and MMP-1 inhibitor, FN-439 reduce ovarian 
cancer tumor angiogenesis and progression (AACR Publications permits authors to use their 
articles or parts in doctoral thesis work).  
(a) female NCR nu/nu mice were injected i.p. with RPMI (left ) or 1.5 million OVCAR-4 cells (right) in 
RPMI. After 40 days, mice injected with cancer cells showed abdominal tumor masses and pronounced 
ascitic fluid (arrows). (b) mice were injected with 1.5 million OVCAR-4 cells and treated with either 
vehicle alone (20% DMSO) or P1pal-7 (10 mg/kg) for 40 days, ascites fluid was collected, and volume 
was determined.  (c) P1pal-7 or FN-439 as dual therapy with docetaxel inhibited angiogenesis of 
OVCAR-4 cancer in mice.  Weibel-Palade bodies within endothelial cells were stained using anti-von 
Willebrand factor and were scored from the tumor center or edge as shown. (d) P1pal-7 or FN-439 in 
combination with docetaxel inhibits invasion and metastasis of peritoneal ovarian cancer in mice.  
Staging of tumors was conducted by two independent pathologists blinded to the treatments.   
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SCH-79797 (108).  Activation of endothelial cells was attenuated when the melanoma 

supernatant was treated with MMP-1 inhibitor (FN-439) thus suggesting a new finding of 

tumor-endothelial cross-talk (108). 

 PAR2 is also expressed in multiple tumors and cancer cells including breast (103), 

pancreatic (109), colon (110), brain (111), and skin (112).  PAR2 can elicit a calcium flux signal 

and cause proliferation as well as cancer cell motility (110,112).  PAR2 expression in 

pancreatic cancer patient samples was only observed in malignant tissues, and was more 

robust in areas of severe fibrosis, suggesting that PAR2 may be involved in cancer cell 

invasion and induction of fibrosis (113).  Trypsin activation of PAR2 in the colon cancer 

cell line HT-29, caused MMP-dependent release of transforming growth factor (TGF-α) 

which in turn mediated activation of epidermal growth factor receptor (EGFR) and 

ERK1/2 to stimulate cell proliferation, suggesting a PAR2 transactivation mechanism of 

EGFR in these cells (114).  PAR2 has also been found to be essential for Factor VIIa and 

Xa induced signaling, migration, and invasion in breast cancer cells as determined by 

depleting PAR2 receptors in MDA-MB-231 cells; in this study, depletion of PAR1 had 

no effect on signaling (115).   

 PAR2 may have a proangiogenic effects as shown by the upregulation of VEGF 

message and protein in response to trypsin, FVIIa, and SLIGRL stimulation of 

MDA-MB-231 breast cancer cells, which was inhibited by a PAR2 cleavage blocking 

antibody and did not occur with PAR1, 3, or 4 agonist peptides or thrombin 

induction (116).  PAR2 induces an array of proangiogenic and immune modulating 

chemokines through TF/FVIIa activation, including CXCL1 which binds to CXCR2 on 

endothelial cells to promote angiogenesis (117).  Moreover, PAR2 significantly correlates 
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with ovarian cancer vascularization and rates of cell proliferation, making it a putative 

biomarker for poor patient prognosis (118).  PAR1 and PAR2 expression has also been 

detected in the alpha-smooth muscle cell actin (αSMA) positive stromal fibroblasts 

associated with carcinoma cells in human patients but not in those of normal or benign 

samples suggesting that PAR expression is not limited to the cancer cell but can also be 

found in the tumor-stromal microenvironment (119).  

 The roles of PAR3 and PAR4 have not been well established in cancer.  Studies 

have shown that PAR3 is expressed in 12.6% of malignant samples (limited to kidney 

and liver cancer) and PAR4 in 54.9% with no correlation to tissue type (120).  PAR4 has 

been shown to elicit a breast cancer migratory response, but little more has been 

studied (103). 

  

PARs in vascular endothelium and smooth muscle cells 

 All four PAR family members are expressed in arterial and/or venous endothelial 

cells and influence blood vessel tone and venomotor responses (121,122,16,123).  Endothelial 

PAR1 and PAR2 can react to their proteolytic environment to allow for contractility, 

proliferation, and inflammatory responses (4,124).  PAR1 endothelial activation stimulates 

intracellular calcium and secretion of von Willebrand Factor (vWF) and P-selectin from 

Weibel-Palade bodies, which subsequently can bind to collagen to promote platelet and 

leukocyte adhesion at the site of an injured vessel (125,126).   Moreover, PAR1 activation 

on endothelial cells can cause cell contraction, Rho-dependent cytoskeletal 

rearrangement, and cytokine release (127-129).  Activated PAR2 mediates endothelial cell 

proliferation and cytokine expression, and effects vasoreactivity (122,130-132).   PAR1 and 
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PAR2 appear to be important in blood vessel repair and injury response based on their 

ability to stimulate inflammatory responses and proliferative effects needed for repair.  

These functions raise the question of the effects of dysregulated receptor activity during 

these processes, as will be described in further detail below.   

 PAR1, PAR2, and PAR4 are all expressed on vascular smooth muscle cells 

(SMCs) and when activated, can elicit a calcium response and stimulate 

proliferation (133,92,134,135).  One study showed that PAR2, but not PAR1 or PAR4, could 

stimulate migration of vascular SMCs dose-dependently through trypsin, peptide agonist 

SLIGKV, or TF/FVIIa complex which was inhibited by a PAR2-blocking antibody (anti-

sera to SLIGKV), but not by PAR1-blocking antibody (134).  PAR expression, especially 

PAR1 and PAR2 in highly vascularized tissues suggests a potentially critical role of these 

receptors in vascular biology and vascular repair.    

 

PARs in thrombosis and myocardial ischemia/reperfusion injury 

 Proper regulation and temporal expression of PARs is important in the vascular 

system.   Over-expression of PAR1 and PAR2 has been shown in the endothelium, 

vascular SMCs, and adventitial myofibroblasts (PAR2 only) of injured and diseased 

arteries (121,136,137,134,138).  This overexpression contributes to the physiological response of 

the artery to injury but can have detrimental effects leading to pathological conditions.  

 Hypertension is a common cardiovascular disease and it has been demonstrated 

that PAR1 and PAR2 stimulation can regulate blood pressure (63).   Both PAR1 and 

PAR2-deficient mice had no mean basal arterial pressure or heart rate differences 

compared to wild-type mice (63).  However, when given SFLLRN or TFLLRN wild-type 
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mice exhibited initial hypotension and decreased heart rate, with a secondary 

hypertensive phase.  These effects were absent in PAR1-/- mice, confirming a PAR1 

specific event, and enhanced in PAR2-/- mice suggesting cross-talk and compensatory 

response of PAR2 (63).  The PAR2 peptide agonist, SLIGRL, caused only initial 

hypotension, with no change in heart rate.  These effects were not observed in PAR2-/- 

mice (63).  These initial vasoreactive responses initiated research into the role of PAR1 

and PAR2 in vascular injury and disease.   

 As expected, PAR1 plays an important role in thrombosis.  Though platelet 

aggregation and clots are necessary to avoid blood loss in normal hemostasis, a thrombus 

can cause occlusion of vessels thereby obstructing blood flow and ultimately lead to 

infarction of tissues deprived of oxygen.  Dislodgment of thrombi and the resulting 

embolism can lead to stroke (cerebral infarction).   The role of PAR1 in thrombosis was 

established in a model of arterial thrombosis in African green monkeys. A PAR1 

blocking antibody abolished platelet-dependent cyclic flow reduction in 75% of the 

animals and reduced the frequency of this flow by 50% in the remaining animals (139).  

This established PAR1 as a therapeutic target for thrombosis and has indeed led to the 

development of inhibitors that have been tested in models of arterial thrombosis including 

the Johnson & Johnson small molecule inhibitor RWJ-58259, which elicits 

anti-thrombotic effects by reducing thrombus weight in an A-V shunt model in guinea 

pigs (92).  The lack of full thrombotic inhibition was proposed to be due to the presence of 

the second thrombin receptor, PAR4, on the platelets. Indeed, the PAR4 antagonist, 

P4pal-10, also protected against thrombosis induced by FeCl3 injury in mice carotid 

arteries, demonstrating that PAR4 plays a role in thrombi of mice platelets (140).  Dual 
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therapy to inhibit PAR1 and PAR4 in guinea pigs completely protected against 

thrombosis (87).   

 RWJ-58259 was further tested in cynomolgus monkeys and found to significantly 

extend occlusion time in a model of electrolytically injured carotid arteries.  Examination 

of the resulting thrombi revealed that platelet deposition was significantly decreased (141).  

Furthermore, RWJ-58259 completely inhibited thrombin-induced platelet aggregation in 

monkey platelets ex vivo (141).  Another PAR1 antagonist, SCH 602539, showed a similar 

effect of dose-dependent inhibition of cyclic flow reduction in a cynomolgus monkey 

model of arterial thrombosis which could be synergistically enhanced when used in 

combination with the P2Y12 ADP receptor inhibitor, cangrelor, suggesting that anti-

thrombotic and anti-platelet therapy could be beneficial in diseased patients (142). 

 PAR1, PAR2, and PAR4 have been observed to have an effect in myocardial 

ischemia/reperfusion (I/R).  Myocardial I/R is partly mediated by thrombin since 

functional inhibition reduces the infarct size after I/R, indicating a possible role for 

PAR1 (143).  Levels of the PAR1 agonist MMP-1 are elevated in the serum of myocardial 

infarction patients and are thought to increase as a function of myocardial damage (144).  

PAR1 inhibition with SCH 79797 immediately before or during a rat model of 

myocardial I/R reduced myocardial necrosis and infarct size, and increased ventricular 

recovery (145).  The addition of a PAR1 selective agonist in this model abolished the 

observed protective effect but had no effect when given alone (145), suggesting that PAR1 

signaling was partly responsible for myocardial damage and was maximally activated by 

proteases released during/after injury.    
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 PAR2 activation by SLIGRL has been shown to have a protective effect against 

reperfusion injury in rat hearts by decreasing the ischemic risk zone (based on increase in 

coronary flow) and by decreasing creatine kinase release after treatment (146).  

Interestingly, in experimental myocardial ischemia precondition in rat hearts, PAR2 

activation decreased the neutrophil accumulation in the heart, improved ventricular 

function and coronary flow and again reduced creatine kinase release (147).  These results 

lead to the hypothesis that early PAR2 activation leads to endogenous protection.  

However, a recent study has suggested that PAR2 also has detrimental effects based on 

the observation that PAR2-/- mice had significantly smaller infarct size, less impairment 

of the heart, and reduced inflammatory cytokines IL-1β, TNF-α, KC, and IL-6 in heart 

lysates after injury (148).  The authors of this report suggested that PAR2 might have a 

dual role, with a protective effect on endothelial cells and a damaging effect on 

cardiomyocytes and infiltrating leukocytes (148).  In a hindlimb ischemia model, PAR2 

activation by trypsin and SLIGRL increased the angiogenic response in ischemic 

tissue (149).  This accelerated hemodynamic recovery was based on the blood perfusion 

ratio and the enhanced capillarity in the adductor skeletal muscle of the animals, 

indicating that PAR2 activation may be beneficial in treating ischemic tissue (149).  

Additionally, it is hypothesized that this effect was a result of PAR2 activation on the 

endothelial cells and not pro-inflammatory pathways (149).   

 Inhibition of PAR4 with the pepducin P4pal-10 has also been reported to mediate 

reduced infarct size in rat hearts and increased recovery of ventricular function, even 

when administered 15 min after the start of ischemia or 5 min after the start of 

reperfusion, suggesting that PAR4 also plays a role in vascular injury (150).  Overall, 
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PARs have an intriguing role in this injury process and therapeutic targeting of PAR1, 

PAR2, or PAR4 may be beneficial to patients.   

  

PARs in cardiovascular disease 

PAR activity in cardiovascular disease is not restricted to thrombosis and myocardial 

ischemia, but has also been reported in arterial injury models that lead to restenosis and 

neointima formation.  Neointimal thickening involves an abnormal proliferation of 

smooth muscle cells on the intimal surface of a blood vessel.  Two theories on the origins 

of these cells are held among most scientists, though they are not mutually exclusive.  

The first is that smooth muscle cells from the medial layer of the artery de-differentiate 

and migrate to the intima; there these cells continue to proliferate to cause neointimal 

hyperplasia (151).  The second theory is that injury stimulates homing of vascular 

progenitor or stem cells from the bone marrow to the site of injury and that these 

progenitors differentiate into a myofibroblast-like cell and proliferate to form the 

neointima (152,153). 

 Neointimal thickening usually occurs in areas of increased wall stress, endothelial 

damage, or chemical insult (154,151,155).    For example, in pulmonary arteries it has been 

shown that elevated pressure in the larger artery can lead to neointima formation (155).  

Three commonly used animal models of vascular injury that induce neointimal formation 

are wire-injury, balloon angioplasty, and ligation injury.  Wire injury involves the 

passage of a wire down the common carotid artery of an animal to denude the endothelial 

layer of the vessel (156).  Blood flow is restored to the common carotid artery after this 

procedure while the external carotid artery, which was used as an access point, is tied off.  
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Balloon angioplasty is performed by insertion of a balloon catheter via the external 

carotid into the common carotid.  The balloon is then inflated and pulled back to damage 

the endothelial wall in a similar manner as human angioplasty which is used to reduce 

plaque size and occlusion (92).  Lastly, ligation injury, also known as a blood flow 

cessation injury, involves occlusion of the common carotid artery by suture ligation near 

the carotid bifurcation (157).   Each of these methods has their pitfalls and advantages, but 

all three are mechanical injuries that reproducably create an intimal response.   

 PAR1 has been shown to play a role in neointimal thickening mostly by using 

antagonists to the receptor. PAR1 blocking antibodies, in a balloon catheter model in rats, 

reduced neointima by 50% after 14 days and could inhibit rat smooth muscle cell 

proliferation in vitro (158).  In a mouse wire injury model, PAR1-/- mice had a trend of 

reduced intimal and medial area after 14 days of injury though no change in cellular 

proliferation was observed with bromodeoxyuridine (BrdU) being delivered 

subcutaneously with osmotic minipumps throughout the time of injury (156).  When PAR1 

was inhibited in a model of rat balloon angioplasty by RWJ-58259, dose-dependent 

reduction on intima area was observed with no changes in media (92).  RWJ-58259 

inhibited thrombin-induced calcium and proliferation from rat aortic smooth muscle 

cells (92).   The contractile response of arteries after injury has also been shown to be more 

responsive to thrombin, trypsin, PAR1 peptide agonist TFLLRN and PAR2 agonist 

SLIGRL after rabbit femoral artery balloon angioplasty (136).  These effects correlated 

with enhanced expression of both PAR1 and PAR2 in vascular lesions one week after 

injury.  PAR1 and PAR2 expression decreased to basal levels 4 weeks after injury (136).  

Recently, a new PAR1 antagonist, F16618, was used in a model of rat balloon 
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angioplasty to dose-dependently inhibit restenosis (intimal formation) which was 

hypothesized to be due to inhibition of human aortic SMC growth and thrombin mediated 

SMC migration (159). It was noted that in the rat model, the PAR1 antagonist significantly 

reduced upregulation of TNF-α mRNA expression after injury and when given i.v. could 

reduce MMP-7 mRNA upregulation, though no effect was seen on expression of IL-6, 

TIMP1 (tissue inhibitor of metalloproteases), TIMP2, or MCP-1, which all increase with 

injury (159). Therefore the authors suggest that PAR1 antagonism reduces restenosis by 

limiting early inflammatory events, MMP release, and SMC migration and 

proliferation (159).  (See Figure 1.6, Neointima hyperplasia due to vascular injury).   

 In rat balloon angioplasty, the damaged artery has upregulated expression of 

PAR2 especially in medial smooth muscle cells, proliferating adventitial myofibroblasts 

and SMC of the neointima (137).  This upregulation in PAR2 was observed by 

immunohistochemistry staining after 1 and 3 days of injury and also after 7 and 14 days, 

with the most intense staining at the luminal edge for the latter (137).   Furthermore, 

PAR2-/- mice had a reduction in neointima area after wire injury as well as reduced 

contractile response in the endothelial cells.  It was also observed that lymphocyte 

adhesion was reduced in the PAR2-/- mice and therefore the reduction in neointima may 

be due to PAR2 modulation of inflammatory cell adhesion.   

 Blood vessel response to injury is not limited to the cells that are locally affected.  

Inflammatory cells are very important in the repair process that can become dysregulated 

to create intimal hyperplasia.  Many vascular changes can occur due to inflammation 

such as vasodilation, edema, and cytokine increase (160).  Inflammatory cells have the 

ability to infiltrate the area of injury to cause these reactions.  PAR1 and PAR2 have been 
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shown to play an important role in the inflammatory system, outlined below, and this 

function has to be taken into account when interpreting the studies previously described. 

 

 

 

 

 

 

The role of PAR1 and PAR2 in inflammation and pain    

Inflammation is a normal physiological response to injury and pathogenic stimuli.  It is 

necessary for the body to initiate the healing process and to remove unwanted irritants.  

Unfortunately, inflammation can also cause damage to the tissues that it serves to protect 

as in the cases of arthritis, atherosclerosis, some allergies (i.e. hayfever), and asthma.  

Figure 1.6. Proposed model of thrombin and MMP-1 activation of PAR1 
contributing to neointima formation.  PAR1 is expressed on endothelial cells, smooth 
muscle cells, fibroblasts, and inflammatory cells of the normal and diseased blood 
vessel.  PAR1 activation by thrombin and possibly MMP-1 contributes to the migration 
and proliferation of smooth muscle cells to form intimal hyperplasia in the vessel after 
injury.  Additionally, PAR1 stimulation can activate inflammatory mediators such as 
TNF-α and IL-6 to contribute to the diseased state.    
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The components that regulate inflammatory responses are all potential therapeutic targets 

for inflammatory related diseases.   

 PAR1, PAR2, and PAR4 have all been shown to play a role in inflammatory 

processes, with PAR2 possibly having a more prominent function.  PAR1 is 

overexpressed in the colons of patients with IBS and patients with fibrotic lung 

disease (161,162).  PAR1 has a role in acute and chronic fibrotic lung injury as shown by the 

reduced infiltrating inflammatory cells, reduced bronchoalveolar lavage fluid, and a 

reduction in total lung collagen accumulation in PAR1 deficient mice (162).  Furthermore, 

PAR1 deficiency reduced the severity of adjuvant-stimulated arthritis in mice with less 

cartilage degradation, bone damage, synovial exudates, and a decrease in cytokine release 

including IL-1, IL-6, MMP-13, and serum IL-4. This suggests that PAR1 acts on 

inflammatory cells by increasing the production of cytokines (163).  Intraplantar injection 

of the PAR1 agonist peptide SFLLRN caused edema and vascular permeability, 

confirming PAR1 as an inflammatory mediator (164).   

 PAR1 also has been shown to have an interesting role in mouse models of 

sepsis (86).  Sepsis is inflammation of the whole body due to infection.  It is a very deadly 

disease that is still prevalent in many intensive care units.  Mice that have undergone 

cecal ligation and puncture (CLP) to induce septic shock and then given the PAR1 

agonist P1pal-13 in the later phase of disease (4 hours) had increased survival rates, 

which was dependent on the ability of PAR1 transactivation of PAR2, showing a 

beneficial effect of PAR1 activation in inflammation (86).  However, PAR1 inhibition with 

a PAR1 antagonist P1pal-12S immediately following CLP increased survival, showing a 

benefit to inhibiting PAR1-mediated inflammation.  This suggests that PAR1 can have a 
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dual role, first in early onset of inflammatory mediators which when reduced could be 

beneficial and a separate role in the later phase in which PAR1 activation is 

beneficial (86).   

 Activation of PAR4 has also shown proinflammatory effects.  PAR4 agonism can 

induce leukocyte rolling and adhesion to vessel walls (165) as well as increase edema and 

vascular permeability in rat paws (166).  Edema and vascular permeability induced by 

carrageenan injection were both reduced when a PAR4 antagonist was administered (166).  

This effect was dependent on neutrophil release of kallikreins, since mice that were 

immuno-depleted of neutrophils did not elicit a response to PAR4 agonist and inhibitors 

of plasma and tissue kallikreins reduced the PAR4 inflammatory response (166).  However, 

the PAR4 inflammatory response was not mediated by a neurogenic or mast cell-

dependent mechanism (167).   

 PAR2 has been shown to regulate both the inflammatory and pain pathways 

through stimulation of NF-κB (4,130).   Inflammatory mediators such as TNF-α, IL-1α, 

and LPS are all known to strongly induce transcription of PAR2 (130).  Neutrophils 

express PAR2 on their surface, and activation of PAR2 on neutrophils causes shape 

change as observed by change in forward and side scatter in flow cytometry, and also 

induces intracellular calcium mobilization (168). PAR2 activation also enhances these 

inflammatory signals with increased production of IL-1β, IL-6 and IL-8 by neutrophils 

coupled with increased migration through collagen lattices and increased L-selectin 

shedding (L-selectin is shed by proteolytic cleavage on neutrophils and is a marker for 

neutrophil activation) (169,170). 
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 PAR2-/- mice have impaired leukocyte migration and rolling that delay the onset 

of inflammation, and also show deficiencies in allergic inflammatory response (171-173). 

PAR2 agonist peptide SLIGRL induces inflammation when injected into mice and rat 

hindpaws, with redness, edema, and granulocyte infiltration observed (174,175).  

Inflammation was reduced by mast cell depletion, and since PAR2 can be activated by 

tryptase from mast cells, a physiological pathway of activation is apparent (174,175).   

 Reducing PAR2-mediated inflammation is not always advantageous.  As 

previously mentioned, PAR1 transactivation of PAR2 is beneficial for septic mice as 

shown by slightly decreased survival, and also by loss of protection from lung vascular 

permeability in PAR2-/- mice treated with PAR1 agonist P1pal-13 as compared to wild 

type mice (86).  Protective effects of an early dose (0 hours) of PAR1 antagonist were 

unchanged in PAR2-/- mice, as expected since the early adverse effects were thought to be 

largely PAR1 dependent (86).  Indeed, PAR2 is upregulated on neutrophils of septic 

patients, possibly increasing neutrophil activation and the clearing of bacteria (176).  In a 

model of lung inflammation and injury induced by Pseudomonas aeruginosa, a bacterium 

that can cause pneumonia, gastrointestinal and skin infection, and septic shock, PAR2-/- 

mice had more severe lung inflammation and injury as observed by higher 

bronchoalveolar lavage fluid and increased neutrophil numbers (177).  Interferon-gamma 

(IFN-γ), which is needed for proper clearing of the bacteria, was reduced in PAR2-/- mice 

and PAR2-/- neutrophils killed significantly less bacteria and had markedly less 

phagocytic efficiency (177).  The administration of lipopolysaccharides (LPS), the 

endotoxin that elicits the inflammatory response to Gram-negative bacteria including 

Pseudomonas aeruginosa, can increase the bronchorelaxant response of PAR2 agonist 
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SLIGRL in rat lungs (178).  This response was largely dependent on the increase in 

prostaglandin E2 after PAR2 activation, which is the most important prostaglandin in 

lung relaxation (178).  These studies suggest that although PAR2 inhibition may be 

beneficial in some cases, not all PAR2-mediated inflammation is negatively affecting the 

body, and PAR2 may be necessary to clear pathogens.   

 PAR2 has however been shown to have an important role in arthritis and therefore 

is a potential therapeutic target for the disease.  Upregulation of PAR2 has been observed 

in chondrocytes of patients with osteoarthritis and synovial membranes of patients with 

rheumatoid arthritis (RA) (179,180).  IL-1β and TNF-α could both increase PAR2 

expression while the regulatory cytokine TNF-β1 decreased PAR2 in cultured synovial 

fibroblasts (179). In an adjuvant-induced chronic inflammation model of arthritis, PAR2-/- 

mice had significantly less joint swelling compared to wild-type mice (181).  Heterozygous 

animals with a single gene deletion (PAR2+/-) showed an intermediate phenotype while 

PAR2 agonists injected intra-articular in wild-type animals induced prolonged swelling 

and hyperemia showing a role for PAR2 in mediating chronic inflammation (181).  

Additionally, inhibition of PAR2 with the antagonist ENMD-1068 dose-dependently 

inhibited the release of IL-1β and TNF-α from the RA synovium and reduced joint 

swelling of mice intra-articular injected with carrageenan/kaolin (180,34).  Experimental 

osteoarthritis induced in mice was markedly decreased in PAR2-/- mice as assessed by 

reduced cartilage degradation and decreased subchondral bone formation.  This decrease 

could be mimicked by a monoclonal antibody to PAR2 (182).    These studies indicate that 

PAR2 is potentially involved in the pathogenesis of arthritis by regulating 
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proinflammatory cytokines, suggesting PAR2 inhibition could be beneficial to arthritis 

patients.   

 Synovial tissue of RA patients has also been shown to have increased mast cell 

infiltration, which colocalizes with PAR2 staining (183) and chondrocytes from 

osteoarthritis patients have elevated gene expression of matriptase, a serine protease that 

can activate PAR2 (184).  Treatment of mice with the mast cell degranualting agent, 48/80, 

or human recombinant mast cell tryptase (β-tryptase) induces hyperemia as measured by 

laser Doppler imaging as well as visible joint swelling (183).  This vasodilation and tissue 

swelling in response to 48/80 and β-tryptase was not observed in PAR2-/- mice suggesting 

that mast cells contribute to arthritis through tryptase release and activation of PAR2 (183).  

These studies confirm that PAR2 plays a substantial role in human arthritis that is most 

likely dependent on mast cells.   

 Skin disorders, such as psoriasis and inflammation of the skin, also link PAR2 

with mast cell activation.  Psoriasis patient samples exhibit an influx of tryptase- 

containing mast cells and highly increased PAR2 expression in both keratinocytes and 

endothelial cells of the inflamed human skin (185).  PAR1, PAR2, and PAR4 agonists (but 

not PAR3) induced scratching behavior in mice that could be suppressed by anti-

histamine in the case of PAR1 and PAR4 agonists but not by PAR2, which also was the 

most potent inducer (186,187).  Indeed, PAR2 agonists fail to cause histamine release, 

suggesting that the effect is mediated by tryptase-dependent mechanisms (188).   

 Over the past decade, it has become apparent that PAR2 also plays a role in pain.  

This was first discovered by the observation that primary spinal afferent neurons 

expressed PAR2 and that trypsin, tryptase, and PAR2 peptide agonist SLIGRL could 
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induce release of the neuropeptides calcitonin gene-related peptide (CGRP) and 

substance P (SP) (189).  These neuropeptides act together to induce inflammatory pain.  

CGRP causes arteriolar vasodilation and increases blood flow to inflamed tissue to 

induce edema and SP acts on neurokinin receptor (NK1R) on endothelial cells of 

postcapillary venules to cause gap formation and stimulate the adhesion of infiltrating 

neutrophils (189).  PAR2 agonists injected in rat hindpaws induced both thermal and 

mechanical hyperalgesia as measured by hindpaw withdrawal latency and nociceptive 

(pain receptors) threshold experiments (190).  PAR2-dependent withdrawal latency could 

be inhibited by a neurokinin-1 receptor antagonist.  Furthermore, PAR2 agonists 

increased expression of Fos protein, a useful marker for nociceptive neurons (190).  PAR2 

in rat dorsal root ganglia neurons enhances capsaicin, increases cAMP, and increases 

calcium flux.  Protein kinase A (PKA) and PKC both colocalize with PAR2 which 

promotes translocation of these proteins to the plasma membrane in cultured cells (191).  

PKC and PKA antagonists prevented sensitization of transient receptor potential vanilloid 

receptor-1 (TRPV-1) and suppress thermal hyperalgesia in rat hindpaws injected with 

PAR2 agonist suggesting that thermal hyperalgesia is induced by PAR2 sensitization of 

TRPV-1 (191).   

 Additional evidence of the contribution of PAR2 to pain was shown by mast cells 

promoting the expression of the P2X4R receptor in microglia cells (192).  This receptor 

releases brain-derived neutrophic factor (BDNF) which causes pain (192).  Mast 

cell-induced expression of P2X4R was abolished by antibodies blocking PAR2 and 

tryptase (192).  Most recently, pain associated with cancer has also been linked to PAR2.  

Supernatant from human head and neck squamous cell carcinomas injected into the 
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hindpaws of mice caused pain measured by hindpaw withdrawal latency, which was 

attenuated with serine protease inhibitors and mast cell depletion and was absent in 

PAR2-/- mice (193).  Together these studies suggest that PAR2 may be an effective target 

for the treatment of pain. 

(See Table 1.2, Summary of the physiological roles of PARs). 
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1.5 Pepducin Technology, agonists and antagonists of GPCRs 

 Over the past decade, our lab has developed a novel technology to agonize and 

antagonize G-protein coupled receptors with cell-penetrating peptides, called pepducins.  

Pepducins are amino acid sequences designed based on the sequence of GPCR 

intracellular loops that have a cell penetrating, membrane tethering moiety, such as a 

lipid, at either the N- or C-termini.  These lipidated peptides have the ability to cross the 

membrane and can act as either receptor agonists or antagonists (33).  Depending on the 

N-terminal lipid, the bioavailability, half-life, and efficacy of the pepducin may be 

manipulated.  These lipid tags protect the peptide sequence from degradation and 

clearance (140).  Depending on the length and location of the sequence template, pepducins 

may be specific for a particular GPCR or also affect closely related or dimerizing 

receptors (140).   

 The proposed mechanism of action of pepducins is that they mimic and/or 

compete with contacts made by the GPCR with heterotrimeric G-proteins (140).  The lipid 

moiety on pepducins allows for the compound to “flip” across the plasma membrane and 

be anchored to the lipid bilayer, therefore increasing the maximal effective concentration 

by keeping the pepducin near the target receptor and G-protein interface.  Cell 

penetration of pepducins has been confirmed using fluorescein to label a palmitoylated 

and a non-palmitoylated pepducin antagonist of PAR4 (P4pal-10).  In both in vivo and in 

vitro assays, cells and platelets exhibited strong fluorescence after treatment with pronase 

to digest extracellular proteins or pepducin on the outside of the plasma membrane (140).   

 Pharmacokinetics and pharmacodynamics studies have demonstrated that 

pepducins are highly stable, effective, and specific.  Intravenous administration in mice 
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results in plasma levels and platelet levels that were relatively high (5 µM) and 

maintained for 5 hours with a terminal elimination half-life of about 3.5 hours (140).  

Pepducin biodistribution in mice after intravenous or subcutaneous injection of 

radioactively labeled P4pal-10C was measured and shown to be fairly evenly distributed 

between the kidney, liver, spleen, blood, heart, and lungs with much smaller amounts in 

the muscle and fat and none in the brain (194).  After one hour, radioactivity was observed 

to increase fivefold in the urine suggesting that the pepducin or byproducts are excreted 

in mice (194).  Pharmacodynamic assays demonstrated that the P4pal-10 pepducin 

delivered intravenously extended bleeding time in mice by 3-5 fold and this effect was 

maintained for 1-6 hours (140).  By 4.5 hours the protective effect was halved and by 24 

hours bleeding was back to baseline levels.  P4pal-10 treatment in baboons demonstrates 

that the pepducin could completely inhibit PAR4 platelet function without cross-

inhibiting PAR1 (140). 

 Multiple pepducins targeting different GPCRs have been validated in animal 

models of platelet aggregation (32), thrombosis (140), inflammation (195) , sepsis (86), 

angiogenesis (107)  and cancer (27,104). The PAR4 pepducin P4pal-10, as mentioned above, 

effectively inhibited mouse systemic platelet activation in a similar manner as was 

observed in the PAR4-/- mice (32).  P4pal-10 has also been shown to protect mice from 

carotid artery occlusion in response to FeCl3 injury, with 70% of treated animals not 

occluding by 30 minutes compared to only 10% in vehicle (140).  A PAR1 pepducin 

antagonist, P1pal-7, gave partial protection from arterial thrombosis in guinea pig carotid 

arteries (87).   PAR1 inhibition of thrombosis could be enhanced with dual therapy using 

the PAR4 specific antagonist P4pal-i1 and the PAR1 small molecule antagonist RWJ-
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56110 (87).  P1pal-7 is also an effect treatment in cancer models, inhibiting breast cancer 

tumor growth with a reduction of blood vessel density in tumors (27), decreasing breast 

cancer cell metastasis (106,104), as well as reducing ascites, tumor progression and 

angiogenesis in ovarian cancer models (106).  Furthermore, dual therapy with taxotere and 

P1pal-7 synergistically inhibited xenograft growth of MDA-MB-231 by 95% compared 

to untreated animals (104). 

   Pepducins can be designed to target any GPCR, not just PARs.  A pepducin 

targeted to CXCR1 and CXCR2 receptors (X1/2pal-i3) effectively inhibited systemic 

inflammation in mice with an 85% survival rate in CLP-induced sepsis (195).  Moreover 

this same pepducin inhibited MMP-1 dependent angiogenesis in endothelial tube 

formation and matrigel plugs (107).  The CXCR4 targeted pepducin, ATI-2341, induces 

dose-dependent recruitment of neutrophils from bone marrow and is effective in 

mobilizing hematopoietic stem/progenitor cells from the bone marrow in mice and 

cynomolgus monkeys (196). 

 A detailed understanding of pepducin technology has advanced our ability to 

design a PAR2 specific antagonist for this thesis project.  The ideal PAR2 pepducin 

would safely and efficiently block pathological inflammation and potentially be an 

essential tool in further studying the physiological role of PAR2 in multiple disease 

models such as arthritis, asthma, pain, and cardiovascular diseases.   
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Chapter 2: PAR1 and PAR2 in vascular injury 

 

Summary 

PAR1 and PAR2 act together to regulate intimal growth and repair after vascular injury.  

Mouse vascular aorta smooth muscle cells (MOVAS) and primary smooth muscle cells 

respond to PAR1 and PAR2 agonists to induce proliferation and calcium mobilization, 

however the absence of PAR2 attenuates the observed PAR1 signal. 

Co-immunoprecipitation studies reveal that PAR1 and PAR2 associate, suggesting that 

the receptors can form a heterodimer.  Using a carotid arterial ligation injury, C57BL/6 

wild-type, PAR1-/-, and PAR2-/- mice were assessed for intimal and medial hyperplasia 

after 21 days of recovery.  Mice were treated with vehicle or the PAR1 pepducin agonist, 

P1pal-13.  P1pal-13 treatment resulted in a 13-fold increase in intimal hyperplasia in 

wild-type mice, which was significantly reduced in the PAR2 knockout strain, suggesting 

that deficiency of either receptor limits the resolution of cell growth in response to injury 

resulting in the observed hyperplasia.  Additionally, the PAR1 agonist P1pal-13 

stimulates de-differentiation of smooth muscle cells, allowing for increased migration 

and proliferation resulting in intimal hyperplasia.   

Publication Status: (to be submitted) 

Deficiency of PAR2 modulates PAR1 response in neointima hyperplasia  

Leila M. Sevigny, Karyn M. Austin, George Koukos, Sheida Sharifi, and Athan 

Kuliopulos 
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2.1 Introduction  

Cardiovascular disease is the leading cause of death in the United States.  Vascular 

injury, remodeling and vascular inflammation are observed in a number of diseases 

ranging from atherosclerosis to restenosis. Smooth muscle cell hyperplasia, which results 

in neointimal thickening, is a contributing factor in a number of ischemic diseases and is 

often observed following interventions such as angioplasty.  The detailed mechanisms 

underlying this abnormal proliferation of new layers of smooth muscle cells and 

myofibroblasts on the intimal surface of a blood vessel are poorly understood and 

preventing its occurrence has proven to be a challenge.  Additionally, the recruitment of 

inflammatory cells is essential for vascular repair and the resolution of this inflammation 

is necessary to complete restoration of the blood vessel to its normal vascular function, 

illustrating the complexity of vascular injury.  

 As reviewed in the introduction of this thesis, accumulating evidence has shown 

that protease-activated receptors (PARs) are highly expressed in many of the cell types 

involved in the response to vascular injury, and that PAR1 and PAR2 have roles in 

inflammation and vascular remodeling.  We sought to examine the signaling of PARs in 

smooth muscle cells and determine the effect of inflammatory mediators and injury on 

PAR signaling both in vitro and in vivo.   

 In these studies, we discovered that PAR1 functions cooperatively with PAR2 to 

mediate hyperplasia in an arterial injury model.  PAR1 coimmunoprecipates with PAR2, 

providing evidence that these receptors associate in a heterodimer.  We show that PAR 

agonists stimulate calcium mobilization in smooth muscle cells and induce proliferation.  

In a model of vascular injury and perivascular inflammation, PAR2 expression is 
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necessary for neointima formation in response to the PAR1 agonist pepducin, P1pal-13. 

P1pal-13 can induce de-differentiation of these cells indicating a mechanism for the 

observed increase in proliferation, as differentiated SMCs have much slower growth 

compared to those in a de-differentiated synthetic state.   
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2.2 MATERIALS & METHODS  

 

Cell Culture  

Mouse aorta vascular smooth muscle cells (MOVAS) were purchased from ATCC and 

maintained in DMEM supplemented with 10% FBS, 1% penicillin/streptomycin, and 

0.2 mg/mL G418 in 5% CO2 at 37 °C. Cercopithecus aethiops kidney cells (COS7) were 

maintained in DMEM supplemented with 10% FBS, 1% P/S in 5% CO2 at 37 °C. 

Primary SMCs from wild-type, PAR1-/-, and PAR2-/- C57BL/6 mice were isolated from 

carotid arteries. Arteries were split and scraped to remove the intimal endothelial layer, 

and then plated on tissue culture plates pre-coated with Type I collagen (Sigma).  SMCs 

were maintained in DMEM supplemented with 15% FBS, 1% P/S in 5% CO2 at 37 °C.   

 

Flow Cytometry 

MOVAS or primary SMC cells were harvested by lifting with 3 mM EDTA/PBS.  Cells 

were labeled with the PAR1 polyclonal Ab (103) (SFLLRNPNDKYEPFC), the PAR2 

polyclonal Ab (86) (SLIGKVDGTSHVTGKGVC), or the PAR4 polyclonal Ab (103) 

(GYPGQVSANDSDTLELPC) and subsequently with FITC-labeled secondary Ab.  

PAR expression was quantified by mean fluorescence intensity relative to isotype control 

on the BD Canto II flow cytometer and results were analyzed using FlowJo Software 

(Tree Star). 
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Calcium Flux Assay 

Intracellular Ca2+ flux was measured in MOVAS, labeled with fura-2AM, by the ratio of 

fluorescence excitation intensity at 340/380 nm on a LS 50B Luminescence Spectrometer 

(Perkin Elmer).  

 

MTT Assay (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) assay  

MOVAS were plated at 1000 cells/well in a 96-well plate and allowed to adhere 

overnight. Cells were incubated in starvation media (DMEM, P/S, 0.4% BSA) and 

subjected to specific treatment conditions, as specified in Figure 2.1c.  After daily 

treatment for 4 days under low serum conditions MTT reagent (Sigma-Aldrich, Inc., St. 

Louis, MO) was added at a concentration of 0.5 mg/mL and allowed to incubate at 37 °C 

for 5 h. The resulting formazan crystals were dissolved in 100% DMSO and colorimetric 

readings were taken on the SPECTRAmax 340 microplate reader (Molecular Devices 

Corporation).  

 

Immunofluorescence 

Primary SMCs were plated at 1000-3000 cells/well on BD chamber Culture-Slides and 

allowed to adhere for 24-48 h.  Media was aspirated and cells were washed with PBS.  

Cells were fixed with 4% formaldehyde in PBS for 20 min at 37 ºC.  Cells were blocked 

with 1% BSA at 25 ºC for 30 min and 10% goat serum for 20 min, and then incubated 

with 1:50 or 1:100 dilutions of the indicated antibodies for 1 h at 25 ºC.  Cells were then 

incubated with a 1:500 dilution of the appropriate secondary antibody (Alexa 488-rabbit 
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or Alexa 546-mouse, Invitrogen) in the dark for 1 h at 25 ºC.  Cells were washed, 

ProLong antifade solution with DAPI (Invitrogen) was added, and coverslips were 

mounted on glass slides.  Fluorescence was observed on a Nikon Eclipse 80i microscope 

and images were captured by a Spot 7.4 Slider camera (Diagnostic Instruments, Inc).   

 

3H Thymidine Incorporation 

MOVAS or primary smooth muscle cells were lifted with 3 mM EDTA, plated at 2000 

cells/well in 24-well plates, and allowed to attach overnight in complete media (DMEM, 

10% FBS, P/S).  Cells were starved overnight in DMEM, 0.4% BSA, P/S and treated as 

indicated in Figure 2.1d or Figure 2.2b once a day in starvation conditions. One day prior 

to harvesting, 1 µL of methyl 3H-Thymidine (NEN) was added to each well. Cells were 

harvested 48-72 h after the first treatment.  Media was aspirated, cells were washed with 

PBS, 2 mL of ice-cold 6% trichloroacetic acid (TCA) was used to fix cells and 1 mL of 

0.2 N NaOH for 10 min was used to lift cells.  The entire volume of each well was 

transferred to a scintillation vial, 7.5 mL of scintillation fluid was added, and vials were 

analyzed on a Tri-Carb 2900 TR Liquid Scintillation Analyzer (Packard).   

 

Co-Immunoprecipitation 

A pcDEF3-PAR1 construct was tagged at the N-terminus with a T7-epitope 

(MASMTGGQQMGT) as previously described (197).  A pcDEF3-PAR2 construct was 

tagged at the C-terminus with a myc-epitope tag (EQKLISEEDL) and a CXCR4 

construct was tagged at the N-terminus with a HA epitope (MYPYDVPDYA). COS7 

fibroblast cells were transiently transfected with pcDEF3 alone (vector), T7-PAR1 alone, 
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PAR2-myc alone, HA-CXCR4 alone, T7-PAR1 and PAR2-myc, T7-PAR1 and HA-

CXCR4, or PAR2-myc and HA-CXCR4.  Cell lysates were prepared 48 h after 

transfection in M-PER lysate buffer (Pierce) with Halt-Protease Inhibitor cocktail 

(Thermo Scientific) and protein was quantified using a Bradford assay.  Cell lysates were 

pre-cleared with 25 µL of Protein A-Agarose (Calbiochem) for 1 h, then incubated 

overnight at 4 °C with 25 µL of either α-T7 agarose beads (Novagen) or α-cMyc 

Monoclonal Ab-agarose beads (Clontech) in a final volume of 500 µL.  Agarose beads 

were collected by centrifugation and washed x3 with 1% of M-PER lysis buffer.  

Immunoprecipitated protein was eluted in 50 µL of 10 mM citric acid pH 2.2 in SDS 

loading buffer for 30 min at 37 °C.  Samples were centrifuged to precipitate beads and 

10 µL of neutralization buffer was added to the protein samples before gel 

electrophoresis.   

 

Carotid Artery Ligation Injury 

All animal experiments were performed in accordance with the US National Institutes for 

Health guidelines and approved by Tufts Medical Center Institutional Animal Care and 

Use Committee.  Six-month old C57BL/6, PAR1-/-, or PAR2-/- female mice were 

anesthetized with isoflurane and aseptically surgically prepared.  A midline incision was 

made to expose the trachea and carotid artery.  The left carotid artery was isolated and a 

6-0 silk suture was placed around the common carotid and synched to completely restrict 

blood flow.  The suture was squared and trimmed and the wound was closed with 6-0 

nylon/monofilament non-absorbable sutures.  Post-operative analgesia, buprenorphine, at 

0.05 mg/kg was administered as needed.  Pepducins (P1pal-13 at 2.5 mg/kg or P1pal-7 at 
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10 mg/kg) or vehicle (20% DMSO) were administered subcutaneously on a daily basis.  

After 21 days (or specified number of days in timecourse), mice were anesthetized with 

an intraperitoneal injection of ketamine/xylazine (90-120 mg/kg, 10 mg/kg) and a midline 

incision was made to expose both carotid arteries.  The chest was entered through 

anterior thoracotomy and a 25-gauge butterfly needle was inserted into the left ventricle 

of the heart.  A pressurized bag at 125 mm Hg with 10% formalin was used to perfuse the 

animals.  Left and right common carotid arteries were harvested and further fixed in 10% 

formalin.  Samples were vertically embedded, slides were stained with H&E, elastin, or 

the proliferation marker Ki67 and cross-sections were analyzed.   

 

Morphometry  

Images of H&E carotid artery cross-sections were captured using a Nikon Eclipse 80i 

microscope and a Spot 7.4 Slider camera (Diagnostic Instruments, Inc) at a magnification 

of 10x and 40x.  Images were analyzed for the intimal, medial, and adventitial layers by 

measuring area (um2) of at least two images from each left carotid artery.  Area was 

measured by weighing the portions of each arterial section of printed images and 

converted from mg to µm2 by a standard curve of known sizes by capturing images of an 

objective micrometer.  Area for each left carotid were averaged and reported for each 

group.   

 

Bone Marrow Transfer and LacZ Staining  

Bone marrow transplantation assays used LacZ or PAR1-/- mice as bone marrow donors 

and 8-10 week old wild-type C57BL/6 mice as recipients. Donors were euthanized by 
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CO2 inhalation, followed by cervical dislocation and bone marrow was harvested from 

both femur and tibia.  The bone marrow was then introduced by tail vein injection 

(30-gauge needle and 2 million cells in 0.2 mL of PBS) into syngenic recipient mice that 

were conditioned with ionizing radiation using a Shepherd Mark I gamma irradiator 

employing a ^137 Cs source.  The dose of ionizing radiation was lethal (900cGy), which 

will cause mice to die from hematopoietic failure 10-12 d post-irradiation if not 

reconstituted with hematopoietic stem/progenitor cells.  Post-transplantation recipients 

were given the antibiotic Sulfatrim (300 mg/kg) in their water for the first two weeks.  

Eight to 16 weeks post-transplantation, ligation was performed as described above.  

Arteries were extracted after saline perfusion and stained overnight at 37 °C in 1 mg/mL 

X-gal, 2 mmol/L MgCl2, 5 mmol/L K3Fe(CN)6, 5 mmol/L K4Fe(CN)6, 0.01% sodium 

deoxycholate, 0.02% NP40 in PBS.  Arteries were then either fixed or frozen in O.C.T 

Compound Embedding Medium (Tissue-Tek) for histological analysis.   

 

RT-PCR Analysis  

Total RNA was extracted using the RNeasy mini kit (Qiagen) and 1 µg of RNA was 

reversed transcribed using Moloney murine leukemia virus reverse transcriptase and 

dNTPs (Invitrogen).  Real-time PCR was conducted in 25 µL volumes with 12.5 µL of 

SYBR Green, 1.25 µL of each primer and 8 µL of RNA-free water.  All reactions were 

performed in triplicate in a DNA Engine Opticon 2, Continous Fluorescence Detector 

(MJ Research).  After 15 min of denaturation at 95 °C, 30 s at 94 °C, 1 h at 55 °C, 30 s at 

72 °C, PCR was performed at 95 °C for 15 s, 55 °C for 20 s, and 72 °C for 15 s for 40 

cycles.  The primers used are listed in Table 2.1, RT-PCR primers.  
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Statistical Analysis   

All statistical analyses were performed using Graphpad Prism (version 5.0a) or Microsoft 

Exel (Version 11.6).  Data are represented as mean ± SEM.  For two group comparisons 

of parametric data, a two-tailed distribution unequal variance Student’s t test was 

performed.  For multiple-group comparisons, two-way ANOVA tests were performed 

followed by Bonferroni posttest analysis. Statistical significance was defined as  

* p < 0.05 or ** p < 0.005 
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Results: 

2.3 PAR1 and PAR2 signaling on vascular smooth muscle cells.   

Mouse vascular aorta smooth muscle cells (MOVAS) were assessed for PAR cell surface 

expression by flow cytometry and calcium mobilization in response to PAR1, PAR2, and 

PAR4 agonists.  The presence of PAR1, 2, and 4 on the cell surface was observed as well 

as a robust calcium signal from thrombin, the peptide agonist SFLLRN, and P1pal-13 

with weaker signals from TFLLRN (PAR1) and SLIGRL (PAR2) agonist peptides 

(Figure 2.1).  No calcium signal was observed from AYPGKF (PAR4).  This indicates 

that MOVAS respond to PAR1, and to a lesser extent PAR2 agonists, to activate Gαq 

signaling.  PAR1 agonists also increased cell proliferation of MOVAS as observed by 

MTT, a measure of metabolic activity and viability (Figure 2.1c), and by 3H-thymidine 

incorporation into newly synthesized DNA.  The PAR1 agonist thrombin increased cell 

growth, which was specifically inhibited by the PAR1 small molecule inhibitor, RWJ-

56110 (Figure 2.1c).  The PAR2 peptide agonist, SLIGRL, was able to modestly increase 

cell metabolism in MTT assays, however this PAR2 selective agonist did not increase 

mitosis as assessed by 3H-thymidine incorporation (Figure 2.1c,d).  The PAR4 peptide 

agonist, AYPGKF, gave no significant increase in proliferation compared to cells 

incubated with media alone.  These results suggested that unlike PAR2, PAR1 agonists 

strongly stimulate calcium signaling and proliferation in murine SMCs. 

 To determine whether inflammatory mediators would enhance the proliferative 

response of MOVAS to PAR agonists, cells were incubated with low concentrations of 

TNF-α or IL-1β.  TNF-α and IL-1β increased the proliferation of MOVAS beyond 
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Figure 2.1.  PAR1 and PAR2 agonists can stimulate calcium mobilization and 
proliferation of mouse smooth muscle cells.  (a) Mouse vascular aorta smooth muscle cells 
(MOVAS) were analyzed for surface expression of mouse PAR1, PAR2, and PAR4 by flow 
cytometry with PAR-specific antibodies. (b) PAR agonist activity in calcium flux assays with 
endogenous expression in MOVAS.  Intracellular Ca2+ flux was measured using cells labeled with 
fura-2AM by the ratio of fluorescence excitation intensity at 340/380 nm. (c) MOVAS were plated 
on a 96-well plate (1,000 cells/well) and treated daily as indicated for 4 days under low serum 
conditions. MTT was added after 4 d of growth and cell proliferation was quantified using 
colorimetric readings of the resulting formazan crystals. (d) MOVAS were plated on a 24-well 
plate (2,000 cells/well) and treated daily as described in c, methyl 3H-thymidine was added to 
wells 24 h prior to scintillation analysis.  *, P <0.05 and **, P <0.005. 
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that of PAR1 agonist alone indicating that inflammatory costimulation could increase the 

response of PAR1 mitogenesis in SMCs (Figure 2.1d). 

  

2.4 PAR2 is associated with PAR1, suggesting the formation of a heterodimer. 

Transactivation and FRET data have shown that PAR1 and PAR2 reside in close 

proximity and can come within molecular contact to one another (≤100 Å) (85,86).  In this 

study, we performed co-immunoprecipitation using T7-epitope tagged PAR1 and 

PAR2-myc tagged constructs (Figure 2.2).  We observed that PAR2-myc 

immunoprecipitated with T7-PAR1 when both receptors were present, demonstrating a 

direct physical interaction or complex (Figure 2.2a).  Conversely, HA-CXCR4, a receptor 

that is not expected to bind PAR1 or PAR2, was used as a negative control and was not 

immunoprecipitated with T7-PAR1 (Figure 2.2b, right lane).  T7-PAR1 

immunoprecipitation with PAR2-myc was also observed using myc agarose beads 

(Figure 2.2c).   These results suggest that PAR1 and PAR2 can form a heterodimer.   

 

2.5 Timeline of arterial injury shows increase in inflammatory cells and 

proliferation.   

To study the function of PAR1 and PAR2 in vascular remodeling and injury response, we 

performed ligation surgery of the left common carotid artery on wild-type C57BL/6, 

PAR1-/-, and PAR2-/- mice of the same background.  Ligation injury crushes the vessel 

and blocks all distal blood flow through the artery causing significant stress to the 

proximal occluded vessel.  Inflammation of the vessel is also a large component of this  
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Figure 2.2. Co-immunoprecipiation of PAR2-myc with T7-PAR1.  
(a-c) Tagged PAR1 and PAR2 constructs were generated to allow for 
immunoprecipitaion with (a-b) T7 agarose or (c) myc agarose beads revealing that 
PAR1 is associated with PAR2.  (b) A negative control of the GPCR CXCR4 
tagged with HA was not pulled down with T7-PAR1 (last lane). 
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injury model.  To document the extent of stress and the response of the artery over the 

course of injury, we harvested carotid arteries at different time-points throughout the 

21-day injury period. 

 According to our expert pathologist, Dr. Sheida Sharifi, in wild-type mice 2 hrs 

post-ligation, inflammatory cells were already noted in the lumen and adventitia of the 

artery (Figure 2.3).  After 2 days of injury, the SMCs of the artery appearred more 

plump, indicative of edema, and inflammatory cells such as lymphocytes and neutrophils 

were present in increased numbers in the lumen and adventitia.  Additionally, the 

enlarged nucleus of the smooth muscle cells suggested nuclear activity such as gene 

transcription.  At 4 days, edema resolved and large numbers of lymphocytes were 

marginating the lumen of the injured artery.  A considerable number of macrophages, 

lymphocytes, and neutrophils also were in the adventitia.  Ki67 staining, a marker of 

cellular proliferation, revealed an increase in proliferation of cells in the adventitia 

(Figure 2.3, bottom panel).  After 7 days, medial thickening was evident and more 

fibroblasts were apparent in the adventitia, though still mixed with numerous 

inflammatory cells.  There were more macrophages than neutrophils compared to day 2, 

and lymphocytes had infiltrated into the media layer.  At 7 days, Ki67 staining was strong 

throughout the artery and was most intense in the medial layer.  

 At 14 days of injury, inflammatory cells were not as prevalent though still present 

and the vessel appearred to be in a chronic state of injury (Figure 2.3).  Proliferation was 

most noticeable in the medial and intimal layers based on the Ki67 staining (Figure 2.3, 

bottom panel).  Finally, after 21 days of injury some vessels had a significant amount of 

intimal thickening.  The adventitia still contained a mixture of fibroblasts and 



 69 

macrophages but there were less neutrophils and lymphocytes, indicating that the 

stimulation of new inflammatory mediators was slowed or stopped and the vessel was in 

a chronic state of injury (See Table 2.2). 

  

 

Figure 2.3. Timeline of injury shows acute transmural edema followed by 
inflammatory and fibro-proliferative repair over time (done in collaboration with 
Karyn Austin).  Ligated carotid arteries of wild-type C57BL/6 mice were observed at 
the indicated time point.  In the beginning stages of vascular injury the arteries show 
increased edema and increased infiltration of neutrophils into the intimal area and 
neutrophils, lymphocytes, and macrophages into the adventitial area (2 h-2 d).  By 7 d 
fewer neutrophils are observed, while lymphocytes and macrophages have increased 
dramatically, especially in the adventitia and can even occasionally be detected in the 
medial layer.  By 14-21 d, though still present, fewer inflammatory cells are observed 
and more of a chronic state of injury has been reached.  Ki67 staining (bottom panel, 
brown) indicates proliferation of medial cells at 4, 7, and 14 d.   
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2.6 PAR1 agonist causes medial and intimal hyperplasia in wild-type mice but not in 

PAR2 deficient mice.   

To investigate the effect of PAR1 and PAR2 deficiency and activation on the chronic 

state of arterial injury, we performed ligation injury and allowed animals to recover for 

21 days.  Animals were treated daily with the PAR1 agonist, P1pal-13, or vehicle.  After 

21 days, mice were perfused and cross sections of the arteries were analyzed.  

 PAR1-/- and PAR2-/- vehicle treated mice showed no significant difference 

compared to wild-type counterparts in medial hyperplasia.  However, P1pal-13 treated 

wild-type mice had a significant 1.62-fold increase in medial area compared to vehicle 

treated animals (Figure 2.4).  As expected, P1pal-13 treated PAR1-/- mice did not exhibit 



 71 

any difference in medial hyperplasia compared to PAR1-/- vehicle treated mice since the 

cognate receptor of the pepducin was absent.  Medial hyperplasia showed a non-

signficant increase of 1.3-fold when PAR2-/- mice were treated with P1pal-13, which was 

significantly less than the change observed in wild-type mice, suggesting that PAR1 and 

PAR2 cooperative signaling is necessary to mediate vascular remodeling.  Representative 

elastin/Verhoeff’s stained cross sections of P1pal-13 treated animals show the medial 

layer between elastic laminas (Figure 2.4, bottom panel).   

 Analysis of the intimal layer of injured arteries reveal that both PAR1-/- and 

PAR2-/- mice had a 6.6-fold increase in intimal hyperplasia compared to wild-type 

animals, suggesting a protective role of the receptors in this ligation injury model (Figure 

2.5).  When PAR1 signaling was stimulated with the PAR1 pepducin agonist P1pal-13, a 

significant 13-fold increase in intimal hyperplasia over vehicle treated animals was 

observed, suggesting that constant activation of PAR1 can play a harmful role in vascular 

remodeling.  We did not observe any change in intimal hyperplasia when P1pal-13 was 

administered to PAR1-/- animals. PAR2-/- mice did not respond to P1pal-13 with increased 

intimal hyperplasia (Figure 2.5), which may indicate that the PAR1 response observed in 

wild-type mice requires signaling from both receptors, perhaps in a heterodimer, to cause 

this increase in hyperplasia. 

 To determine if PAR1 activation was most detrimental at a particular point during 

the 21 days of ligation injury, we treated animals with P1pal-13 for only the first 7 days 

of injury or only the last 14 days of injury (Figure 2.6).  These timepoints correspond to 

an acute versus chronic stage of injury as observed in our timeline of injury.  

Interestingly, neither 7 day nor 14 day treatment resulted in increased intimal or medial 
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hyperplasia, suggesting that PAR1 activation is necessary throughout injury to increase 

the stenosis observed. 

  

Figure 2.4. PAR1 stimulation causes a significant increase in medial 
hyperplasia.  Media following carotid artery ligation revealed that P1pal-13 causes 
a significant increase in medial area, which is attenuated in PAR2-/- mice.  
Representative elastin/Verhoff’s stained cross-sections of arteries (bottom).  
**, P <0.005. 
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Figure 2.5. The PAR1 agonist, P1pal-13 caused a significant increase in intimal 
hyperplasia that is absent in PAR2 deficient mice.  C57BL/6 wild-type, PAR1-/- 
and PAR2-/- mice underwent ligation surgery of the left common carotid artery and 
were allowed to recover for 21 days while being treated with P1pal-13 or vehicle.  
Resulting intimal hyperplasia was measured and plotted for each individual mouse.  
Representative H&E cross-sections show the differences observed between the 
genotypes and treatments (bottom).  
*, P <0.05 and **, P <0.005. 
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2.7 The effect of PAR1 antagonist, P1pal-7, on Intimal and Medial Hyperplasia.   

Due to the observation that PAR1 activation causes an increase in intimal and medial 

area, we hypothesize that inhibition of PAR1 would cause a decrease in restenosis.  The 

left common carotid of C57BL/6, PAR1-/- and PAR2-/- mice were ligated and mice were 

treated for 21 days with 10 mg/kg of the PAR1 antagonist pepducin, P1pal-7, or vehicle.  

Histological analyses of arteries from treated mice revealed that in both wild-type and 

PAR2-/- mice intimal area was non-significantly increased by 1.5 fold (Figure 2.7).  As 

expected, there was no difference in PAR1-/- mice treated with vehicle or P1pal-7.  

Medial hyperplasia showed no change in wild-type or PAR1-/- mice, however a 

Figure 2.6. PAR1 stimulation is necessary for the full 21 days of injury for intimal 
hyperplasia. C57BL/6 wild-type mice were subjected to carotid artery ligation injury and 
treated with vehicle or P1pal-13 for all 21 days, the first 7 days, or the last 14 days after 
injury.  A significant increase in intimal and medial area was observed only when 
P1pal-13 treatment was given for all 21 days. *, P <0.05 and **, P <0.005. 
 



 75 

significant 1.44 fold increase was observed in PAR2-/- mice, suggesting that in the 

absence of both PAR1 and PAR2 signaling there is a loss in regulation of the intimal 

growth.  It must be stated that this is an inadequate mouse model in which to observe the 

therapeutic potential of drugs since the intimal and medial area produced by injury alone 

is minimal, and is therefore difficult to inhibit.   

  Figure 2.7. The PAR1 antagonist, P1pal-7 had no effect on intimal 
hyperplasia but increased the medial area of PAR2-/- ligation injured mice.  
C57BL/6 wild-type, PAR1-/- and PAR2-/- mice underwent ligation surgery of the 
left common carotid artery and were allowed to recover for 21 days while being 
treated with P1pal-7 or vehicle.  Resulting intimal and medial hyperplasia was 
measured and plotted for each individual mouse.  
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2.8 Primary smooth muscle cell proliferation in response to P1pal-13.  

We next examined the response to PAR1 agonist pepducin, P1pal-13, in primary SMCs 

isolated from wild-type, PAR1-/-, and PAR2-/- mice.  Immunofluroscence was performed 

on the primary cells with αSMA, SM-22, PAR1, and PAR2 which confirmed that the 

cultured cells were of SMC origin and that they lacked either PAR1 or PAR2 in the 

respective knockout mice (Figure 2.8a).  Proliferation of the primary SMCs, as assessed 

by incorporation of 3H-thymidine into newly synthesized DNA, exhibited a proliferative 

response to the PAR1 agonist P1pal-13 in wild-type cells.  PAR1-/- and PAR2-/- cells did 

not respond to P1pal-13 treatment compared to wild-type cells, demonstrating that both 

receptors are necessary to elicit a proliferative signal from the PAR1 agonist pepducin 

P1pal-13 in these cells (Figure 2.8b).   
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 Figure 2.8. Immunofluorescence and proliferation of primary SMCs.  (a) Primary 
smooth muscle cells were isolated from wild-type (WT), PAR1-/-, and PAR2-/- mice.  
Cells were plated on culture slides and stained with DAPI (blue in all panels), SM-22 
(top row, green/FITC), α-SMA (second row, red/TRITC), mouse PAR1 (third row, 
green/FITC), or mouse PAR2 (bottom row, green/FITC).  (b) Primary SMCs were 
subjected to daily treatment of vehicle (0.2% DMSO) or P1pal-13 (3 µM) for 3 days. 
Methyl 3H-Thymidine was added 24 hrs prior to lifting and cell proliferation 
quantified by a scintillation analyzer.   
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2.9 De-differentiation of smooth muscle cells.   

If the intimal cells observed in the injured vessel originated from smooth muscle cells of 

the local artery’s medial layer, then the ability to migrate to the intima and proliferate 

could result from the contractile differentiated SMCs converting to a more synthetic state 

possibly via de-differentiation (198,199).   

 Adult medial smooth muscle cells mediate contraction of blood vessel diameter to 

regulate pressure and blood flow and proliferate at an extremely low rate (199).  However, 

most SMCs are not terminally differentiated as shown by their ability to revert to a 

vascular repair/developmental state that exhibits an increase in proliferation and 

migration (199).   This phenomenon, termed phenotypic switching, is extremely important 

and is believed to play a role in vascular disease since signaling by environmental cues 

such as the damage caused by injury can trigger SMCs to revert to this proliferative state 

(199).   

 To distinguish between the contractile and synthetic states, differentiation markers 

have traditionally been used.  Markers of SMC lineage include αSM-actin (αSMA), 

SM-22, and SM myosin heavy chain (MHC), as well as multiple other genes (199).  Some 

of these markers have been observed in other cell types during development (i.e. αSMA 

and SM-22) and virtually all markers for SMC differentiation can be found in 

myofibroblasts.  It has been hypothesized that these myofibroblasts are representative of 

the alternative synthetic phenotype.  However when examining gene expression, it is still 

expected that these markers of SMC differentiation, especially SM-MHC, will decrease if 

the cell is in a synthetic state.  Additionally, markers that may have increased expression 

in the synthetic state could also be examined, such as PDGF-BB, Type III collagen, and 
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MMP-3.  It has been observed that PDGF-BB is associated with downregulation of SMC 

differentiation markers and when SM-1 and SM-2 (isoforms of myosin heavy chain) are 

decreased, a correlative increase in PDGF and MMP-3 expression was observed in 

developing rabbit lesions (200).  Matrix metalloproteases are believed to be important in 

degradation and vascular remodeling since their presence would allow for cells to 

move/migrate through extracellular matrices (199).  De-differentiated SMCs exhibit a high 

rate of production of extracellular matrix components, such as Type III collagen, (199,201)  

a critical component for cardiovascular development in mice (202). 

 To determine if the SMCs in ligation injured arteries were in the contractile or 

synthetic state, real-time quantitative PCR was performed using primers to SMC 

differentiation markers (αSMA, SM-22, and SM-MHC) as well as the de-differentiation 

markers (PDGF, MMP-3, and Type III collagen). P1pal-13 and vehicle treated uninjured 

and injured arteries were assessed and normalized to GAPDH expression and the 

uninjured vehicle treated arteries were used for fold comparison.   

 RT-qPCR revealed that in injured arteries, vehicle or P1pal-13 treated, there was a 

significant decrease in expression of αSMA, SM-22, and SM-MHC (Figure 2.9a).  

Interestingly, arteries from uninjured animals treated with P1pal-13 also showed a 

decrease in these SMC markers, suggesting that PAR1 stimulation in the absence of 

injury can increase the de-differentiation of the smooth muscle cells.  Since no 

differences in intimal or medial area were observed between the vehicle and P1pal-13 

treated bilateral controls, this increase in the SMC differentiation state did not appear to 

affect healthy blood vessels.  Ligation injury increased the expression of PDGF-B and 

Type III collagen, and P1pal-13 treatment significantly enhanced the expression of Type 
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III collagen and MMP-3 above the vehicle treated injured arteries (Figure 2.9b-d).  These 

data suggest that P1pal-13 increased intimal hyperplasia in response to injury by 

stimulating de-differentiation of SMCs as indicated by reduced SMC lineage marker 

expression and increased Type III collagen and MMP-3 expression, markers of de-

differentitation.   

Figure 2.9. Markers of smooth muscle cells differentiation decrease and SMC 
de-differentiation markers increase when animals are treated with PAR1 
agonist P1pal-13. RNA was extracted from uninjured and injured arteries of C57BL/6 
wild-type mice treated with vehicle or P1pal-13.  RNA was converted to cDNA and real-
time PCR was performed with primers for (a) markers of SMC differentiation (b-d) or 
markers of SMC de-differentiaton. Gene expression was normalized to GAPDH 
expression and fold was determined by expression in uninjured vehicle treated arteries.     
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2.10 Identification and origin of neointimal cells  

To confirm the presence of smooth muscle cells and infiltrating inflammatory cells in the 

neointimal lesions, immunohistochemistry (IHC) was performed on vertical cross-

sections of injured carotids.  Most of the cells comprising the intimal hyperplasia stained 

positive for smooth-muscle cell actin (αSMA) suggesting that these were SMCs and/or 

myofibroblasts (Figure 2.10).  CD45 staining, which is specific for cells of 

hematopoietic origin, revealed positive cells mostly in the adventitia and lumen with a 

few positive cells in the intimal and medial layers.  These cells are most likely 

inflammatory mediators responding to the injury (Figure 2.10a).  F4-80, a marker of 

macrophages, was observed most prominently in the adventitia of the arterial cross 

sections.  In conclusion, IHC has revealed that most of the cells of the intima are of SMC 

origin with some CD45 positive cells.   

 To distinguish if the neointima observed originated from the local arterial cells or 

from stem/progenitor cells of the bone marrow that are recruited to the site of injury, 

bone marrow transfer experiments were performed.  Wild-type C57BL/6 mice were 

lethally irridated and bone marrow was transplanted to reconstitute the hematopoietic 

cells with an intravenous injection of two million cells from the bone marrow of donor 

LacZ mice, which express the LacZ gene under a Rosa-promoter in all cells.  Mice were 

allowed to reconstitute for two or four months and peripheral blood was analyzed for the 

presence of β-galactosidase by flow cytometry (data not shown).  Ligation surgery was 

performed and mice were treated with vehicle or P1pal-13 in an effort to induce robust 

intimal hyperplasia as previously observed.  Mice were perfused 21 days post-ligation 

and arteries were incubated with a X-gal solution overnight to detect cells expressing 
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β-galctosidase.  Arteries were then fixed or frozen for histological examination.  In all 

experiments, intima formation was not observed and the majority of LacZ positive cells 

were marginating the lumen of the vessel and most likely inflammatory or blood cells 

(See Figure 2.10b).  Concurrent experiments using PAR1-/- bone marrow in wild-type 

mice were also performed, but again intimal thickening was not observed and therefore 

no conclusion of the origin of these cells could be drawn from these experiments.  Most 

likely, this was due to an unexpected suppressive effect of the lethal irradation.   

 As a second approach to test our hypothesis of the contribution of bone marrow 

cells to the neointima, ligations were performed and mice were treated for the first 7 days 

with a pepducin antagonist to CXCR4, termed PZ-218.  In adult animals, hematopoietic 

stem cells are retained in the bone marrow niche and the chemotactic response and 

retainment of these cells are dependent on signaling of CXCR4 and its ligand 

SDF-1α (203).  Both agonists and antagonists of CXCR4 can cause mobilization of these 

stem/progenitor cells to the peripheral blood (204).  Injury, such as the case with ischemia, 

has been shown to recruit stem and progenitor cells via hypoxia-inducible factor-1 

induction of SDF-1α to the damaged tissue (205).  We observed a massive increase in 

intimal hyperplasia in mice treated with CXCR4 antagonist, PZ-218 (Figure 2.10c).  The 

neointima was similar in appearance to the hyperplasia observed in response to P1pal-13 

treatment and in knockout mice.  These data suggest that it is plausible that these intimal 

cells are derived from progenitors of the bone marrow niche, but does not exclude that 

intimal cells could be from the local artery. 
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Figure 2.10. Investigating the origin of the cells of intimal hyperplasia.  
(a) Immunohistochemistry was performed on cross-sections of injured arteries from experiments in 
Figure 2.5 for smooth muscle cells with anti-αSMC, hematopoietic cells using anti-CD45, or 
macrophages using anti-F480.  (b) Bone marrow transplantation was performed using wild-type 
mice as recipients and either LacZ or PAR1-/- mice as donors. Mice then underwent ligation surgery 
of the carotid artery and were allowed to recover for 21 days while being treated with P1pal-13 or 
vehicle.  Intimal hyperplasia was not observed in engrafted animals and LacZ staining appeared to 
be of hematopoietic origin (right).  (c) C57BL/6 wild-type mice underwent ligation surgery and 
were allowed to recover for 21 days while being treated with CXCR4 antagonist, PZ-218 or vehicle. 
PZ-218 significantly increased intimal area of the injured arteries. Representative H&E cross-
sections show the intimal hyperplasia (right). **, P <0.005. 
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2.11 Discussion.  

 In this study we demonstrate that PAR1 is closely associated with PAR2 and that 

the two receptors cooperatively signal in primary smooth muscle cells in vitro and in 

response to vascular injury in vivo.  PAR1, PAR2, and PAR4 are expressed on the surface 

of SMCs and Gαq signaling, as observed by calcium mobilization, can be induced by 

PAR1 stimulation.  Proliferation of SMCs is increased by the addition of PAR1 agonists, 

and in the absence of the PAR1 or PAR2 receptors proliferation rates in response to 

P1pal-13 are diminished, suggesting that signaling may be cooperative between these 

receptors.  Consistent with previous reports of PAR1/PAR2 association and 

transactivation (85,86), we observed PAR1 and PAR2 association by 

coimmunoprecipitation indicating that PAR1 and PAR2 form a dimer.   

 It has been reported that PAR1 and PAR2 have both shared and separate 

downstream signaling which suggests that they may work both co-dependently and 

independently of one another (206).  Our study reveals that activation of PAR1 in vascular 

injury can be dependent on the presence of PAR2 since the intimal hyperplasia observed 

in wild-type mice treated with PAR1 agonist, P1pal-13, was not observed in PAR1-/- or 

PAR2-/- mice.   Previous studies have shown that P1pal-13 is a specific agonist of PAR1 

and does not activate PAR2, PAR4, CXCR1/2/4, S1P1/3, or CCR5 (86).  This suggests 

that PAR2 is not stimulated by P1pal-13 and that the lack of hyperplasia in PAR2-/- mice 

is due to the loss of the cooperative signal between PAR1 and PAR2.   

 Cooperative signaling between PAR1 and PAR2 in vivo has been demonstrated in 

a model of sepsis, where the protective effect of PAR1 activity was not observed without 

expression of PAR2 in endothelial permeability in vitro and survival and vascular 
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permeability of the lungs in vivo (86).  The protective effect of PAR2 in a model of 

inflammation has also been observed in resolving bacteria mediated inflammation in 

pulmonary pseudomonal infection (177).  However, models of acute inflammation (174), 

neurogenic pain (190), and arthritis (181) have all shown the damaging effects of PAR2 

activation.  These contradicting observations could be due to signaling differences 

between PAR1/PAR2 heterodimers and PAR2 homodimers (or monomers) (86).  The 

observation that PAR1 and PAR2 have been linked to overlapping G protein signaling as 

well as distinct subsets of Gα proteins suggests that signaling regulation may be a 

product of which receptor or dimer is being activated, giving the cell signaling 

discrimination (206).  

 We observe that PAR1-/- and PAR2-/- mice have increased intimal hyperplasia in 

response to ligation injury compared to wild-type mice.  Possible explanations for this 

increase in intimal area are that the receptors are important for resolving inflammation in 

the later chronic stages of disease or possibly PAR1 and PAR2 are necessary for response 

to environmental signals that instruct the cells to differentiate out of the synthetic state of 

vessel repair and regeneration.  PAR1 and PAR2 are thought to be important in vascular 

remodeling, and both receptors may need to be present to mediate decreased proliferation 

and differentiation to a contractile SMC state.  More studies would need to be performed 

to test these hypotheses.   

 Previous studies have shown that PAR1 deficiency and PAR2 deficiency in mice 

have a non-significant protective effect in models of restenosis, more specifically 

angioplasty and wire injury (156,92,207).  It is important to call attention to the fact that these 

models are very different from ligation injury with angioplasty and wire injury 
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completely denuding the endothelium, with damage occurring mostly on the luminal side 

of the vessel.  Ligation injury is a blood cessation and perivascular inflammatory injury, 

which brings together the components of massive inflammation in the blood vessel as 

well as obstruction of blood flow.  

 The ability of PAR1 activation to cause de-differentiation of smooth muscle cells 

is important in delineating the molecular events that take place in the smooth muscle cells 

of the artery.  Ligation injury decreased the expression of differentiation markers 

α-SMA, SM22, and SM-MHC while the de-differentiation markers PDGF and Type III 

collagen were increased indicating a more synthetic SMC that can proliferate and migrate 

much more robustly (199).   In the already injured artery, P1pal-13 treatment further 

increased the expression of de-differentiated markers Type III collagen and MMP-3 

explaining the exacerbated injury by SMC hyperplasia, even to the point of vessel 

occlusion.  The role of PAR1 in de-differentiation may be necessary for vascular repair. 

However, here we show that this signaling can be detrimental to an injured vessel if not 

properly regulated.   

 In conclusion, PAR1 and PAR2 are essential in regulating intimal hyperplasia in 

our model of vascular ligation injury and perivascular inflammation.  Increasing PAR1 

signaling can cause smooth muscle cells to de-differentiate and proliferate to create a 

neointima.  However, for PAR1 stimulation to cause intimal hyperplasia PAR2 must be 

present, suggesting transactivation and/or dimerization of PAR1 and PAR2.   
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Chapter 3: PAR2 pepducin antagonists 

Summary 

PAR2, a cell surface receptor for trypsin-like proteases, plays a key role in a number of 

acute and chronic inflammatory diseases of the joints, lungs, brain, gastrointestinal tract, 

and the vascular system. Despite considerable effort by the pharmaceutical industry, 

PAR2 has proven recalcitrant to targeting by small molecule inhibitors, which have been 

unable to effectively prevent the interaction of the protease-generated tethered ligand 

with the body of the receptor. Here, we report the development of a first-in-class cell-

penetrating lipopeptide pepducin antagonist of PAR2.  The design of the third 

intracellular (i3)-loop pepducins was based on a structural model of a PAR2 dimer and by 

mutating key pharmacophores in the receptor loops and analogous pepducins.  Individual 

pharmacophores were identified that controlled constitutive, agonist and antagonist 

activities. This approach culminated in the identification of the P2pal-18S pepducin, 

which completely suppressed trypsin and mast cell tryptase signaling through PAR2 in 

neutrophils and colon cancer cells.  The PAR2 pepducin was highly efficacious in 

blocking PAR2-dependent inflammatory responses in mouse models. These effects were 

lost in PAR2-deficient mice, thereby validating the specificity of the pepducin in vivo.  

These data provide proof-of-concept that PAR2 pepducin antagonists may afford 

effective treatments of potentially debilitating inflammatory diseases and provide a 

blueprint for developing highly potent and specific i3-loop based pepducins. 

Publication Status: (under review) 

Interdicting PAR2-driven inflammation with cell-penetrating pepducins 

Leila M. Sevigny, Ping Zhang, Andrew Bohm, Katherine Lazarides, George Perides, Lidija Covic, Athan 

Kuliopulos



 88 

3.1 Introduction.  

Protease-activated receptor-2 (PAR2) mediates a number of (patho)physiological 

pathways involved in acute inflammation, arthritis, allergic reactions, sepsis, 

inflammatory pain, as well as cancer cell invasion and metastasis (174,171,190,34,112,195).  

PAR2 is a member of the G protein-coupled protease-activated receptor subfamily, which 

includes the related PAR1, PAR3 and PAR4. Proteases such as trypsin (10), thrombin (8), 

and MMP-1 (27,208) cleave the N-terminal extracellular domain of the PARs, thereby 

unmasking a tethered ligand that binds to the outer surface of the receptor in an 

intramolecular mode, to activate intracellular signaling to G proteins (18).  The pleiotropic 

downstream pathways activated by PAR2 include calcium mobilization, phospholipase 

C-β-dependent accumulation of inositol phosphates and diacylglycerol, chemotaxis, 

MAP-kinase signaling, gene transcription, and Rho and Rac activation (4).  PAR2 itself is 

strongly upregulated by diverse inflammatory mediators such as TNF-α, IL-1α, bacterial 

endotoxin, and autoimmunity-inducing antigens, pointing to a role in the tissue response 

to inflammation (130,209). 

 As a cell surface sensor of proteases, PAR2 allows the cell to respond or over-

respond to the rapidly changing microenvironment that occurs during inflammation.  

PAR2 is widely expressed in inflammatory cells, stroma, endothelium and intestinal 

epithelium (4).  PAR2-deficient mice exhibit reduced granulocytic infiltration and tissue 

damage, and suppression of inflammatory cytokines in models of intestinal inflammation, 

autoimmunity, and encephalomyelitis (210,209).  Reduced cardiac ischemia/reperfusion 

injury was also observed in PAR2 knockout mice, which correlated with a decline in 

inflammatory mediators (148).  Conversely, overstimulation of PAR2 leads to severe 
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edema, granulocyte infiltration, increased tissue permeability, tissue damage and 

hypotension (174,210).  Agonists of PAR2 including trypsin and the synthetic SLIGRL 

peptide also trigger the release of calcitonin and substance P from sensory neurons 

causing neutrophil infiltration, edema, hyperalgesia, and cancer pain (189,211,193).   PAR2 

has been linked to arthritis as evidenced by significant decrease in joint inflammation in 

PAR2 knockout mice (181) and upregulated expression of the receptor in osteoarthritis and 

rheumatoid arthritis patient tissues (179,180,182).  

 A major pro-inflammatory serine protease, tryptase can also cleave and activate 

PAR2 (212).  Local or systemic release of high levels of mast cell-derived tryptase can 

have life-threatening consequences including acute asthma, systemic mastocytosis, and 

anaphylaxis (213).  A specific and effective pharmacological inhibitor of PAR2 has the 

potential to provide beneficial anti-inflammatory effects and reduce the detrimental 

activity of mast cells, neutrophils, and other PAR2-expressing leukocytes that contribute 

to tissue damage.  To date, it has been challenging to identify an effective PAR2 

antagonist that lacks agonist activity or is efficacious at sub-millimolar levels (35,34,33). 

 We have developed a novel way to inhibit G-protein coupled receptors on the 

inside surface of the lipid bilayer with cell-penetrating pepducins.  Pepducins are derived 

from the sequence of the intracellular loops of their target receptor and comprise a lipid 

tether conjugated to the peptidic portion of an intracellular loop (33).  These lipidated 

peptides have the ability to rapidly flip across the membrane and inhibit receptor G 

protein signaling in a highly specific manner (33,86,140,214).  Pepducins targeting several 

GPCRs have been validated in models of inflammation, thrombosis, angiogenesis, and 

cancer (195,86,208,32,87,106,27,214). 
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 In this chapter, we report the rational design and development of a potent and 

specific PAR2 antagonist pepducin based on the third intracellular loop, which 

effectively inhibits protease-PAR2 signaling induced by trypsin and tryptase.  We 

demonstrate that the PAR2 pepducin provides salutary effects in reducing inflammation 

and edema.  These data indicate that targeting PAR2 with pepducins may prove to be 

beneficial in inflammatory conditions and other diseases, which involve trypsin, tryptase 

and other protease agonists of PAR2. 
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3.2 MATERIALS & METHODS 

Reagents 

N-palmitoylated peptides and PAR1, PAR2, and PAR4 peptide agonists were synthesized 

with C-terminal amides by standard Fmoc solid-phase methods as previously 

described (32) by the Tufts University Core Facility. Pepducins were purified by C4- or 

C18-reverse-phase liquid chromatography. Trypsin, bovine pancreas and human mast cell 

tryptase (Calbiochem), recombinant IL-8 (Peprotech), thrombin (Haematologic 

Technologies Inc), myo-[3H]-inositol (PerkinElmer), fura-2, AM and fluorescein goat 

anti-rabbit (Invitrogen), λ-Carrageenan, kaolin, and 48/80 (Sigma-Aldrich), mouse 

monoclonal (AA1) to Mast Cell Tryptase (abcam, ab2378), APC-366 (Tocris), Bovine 

Type II Collagen Solution (Chondrex), Freund’s adjuvant (Sigma). 

 

PAR2 Modeling 

The model of the PAR2 monomer structure was constructed using the program Modeller 

using the solved structure of bovine rhodopsin (PDB code 1HZX) (215) as a template.  The 

chemical geometry of the model was refined using Coot and Refmac5.  To construct a 

model of the receptor dimer, we first constructed an initial model of the complex between 

PAR2 and the intact heterotrimeric G-protein based on the structure of opsin in complex 

with a C-terminal fragment of the Gα subunit (PDB code 3DQB) and the structure of the 

heterotrimeric G-protein transducin (PDB code 1GOT).  We then constructed a two-fold 

symmetric model of the PAR2 receptor that permitted favorable contacts between the 

receptor monomers and positioned the G-protein such that regions of G-βγ known to 

interact with the receptor were in proximity to the second molecule of PAR2.  Models 
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were refined using Coot and the molecular graphics figures were generated using 

PYMOL.  

 

Cell culture  

SW620 cells, a metastatic PAR2 expressing colorectal adenocarcinoma, were purchased 

from ATCC.  The SW620 cells stably expressing PAR1 (SW620-PAR1) were generated 

in our lab as previously described (87).  Cercopithecus aethiops kidney cells (COS7) and 

human embryonic kidney cells (HEK 293T) were maintained in DMEM supplemented 

with 10% FBS, 1% penicillin/streptomycin in 5% CO2 at 37 °C.  Human mast cells 

(HMC-1; Mayo Clinic, Rochester, MN) were maintained in IMDM supplemented with 

10% FBS, 1% penicillin/streptomycin, and 1.2 mM α−thioglycerol.   

 

PAR cell surface expression 

SW620 cells were harvested by lifting with 3 mM EDTA/PBS. Neutrophils were isolated 

as described (216).  Cells were labeled with the PAR1 polyclonal Ab (103) 

(SFLLRNPNDKYEPFC), the PAR2 polyclonal Ab (86) (SLIGKVDGTSHVTGKGVC), 

or the PAR4 polyclonal Ab (103) (GYPGQVSANDSDTLELPC) and subsequently with 

FITC-labeled secondary Ab.  PAR expression was quantified by mean fluorescent 

intensity relative to isotype control on the BD Canto II flow cytometer and results were 

analyzed using FlowJo. 
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Transwell Migration  

Chemotactic migration assays were conducted using an 8 µm pore size Transwell 

apparatus (Corning) as described previously (103).  Briefly, HEK 293T or SW620 cells 

were placed in the upper chamber and allowed to migrate toward agonists in the lower 

chamber of the apparatus.  Migration was performed for 18 hours at 37 °C.  Membranes 

were fixed, stained, and migrated cells were counted. 

 

Paw Edema 

All animal experiments were performed in accordance with the US National Institutes for 

Health guidelines and approved by Tufts Medical Center Institutional Animal Care and 

Use Committee.  Eight-week-old C57BL/6 mice from Charles River Laboratories or age-

matched PAR2 knockout mice in a C57BL/6 background were subcutaneously injected 

with vehicle (20% DMSO/80% water), P2pal-18S (10 mg/kg), or APC-366 (5 mg/kg).  

Mice were then challenged with a 30 µL intraplantar injection of the hindpaw with 2% 

λ-carrageenan and 4% kaolin, 100 µg SLIGRL, or λ-carrageenan/kaolin stimulated 

conditioned media from HMC-1 cells.  Calipers were used to measure paw width and 

thickness to calculate area at indicated times and mice were sacrificed 48 hours post-

injection.  

 

Mast cell depletion  

Eight-week-old C57BL/6 female mice were given 100 µL intraperitoneal injections of 

compound 48/80 dissolved in PBS (vehicle) according to the following schedule: 1st day, 
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0.6 mg/kg; 2nd day, 1.2 mg/kg; 3rd day, 1.2 mg/kg; 4th day, 2.4 mg/kg.  Paw edema was 

performed 24 h after the last dose.  

 

Neutrophil chemotaxis 

Neutrophils were obtained from the peripheral blood of healthy volunteers as 

described (216), using informed consent procedures approved by the Institutional Review 

Board of the Tufts University School of Medicine.  Mouse neutrophils were purified from 

blood collected from the vena cava.   We measured migration using a 48-blindwell 

microchemotaxis chamber (Neuroprobe) equipped with 5 µm pore nitrocellulose filters 

for mouse and human neutrophils.  Chemotactic ratio represents the distance of migration 

to a chemoattractant compared to the distance of random migration.   

 

Cecal Ligation and Puncture 

Eight to twelve-week-old C57BL/6 female mice were anesthetized with isoflurane and 

aseptically surgically prepared.  A midline incision was made to expose the abdomen and 

the cecum was isolated.  A 4-0 silk suture was placed around the cecum and synched, 

though not completely, as not to obstruct the bowel.  An 18-gauge needle was then used 

to puncture the cecum once through both walls and forceps were used to compress the 

cecum until stool was visible.  The abdomen wall was closed with 6-0 non-absorbable 

sutures, closing the muscle first with non-continuous stitches and subsequently the skin 

with a continuous stitch.  Mice were treated immediately with 10 mg/kg of P2pal-18S or 

vehicle (20% DMSO) and monitored for survival.  Surviving mice were treated daily.    
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Arterial Ligation 

Arterial ligation was performed as described in Section 2.2.  Briefly, six-month old 

C57BL/6 female mice were anesthetized and the left carotid artery was ligated with a 6-0 

silk suture placed around the common carotid and synched to completely restrict blood 

flow. Pepducins (P2pal-18S at 10 mg/kg) or vehicle (20% DMSO) was administered 

subcutaneously on a daily basis.  After 21 days, mice were anesthetized with an 

intraperitoneal injection of ketamine/xylazine (90-120 mg/kg, 10 mg/kg) and perfused as 

previously described.  Left and right common carotid arteries were harvested and further 

fixed in 10% formalin.  Samples were vertically embedded and slides were stained with 

H&E. Morphometric analysis was performed as described in Section 2.2.   

 

Collagen-Induced Arthritis 

Eight-week-old DBA/1J female mice were subcutaneously pretreated with vehicle (20% 

DMSO), P2pal-14GF (10 mg/kg, a pepducin to PAR2 that showed no agonist or 

antagonist ability in a calcium flux assay), or P2pal-18S (10 mg/kg).  Mice were 

challenged with an intraperitoneal injection of 100 µg of Type II collagen in Freund’s 

Complete Adjuvant.  Paw measurements were taken two-three times a week and mice 

were followed for 70 days post challenge.  A booster immunization was given 7 d and 

14 d after the first collagen injection.  
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Statistical analysis  

All in vitro and in vivo assay results are presented as mean ± SD or ± SEM, as indicated. 

Comparisons were made with a two-tailed distribution unequal variance Student’s t test. 

Statistical significance was defined as * p < 0.05 or ** p < 0.005. 



 97 

RESULTS 

3.3 Identification of critical pharmacophores in the intracellular i3 loop of PAR2 

As has been shown with many GPCRs (217), there is considerable evidence that PARs can 

interact with each other and form homo- and hetero-dimers, and pepducins are postulated 

to mimic these dimeric interactions on the intracellular surface of the lipid bilayer (87).  To 

initiate the design of PAR2 pepducin antagonists, we constructed a molecular model of a 

PAR2 dimer.  The model of the PAR2 monomer was based on the structure of 

rhodopsin (215) which shares 45% identity with PAR2.  Residues 51-397 of PAR2 were 

substituted for residues 1–346 of bovine rhodopsin. Stereochemically reasonable 

positions were used for side chains that were later subjected to molecular dynamics and 

energy minimization.  A series of two-fold symmetric PAR2 dimer models were then 

manually constructed with the aim of maximizing the surface area between the adjacent 

receptors.  Among these, we selected the model that was most consistent with available 

data regarding interactions between the receptor pair and the G-protein (see methods, 

Figure 3.1). 

 To provide functional evidence that one PAR2 receptor can interact with an 

adjacent PAR2 receptor, we constructed a signaling dead PAR2-RQ mutant by 

transposing residues at Q172 and R173 located in the critical ‘DRY’ TM3 motif which is 

highly conserved in GPCRs  (Figure 3.2) (218).  The PAR2-RQ mutant has an intact 

protease cleavage site and tethered ligand but cannot signal to G proteins.  A 

noncleavable PAR2-R36A mutant (219) was also constructed which retains the ability to 

fully signal in response to SLIGRL ligand, but was not able to be proteolyzed and 

directly activated by trypsin (Figure 3.3).  As expected, cells expressing PAR2-R36A or 
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PAR2-RQ alone were unable to migrate toward gradients of trypsin or to activate Gαq-

PLC-β signaling.  However, when the two mutant receptors were co-transfected, 

chemotactic migration and signaling was restored (Figure 3.3a,c), consistent with a 

mechanism whereby PAR2-RQ can donate its tethered ligand to transactivate PAR2-

R36A. 

Figure 3.1. PAR2 model of the receptor dimer (done in collaboration with 
Dr. Andrew Bohm). The PAR2 model was constructed using x-ray structures 
of rhodopsin as described in the methods.  This model predicts that the 
intracellular 3rd loop and the 8th helix reside at the dimer interface. 
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 Interestingly, we also found that wild-type PAR2 has constitutive activity in the 

absence of ligand (Figure 3.3e).  Constitutive signaling has been observed in GPCRs and 

is often dependent on critical residues located in the C-terminal juxtamembrane region of 

the i3 loop (220,221).  The PAR2 homodimer model shown in Figure 3.1, predicts that the 

juxtamembrane i3 loop residues M274, R284, and K287 could potentially interact across 

the PAR2 dimer interface with the 8th helix region from an adjacent i4 domain.  Mutation  

Figure 3.2. Sequence of PAR2 cleavage mutant, PAR2 activity mutant, and PAR2 
key pharmacophores as predicted by the dimer model. Serine proteases trypsin and 
tryptase cleave the C-terminal side of extracellular residue R36 releasing the tethered 
ligand, SLIGKV, which activates PAR2 either in an intramolecular mode or by 
transactivation of an adjacent PAR2.  PAR2 key residues are predicted to reside in the 
intracellular 3rd loop and the 8th helix of the receptor.   
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 Figure 3.3. Constitutive and peptide ligand-dependent activity of PAR2 is regulated by 
juxtamembrane residues located in the third intracellular (i3) loop.  
(a) Migration of HEK cells transiently transfected with PAR2 (wild-type, WT), PAR2-R36A, 
PAR2-RQ, or PAR2-R36A plus PAR2-RQ toward chemotactic gradients of 30 nM trypsin or 
DMEM media alone for 18 h in a transwell apparatus (8-µm pore), n=2, repeated three 
independent times.(b,c,e,f,g) Constitutive, SLIGRL-activated, or trypsin-activated signaling of 
PAR2 mutants to PLC-β.  PLC-β activity was measured by [3H]-InsP formation over 30 min. 
(d) T7 cleavage assay measured by flow cytometry of COS7 cells transiently transfected and 
subsequently incubated with trypsin (3 nM) confirms by loss of the T7 epitope that R36A has 
significantly less cleavage than wild-type PAR2.  Data (n=2-8) represent the mean ± SD.  
*, P <0.05 and #, P=0.07. 
 



 101 

of M274 to alanine ablated the constitutive signal, whereas mutation of K287 to alanine 

had no effect (Figure 3.3e).  Strikingly, mutation of K287 to phenylalanine gave a 

≥2-fold increase in the constitutive signal.  Despite losing its constitutive activity, 

M274A was able to fully signal in response to agonist (Figure 3.3f).  Likewise, K287A 

and K287F were also able to fully signal to agonist (Figure 3.3g). Conversely, the R284S 

mutant exhibited a loss of constitutive signal and was unable to be activated by even high 

concentrations of peptide ligand.  Similarly, the PAR2ΔH8 mutant, which lacks the 8th 

helix in the i4 domain, was non-responsive to ligand (Figure 3.3f).  Together, these data 

indicate that the juxtamembrane residues of the i3 loop of PAR2 play critical roles in 

both constitutive and ligand-dependent activity.  We decided to further examine these 

residues for their functions as pharmacophores in the context of PAR2 i3 loop pepducins. 

 

3.4 Receptor Mutagenesis Studies 

In an attempt to learn which residues were important as well as which surfaces of the 

receptor interact in homodimerization, multiple mutations were made in different 

orientations of the PAR2 dimer model, termed FACE, BACK, and SIDE, as well as 

mutations in the C-terminal end (8th helix) and the intracellular loops that should change 

activity of the mutant by disrupting the interactions with the G protein (Figure 3.4).  

Initial observations of Gαq signaling of the mutants were made in COS7 fibroblasts by 

measuring the phosphoinositide hydrolysis.  As depicted in Table 3.1, many of these 

mutants drastically decreased the maximal signal observed as well as the amount of 

agonist needed to stimulate the receptor (EC50 shift).  However, no pattern of diminished 

activity was observed that revealed a possible orientation of the dimer and additionally 
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many mutations also had effects on the expression of the receptor to the cell surface, as 

assessed by flow cytometry, making it hard to draw any noteworthy conclusions from 

these experiments.   

 

 Figure 3.4. PAR2 domains mutational diagram.  PAR2 mutants were made in each 
transmembrane by Quikchange site-directed mutagenesis (mutants in green).  The 
results of each mutation on PAR2 activity can be observed in Table 3.1.   
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3.5 Molecular engineering of PAR2 antagonist pepducins 

We therefore continued with the knowledge of the juxtamembrane residues that were 

identified as important for the signaling of PAR2 in Section 3.3, by synthesizing a series 

of i3 loop-based pepducins with mutations of the critical M274, R284 or K287 

pharmacophores (Figure 3.5).  An initial screen of PAR2 pepducin agonist and 

antagonist activity was performed using the PAR2-expressing human colorectal 

adenocarcinoma cell line SW620.  The wild-type full-length i3 loop pepducin, P2pal-21, 

gave a weak agonist signal but lacked antagonist activity against SLIGRL as assessed by 

calcium flux (Figure 3.5a,c).  Consistent with the gain-of-constitutive activity observed in 

the PAR2-K287F mutant, the analogous P2pal-21F pepducin (33) gave full agonist activity 

but no antagonist activity in the SW620 cells (Figure 3.5a,c).  Deletion of the first three 

residues to make P2pal-18F, gave a slight decrease in agonist activity, but still was 

devoid of antagonist activity.   

 The P2pal-18S pepducin, which replaces the critical R284 pharmacophore with 

serine, was a full antagonist of PAR2 and had no detectable agonist activity in the 

calcium flux assay (Figure 3.5a,c).  Replacement of the C-terminal K287 of P2pal-18S to 

phenylalanine to make P2pal-18SF, restored agonist activity.  The replacement of R284 

with glutamine to make P2pal-18Q, had nearly no agonist activity but had partial 

antagonist activity.  The N-terminally truncated P2pal-14GF had no agonist nor 

antagonist activity; however, substitution of R284 with glutamine to create P2pal-14GQ 

gained 53% antagonist activity (Figure 3.5a,c).  From this initial calcium flux screen, we 

chose to further analyze the properties of the P2pal-18S antagonist pepducin for its ability 

to block other PAR2 functions.   
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 Figure 3.5. Design and screening of agonist and antagonist PAR2 i3-loop pepducins. 
(a) Agonist and antagonist activity of third intracellular (i3) loop PAR2 pepducins using calcium 
flux assays with SW620 colon adenocarcinoma cells that endogenously express PAR2. Each 
column of three calcium flux traces corresponds to the i3 pepducin sequence shown above. The 
top row is the agonist activity of 3-4 µM pepducin and the middle row is the agonist activity of 
14-15 µM pepducin. The bottom row depicts the calcium signal of 100 µM SLIGRL (open arrow) 
following 1 min pretreatment with 6 µM pepducin (closed arrow). Intracellular Ca2+ flux was 
measured using cells labeled with fura-2AM by the ratio of fluorescence excitation intensity at 
340/380 nm. Final concentration of DMSO vehicle was 0.2%. (b) Model of the WT PAR2 i3 
pepducin P2pal-21 bound to the intracellular surface of PAR2. The location of the i3 pepducin 
was derived by substituting the coordinates of the i3 loop on the intact receptor with the i3 
pepducin using the PAR2 dimer model of Fig. 3.1. Key pharmacophores M274 (brown), R284 and 
K287 (yellow), and palmitate (green) are shown. (c) Agonist activity for each pepducin from a is 
reported as initial velocity of calcium flux at 4 µM pepducin (†), or at 14-15 µM pepducin (‡). 
Antagonist activity of 6 µM pepducin against 100 µM SLIGRL was measured by area under the 
curve of calcium flux from the bottom row of a. Experiments were repeated at least 2-3 times each 
and gave highly similar results. 
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3.6 P2pal-18S is a specific antagonist of PAR2 activity in neutrophils 

Next, we tested the ability of P2pal-18S to antagonize PAR2-dependent activity of 

human neutrophils.  Neutrophils were isolated from the peripheral blood of healthy 

volunteers and found to express high levels of surface PAR2 and PAR4 and lower 

apparent levels of PAR1 by flow cytometry (Figure 3.6).  Neutrophils robustly migrated 

towards chemoattractant gradients of the PAR2 agonists trypsin and SLIGRL, which was 

completely blocked by P2pal-18S with IC50 values of 0.14-0.2 µM (Figure 3.6b).  

Likewise, 0.3 µM P2pal-18S completely blocked chemotactic migration of human 

neutrophils to 100 nM tryptase (Figure 3.6c).  P2pal-18S also completely inhibited 

migration of mouse neutrophils toward 30 nM trypsin (Figure 3.6d).  This was predicted, 

as human PAR2 shares 85% identity with mouse PAR2 and the mouse i3 loop retains all 

of the critical pharmacophores identified in the human PAR2 i3 loop.   

 Specificity of P2pal-18S for PAR2 was evident, as it had no antagonist activity to 

the closely related PAR1, PAR4, or CXCR1/2 IL-8 receptors in neutrophil chemotaxis 

assays (Figure 3.6e).  P2pal-18S had no effect on PAR1-dependent platelet aggregation 

(Figure 3.7) and did not inhibit PAR1 or PAR4 by calcium flux assays in SW620 cells, 

nor inositol phosphate signaling in COS7 cells, despite providing effective inhibition to 

the PAR2 ligand SLIGRL (Figure 3.8).  The P2pal-14GQ pepducin was also selective 

for PAR2 and not PAR1, but was not as efficacious in suppressing migration of SW620 

cells to SLIGRL as compared to P2pal-18S (Figure 3.8a-d).  Neither P2pal-18S nor 

P2pal-14GQ caused membrane disruption or apoptosis as assessed by propidium iodide 

uptake in SW620 cells with up to 30 µM concentrations of pepducin (Figure 3.9).   
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Figure 3.6. The P2pal-18S pepducin is a full antagonist of PAR2-dependent 
neutrophil chemotaxis. (a) Human neutrophils (n=4 normal volunteers) were analyzed 
for surface expression of human PAR1, PAR2, and PAR4 by flow cytometry with PAR-
specific antibodies. (b) P2pal-18S inhibits human neutrophil chemotaxis to gradients of 
trypsin (30 nM) and SLIGRL (10 µM) with IC50 values of 0.14-0.2 µM. Chemotaxis index 
is the ratio of directed versus random migration over 30 min through a 5-µm pore filter. 
(c) P2pal-18S completely inhibits human neutrophil chemotaxis to tryptase (100 nM). (d) 
P2pal-18S completely inhibits mouse neutrophil (n=6) chemotaxis to 30 nM trypsin. (e) 
P2pal-18S does not affect human neutrophil chemotaxis to gradients of 100 nM IL-8 
(CXCR1/CXCR2), 10 µM TFLLRN (PAR1), or 100 µM AYPGKF (PAR4). n=4-6, mean 
± SEM. *, P <0.05. 
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Figure 3.7. PAR1-dependent human platelet aggregation is not 
affected by P2pal-18S (done in collaboration with Dr. Ping Zhang). 
Gel-filtered platelets were incubated with 2.5 µM SFLLRN to induce 
PAR1-dependent platelet aggregation.  Addition of 1 µM or 5 µM P2pal-
18S did not affect the aggregation of the platelets.  RWJ 58250, a small 
molecule PAR1 inhibitor, was used to show that specific blockade of 
PAR1 would in fact inhibit aggregation of the platelets. Error bars 
represent mean ± SD. 
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Figure 3.8. Specificity of P2pal-18S and P2pal-14GQ pepducins for PAR2 but not the 
closely related PAR1 and PAR4 receptors. (a) PAR2 antagonist pepducins P2pal-18S and 
P2pal-14GQ inhibit calcium flux induced by PAR2 (SLIGRL) but not PAR1 (TFLLRN) agonists. 
SW620 cells were stably transfected with PAR1 and pretreated for 1 min with various 
concentrations of P2pal-18S or P2pal-14GQ and then stimulated with 30 µM PAR agonist. 
(b) P2pal-18S and P2pal-14GQ do not inhibit InsP signaling from PAR1 or PAR4 transiently 
transfected into COS7 cells. Cells were stimulated with 1 µM TFLLRN, 1 µM SLIGRL or 100 µM 
AYPGKF and [3H]-InsP formation measured over 30 min. (c-d) SW620 cells were treated with the 
indicated concentrations of (c) P2pal-18S or (d) P2pal-14GQ in the upper well of an 8-µm pore 
Boyden chamber and allowed to migrate for 18 h towards 10 µM of the PAR2 specific agonist 
SLIGRL in the lower chamber. The migration to RPMI / 0.1% FBS (—) represents random 
migration. Data (n=2-4) are mean ± SEM. *, P <0.05 and **, P <0.005. 
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3.7 Efficacy of P2pal-18S in mouse models of inflammatory paw edema 

To evaluate the in vivo efficacy and specificity of P2pal-18S, we first tested the ability of 

the pepducin to protect against inflammatory hindlimb paw edema using a well 

characterized mouse model in wild-type (WT) and PAR2-deficient mouse strains (63).  

Acute inflammatory edema was induced by an intraplantar injection of λ-carrageenan and 

kaolin, irritants that cause a massive leukocytosis and hyperemic response, which leads to 

localized swelling (222).  We also directly assessed the PAR2-dependent activity of 

P2pal-18S by quantifying its inhibitory effects against the PAR2-specific agonist 

Figure 3.9. P2pal-18S and P2pal-14GQ do not induce apoptosis in SW620 cells.  
Cells were lifted and incubated for 30 min at 25 °C with 0.5-30 µM P2pal-18S or 
P2pal-14GQ.  Propidium iodide (PI) was added directly to the tubes and after a 15 min 
incubation quantified by flow cytometry.  PI uptake was not significantly different 
when pepducin was added to the cells as compared to untreated and 0.2% DMSO 
vehicle treated cells. Error bars represent ± SEM. 
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SLIGRL when injected into the hind footpad of WT C57BL/6 mice.  Acute inflammation 

induced by λ-carrageenan/kaolin resulted in a nearly 2-fold increase in paw edema with 

vehicle-treated WT mice, peaking 8 h after injection (Figure 3.10).  The PAR2 agonist 

peptide, SLIGRL, also induced an increase in edema of WT mice, peaking 4 h after 

injection (Figure 3.10b).  Systemic administration of P2pal-18S caused a significant 50% 

decrease in λ-carrageenan/kaolin-induced edema and an 85% decrease in SLIGRL-

induced edema (Figure 3.10a,b).  PAR2 deficiency conferred a 50% protective effect 

relative to WT mice following λ-carrageenan/kaolin injection, which was nearly identical 

to the protective effect observed in WT mice treated with P2pal-18S.  Notably, treatment 

of PAR2-/- mice with P2pal-18S did not further reduce swelling confirming that the anti-

inflammatory effects of the PAR2 pepducin required the presence of its cognate receptor.  

 Histological analysis of the inflamed footpads harvested 7 h post 

λ-carrageenan/kaolin injection revealed that P2pal-18S provided significant 60% 

protection (P<0.005) against the leukocytic infiltrates in the dermis of the footpads, 

which was identical to the protection observed in PAR2-/- relative to WT mice (Figure 

3.10c).  Together, these data demonstrate that the PAR2 pepducin P2pal-18S affords 

significant protection against acute leukocytic inflammation and edema, and these 

protective effects are dependent on the presence of PAR2.  
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Figure 3.10. The PAR2 antagonist pepducin P2pal-18S significantly reduces mouse 
paw edema and inflammation in wild-type but not PAR2-deficient mice. 
(a) λ-carrageenan/kaolin or (b) the PAR2 specific agonist SLIGRL was administered by 
intraplantar injection to the left hindpaw of C57BL/6 wild-type or PAR2-/- mice that were 
with subcutaneous (s.c.) injection of 10 mg/kg of P2pal-18S. Paw area was measured with 
calipers and calculated as fold-increase relative to baseline paw area.  
(c) Histology of representative (n=5) H&E-stained footpads 7 h after 
λ-carrageenan/kaolin injection and quantification of the infiltrating inflammatory cells at 
40X magnification. Data (n=4-6/group) mean ± SEM. *, P <0.05 and **, P <0.005. 
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3.8 P2pal-18S protects against mast cell tryptase-induced inflammation  

Previous studies have established that mast cell tryptase cleaves and activates PAR2 

signaling in human endothelium and keratinocytes and in mouse models of  

arthritis (212,183,34).  To determine whether mast cells and mast cell tryptase were 

contributing to the observed PAR2-dependent effects in the mouse models of paw 

inflammation, we stimulated mast cells with the degranulating agent 48/80, or 

λ-carrageenan/kaolin and collected conditioned media.  As shown in Figure 3.11a, the 

stimulated mast cells secreted tryptase, which was then used as a chemoattractant source 

in neutrophil chemotaxis assays.  The conditioned media from the stimulated mast cells 

gave comparable chemotactic migration as 100 nM tryptase (Figure 3.11).  Treatment of 

human neutrophils with tryptase inhibitor, APC-366, or the PAR2 pepducin P2pal-18S, 

completely inhibited chemotactic migration toward the tryptase-containing mast cell 

media (Figure 3.11b).  To provide in vivo evidence that mast cells and mast cell tryptase 

were activating PAR2 in the paw edema model, we depleted mice of mast cells by 

pretreatment with compound 48/80 (223).  We observed a decrease in 

λ-carrageenan/kaolin-induced edema in the 48/80-depleted animals as compared to non-

treated controls (Figure 3.11c).  Similarly, mice treated with tryptase inhibitor APC-366, 

gave a significant 40% protection in λ-carrageenan/kaolin-induced paw edema.  An 

intraplantar injection of the tryptase-containing mast cell media resulted in a similar peak 

increase in paw edema as induced by the selective PAR2 agonist SLIGRL (Figure 3.12).  

Systemic treatment with P2pal-18S gave a 50% decrease in peak development of edema 

at 4 h and afforded complete protection at 8 h and thereafter.  Together, these data 
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suggest that the P2pal-18S pepducin provides significant protection against inflammatory 

edema triggered by mast cell-derived tryptase. 

 

 

Figure 3.11. P2pal-18S significantly attenuates mast cell tryptase-dependent 
neutrophil migration and paw edema in mast cell depleted mice. (a) Mast cells were 
treated with 2 mg/mL of mast cell degranulating agent 48/80 or 2% λ-carrageenan/4% kaolin. 
Conditioned media (CM) was harvested at 24 h and a western blot of mast cell tryptase shows 
release of tryptase. (b) P2pal-18S inhibits human neutrophil chemotaxis (n=6) to mast cell media. 
Human neutrophils were incubated with 1 µM P2pal-18S, or 10 µM mast cell tryptase inhibitor 
APC-366 and allowed to migrate 30 min toward CM from mast cells. (c) Mast cell depletion in 
mice decreases paw edema induced by λ-carrageenan/kaolin.  Mast cells were depleted from 
8-week-old C57BL/6 female mice with 100 µL intraperitoneal injections of compound 48/80 
twice daily for 4 days (Day 1 = 0.6 mg/kg, Day 2-3 = 1.2 mg/kg, Day 4 = 2.4 mg/kg). Paw edema 
was induced 24 h after the last dose of 48/80 with an intraplantar injection of λ-
carrageenan/kaolin. A significant decrease in paw edema was observed in the mast cell-depleted 
mice 6 h post injection. Error bars represent mean ± SEM. 
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3.9 P2pal-18S in other pathophysiological models 

P2pal-18S was tested in other pathophysiological models to observe if PAR2 inhibition 

would have an effect.  In a model of sepsis that involves cecal ligation and puncture, the 

administration of P2pal-18S gave a small increase in survival after two days.  This 

observation may suggest that PAR2 inhibition over time may be helpful in resolving the 

inflammatory response of the mice.  To confirm this observation more mice and 

evaluations would need to be performed.  These results do not contradict the previous 

finding that P1pal-13 treated PAR2-/- mice have a decrease in survival since that benefit 

is believed to be through PAR1/PAR2 signaling (86) (Figure 3.13). 

Figure 3.12. P2pal-18S significantly attenuates mast cell tryptase-dependent paw 
edema in mice (a) C57BL/6 mice (n=5) were pretreated with the tryptase inhibitor 
APC-366 (5 mg/kg, s.c.) or vehicle (20% DMSO) and then challenged with intraplantar 
injection of λ-carrageenan/kaolin. Paw area was measured over 2 days. (b) Mast cell 
conditioned media (30 µL of λ-carrageenan/kaolin stimulated media) was injected into the 
hindpaws of C57BL/6 mice (n=5). Mice were pretreated with 10 mg/kg P2pal-18S (s.c.) 
or vehicle. Data represent mean ± SEM. #, P =0.07, *, P <0.05 and **, P <0.005. 
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 In a model of arterial ligation injury, P2pal-18S increased intimal hyperplasia to 

an intermediate level between wild-type and PAR2-/- mice.  No difference was observed 

in the medial area.  Though this would not be a therapeutic indication for PAR2 

inhibition, it was a confirmation that the pepducin was working to block some of PAR2 

signaling in this model, though not completely, as compared to that of the PAR2-

deficient animal (Figure 3.13b).   

 Lastly, a model of collagen-induced arthritis (CIA) was performed.  DBA/1J mice 

which are sensitive to the induction of arthritis with collagen and adjuvant injections, 

were pretreated with either P2pal-18S, vehicle, or P2pal-14GF, a pepducin that showed 

no agonism or antagonism ability in calcium mobilization.  Mice were then given an 

intraperitoneal injection of bovine Type II collagen and complete Freund’s adjuvant.  

Pepducin treatments were continued daily throughout the experiment and booster 

immunizations of collagen/adjuvant were given on day 7 and day 14 to induce arthritis.  

Mice were monitored, and joints and paws were measured using calipers.  Mice 

developed arthritis around day 30-40, but no significant differences between treatment 

groups were observed in the 80-day experiment (Figure 3.13c).  After this observation, a 

study was published revealing that collagen induced arthritis was not significantly 

different in mice lacking mast cells compared to wild-type animals (224).  The authors 

believe that this observation is not contradictory to the observation that mast-cell 

deficient mice do not develop disease in other models of arthritis, or that mast cells are 

important in the disease severity in later phases.  Instead they suggest that induction of 

arthritis with antigens such as Type II collagen is independent of mast cells (224).  

Therefore, in hindsight, this arthritis model was a poor choice to examine PAR2-
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dependent inflammation since as our results have shown mast cell tryptase is a very 

important component.  Other models such as K/BxN, a transgenic mouse carrying a 

mutation in the MHC class II allele, which develops arthritis similar to human 

rheumatoid arthritis in chronic joint disease, cartilage and bone destruction, could be 

examined in the future (225).   
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Figure 3.13. Effect of PAR2 antagonist, P2pal-18S, in other pathophysiological 
mouse models.  (a) Survival of wild-type C57BL/6 mice (n=7) subjected to CLP, then given 
P2pal-18S (10 mg/kg) subcutaneously or vehicle immediately after; mice then received a daily 
dose of pepducin or vehicle.  (b) C57BL/6 wild-type and PAR2-/- mice underwent ligation surgery 
of the left common carotid artery and were allowed to recover for 21 days while being treated with 
P2pal-18S or vehicle.  Resulting intimal hyperplasia was measured and plotted for each individual 
mouse. (c) Eight-week old DBA/1J female mice were subcutaneously pretreated with vehicle, 
P2pal-14GF (10 mg/kg, a pepducin to PAR2 that showed no agonist or antagonist ability in a 
calcium flux assay), or P2pal-18S (10 mg/kg).  Mice were challenged at day 7 with an 
intraperitoneal injection of 100 µg of Type II collagen in Freund’s Complete Adjuvant.  Paw 
measurements were taken two-three times a week and mice were followed for 70 days post 
challenge.  A booster immunization was given 7 d and 14 d after the first collagen injection.  
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3.10 Discussion 

In the present study, we describe the development of a first-in-class pepducin antagonist 

of PAR2. Pepducins are highly stable, lipidated peptides that modulate GPCR signaling 

in diverse disease models (33,32,195,27,86,106,87,208,140).  Pepducins comprise two components: 

a short peptide sequence derived from an i1-i4 intracellular loop of the target GPCR, and 

an acyl-chain fatty acid (e.g. palmitate) or other hydrophobic moiety conjugated to the 

peptide.  Pepducins are targeted to the intracellular surface of their cognate GPCR and 

stabilize the receptor in either an active or inactive conformation, resulting in modulation 

of signal transduction (33,140).  Based on a structural model of a PAR2 receptor dimer and 

extensive mutagenesis of the receptor, we designed and tested a series of third 

intracellular loop pepducins to create full agonists and antagonists of PAR2. The most 

potent antagonist, P2pal-18S, fully ablated PAR2 signaling but did not inhibit the closely 

related PAR1 or PAR4 receptors, nor other GPCRs in neutrophils, platelets, or colon 

adenocarinoma cells. 

 The PAR2 pepducin antagonist had significant in vivo efficacy in suppressing 

leukocytic infiltration and edema induced by λ-carrageenan/kaolin or by a PAR2 

selective agonist in mouse paw inflammation models.  The anti-inflammatory effect of 

the P2pal-18S pepducin was lost in PAR2-deficient mice, providing further evidence that 

the pepducin was highly specific for PAR2. Moreover, the anti-inflammatory effect 

observed in the PAR2-deficient mice relative to wild type was nearly identical to that 

observed in wild-type mice treated with P2pal-18S.  Together, these data indicate that 

P2pal-18S affords effective pharmacologic blockade of PAR2 in models of acute 

inflammation and that these effects require the presence of PAR2. 
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 Many studies have implicated PAR2 as playing critical roles in a wide range of 

diseases including asthma (171), arthritis (182), hyperalgesia (190), neurogenic and cancer 

pain (189,193), and cancer invasion (112).  We provided several lines of evidence that the 

inflammatory response observed in the mouse footpad model was largely dependent on 

mast cells and mast cell-derived tryptase, an important agonist of PAR2-driven 

inflammation.  We found that the PAR2 pepducin could completely suppress tryptase 

signaling through PAR2.  However, the inhibitory effects conferred by the pepducin were 

greater than those accounted for by direct inhibition of tryptase alone with APC-366. This 

would suggest that the PAR2 pepducin was inhibiting signaling induced by other PAR2 

agonists present in the inflammatory milieu.  Indeed, PAR2 has been shown to be 

activated by other proteases including plasmin (226) and the TF-FXa-FVIIa complex (227). 

 Two other groups have disclosed PAR2 antagonists based on the tethered peptide 

ligand (34,36).  A PAR2 small molecule inhibitor, ENMD-1068, has been characterized in a 

model of joint inflammation (34).  ENMD-1068 requires millimolar concentrations to 

observe its effects in vitro and considerably higher doses in vivo to achieve similar 

protective effects afforded by P2pal-18S.  The peptide antagonist K-14585 was shown to 

inhibit PAR2-dependent IL-8 production, NF-κB phosphorylation, and p38 signaling (35).  

However, the K-14585 compound had partial agonist activity (35,36) as also observed with 

the wild-type PAR2 pepducin P2pal-21 (33).  In this regard, we discovered that wild-type 

PAR2 has constitutive activity indicating that certain extracellular or intracellular PAR2 

ligands might trigger or stabilize the latent on-state. The realization that constitutive 

activity could be ablated or enhanced by mutation of critical i3 loop pharmacophores in 

the intact receptor led us to rationally design PAR2 pepducin antagonists that lost 
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residual agonist activity. The ability to design pepducin antagonists against difficult 

GPCR targets such as PAR2 is a valuable research and therapeutic approach which will 

aid in the delineation of complex mechanisms of GPCR signaling and pathophysiology 

and may lead to novel pharmacological agents for a potentially wide range of diseases. 
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Thesis Conclusion: 

 The purpose of this thesis was to explore the pathophysiological role of PAR1 and 

PAR2 in models of inflammation and cardiovascular disease, both important in current 

global health issues. 

 PAR1 and PAR2 have parallel and distinct signaling that may be regulated by the 

dimerization of the receptors.  We have shown that PAR2 can homodimerize as well as 

heterodimerize with PAR1.  These dimers are important in determining the possibility of 

PAR2 signaling discrimination; future studies determining the downstream Gα proteins 

that each dimer prefers would be of great interest.  The PAR1/PAR2 heterodimer is 

necessary for the effect of PAR1 agonist, P1pal-13 in a blood cessation and perivascular 

inflammatory injury model, as observed by the lack of neointima if either receptor is 

absent.  This suggests that PAR1/PAR2 heterodimers play a role in the 

pathophysiological response of vascular remodeling.   

 Activating PAR1/PAR2 heterodimers with PAR1 agonist P1pal-13 caused 

significant increases in both medial and intimal hyperplasia.  The cells type responsible 

for this PAR1-dependent hyperplasia are most likely the smooth muscle cells from the 

medial layer or the endothelial cells that make up the intimal layer of the vessel.  To 

determine if endothelial cells are involved in this process, one could utilize the PAR1 

knock-in mouse with the Tie2p/e promoter (62).  As mentioned in the introduction, this 

mouse expresses PAR1 only in endothelial cells and resulting intimal hyperplasia would 

mean that activating PAR1 signaling on endothelial cells is sufficient to cause a blood 

vessel response.   The lack of a response in these mice could mean that these processes 
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are not due to signaling on the endothelial cells or that more than one cell type is 

necessary.   

 Critical residues of PAR2, as predicted by a PAR2 dimer model, are important for 

receptor signaling, and allowed for the targeted molecular engineering of specific and 

effective PAR2 pepducin antagonists.  Inhibition of PAR2 is sufficient to attenuate 

neutrophil chemotaxis ex vivo and in in vivo models of mouse acute inflammation.  Mast 

cell tryptase plays an important role in PAR2-dependent inflammation and the PAR2 

antagonist pepducin, P2pal-18S, also blocked neutrophil chemotaxis and mouse paw 

edema induced by mast cell tryptase. The next step for testing P2pal-18S would be to use 

the pepducin post-induction of acute inflammation.  This model would be more 

physiologically relevant and would determine the beneficial effects of P2pal-18S on 

blocking inflammation after it has been initiated.  The therapeutic applications for this 

pepducin remain to be explored, and could possibly include arthritis, asthma/dust 

allergens, pain, skin itch and psoriasis.   

 PAR2 expression has also been reported in macrophages and astrocytes of human 

multiple sclerosis patients and in a mouse model of MS: experimental autoimmune 

encephalomyelitis (EAE).  In this model, the neuroinflammation and macrophage 

associated demyelination in the CNS was more severe in wild-type mice compared to 

PAR2-/- mice (209).  This study implies that a PAR2 antagonist could reduce demyelination 

and inflammation that lead to lesions in MS patients, and could subsequently reduce 

symptoms.  More studies would be needed to determine whether PAR2 is involved in the 

onset of these chronic diseases and whether PAR2 activation is a factor in the ongoing 
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symptoms observed, which would help predict whether our antagonist could be 

therapeutically beneficial.   

 The mechanism of P2pal-18S is still being explored.  Additional studies 

performed after the original submission of this thesis to the committee have revealed that 

P2pal-18S does not affect proteolytic cleavage of PAR2, MAPK signaling (ERK1/2 or 

p38), or endocytosis of the receptor.  However, it has been observed that P2pal-18S 

blocks the transactivation of one PAR2 receptor on an adjacent PAR2 and one recent 

experiment suggests that P2pal-18S can change the conformation of the receptor. Further 

studies are underway to confirm this observation and to test whether the pepducin can 

also block transactivation of PAR2 by PAR1.   

 Of interest is the parallel that can be drawn between PAR2 antagonists and the 

inhibition of cyclooxgenase-2 (COX-2) with rofecoxib, more commonly known as 

Vioxx.  COX-2 inhibition has been shown to be beneficial for reduction of pain and 

inflammation and was originally characterized in models such as edema, hyperalgesia, 

arthritis, and even the reduction of polyps in colorectal carcinoma tissues (228).  These 

models mirror those that PAR2 antagonists are characterized in.  Additionally, selective 

COX-2 inhibitors were thought to reduce toxic side effects such as gastrointestinal 

ulceration, which is attributed to COX-1 inhibition (228).  However, after being approved 

for use in patients, Vioxx was withdrawn from the market due to an increase in 

cardiovascular risks, in particular myocardial infarction (229).  Though patients with severe 

rheumatoid arthritis can still receive Vioxx, the benefits and risks must be weighed on an 

individual basis (230).   
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 PAR2 activation has been shown to upregulate the expression of COX-2 by 

ERK1/2 mediated activation of the β-catenin/Tcf-4 pathways (231).  It would be interesting 

to test if the reduction in inflammation in response to P2pal-18S is COX-2-dependent.  

Additionally, the increased intimal hyperplasia observed in both PAR2-/- mice and with 

P2pal-18S treatment may indicate that PAR2 antagonists have the potential to also have 

cardiovascular side effects, though more studies would need to be done before any 

conclusions can be drawn.   

 Lastly, the development of a pepducin by rational design and modeling has 

greatly advanced the specificity and effectiveness of PAR2 antagonists.  It would be of 

great interest to repeat this methodology with other GPCRs to observe whether agonists 

and antagonists could be designed using this functional/structural approach.   
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Abbreviations:  
 
APC Activated Protein C 
αSMA alpha smooth muscle actin 
BDNF Brain-derived neutrophilic factor 
BicD1 Bicaudal D homolog-1 
BRET bioluminescence resonance energy transfer 
CCPs clathrin coated pits 
CGRP calcitonin gene-related peptide 
CLP cecal ligation and puncture 
COX-2 cyclooxgenase-2 
DAG diacylglycerol 
EGFR Epidermal growth factor receptor 
ERK Extracellular signal-regulated kinase 
FRET fluorescence resonance energy transfer 
FVIIa Factor VIIa 
FXa  Factor Xa 
γ-carr/k γ-carrageenan/kaolin 
GEFs guanine exchange factors  
GPCR G-protein coupled receptors  
GRKs G-protein coupled receptor kinases 
i.p. intraperitoneal injection 
i.v. intravenous injection 
I/R ischemia/reperfusion 
IFN-γ interferon-gamma 
IL-# interleukin-_ 
InsP inositol phosphate 
IP3 inositol-triphosphate 
LPS lipopolysaccharide 
MAPK mitogen-activated protein kinase 
MEK mitogen-activated protein kinase kinase 
MMP matrix metalloprotease 
MOVAS mouse vascular aorta smooth muscle cells 
NK1R neurokinin receptor 
P13K phosphoinositide-3-kinase 
PAR Protease-Activated Receptor  
PKA protein kinase A 
PKC protein kinase C 
PLC-β phospholipase C-β 
s.c. subcutaneous injection 
SDF-1α stromal cell-derived factor-1 alpha 
SMCs smooth muscle cells 
SM-MHC smooth muscle-myosin heavy chain 
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SP substance P 
TGF-α transforming growth factor-alpha 
TNF-α tumor necrosis factor-alpha 
TRPV-1 transient receptor potential vanilloid receptor-1 
VEGF vascular endothelial growth factor 
vWF von Willebrand factor 
WT wild-type 
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Cell Line Appendix:  
 
B6SUtA mouse myeloid progenitor cells 
CCL39 chinese hamster lung fibroblasts 
CHO chinese hamster ovary cells 
COS7 African green monkey kidney fibroblasts 
Dami human megakaryocytic cell line 
DU-145 human prostate carcinoma cells 
EAhy926 fusion cell of HUVECs and A549, human lung carcinoma 
HEK 293(T) human embryonic kidney 293 cells (T=transformed with SV40, T-antigen) 
HEL human leukemia cell with some megakaryocyte features 
HMC-1 human mast cell line, from the Mayo Clinic (Dr. J.H. Butterfield)  
HT-29 human colon adenocarcinoma grade II cell line 
HUVEC human umbilical vascular endothelial cells 
MCF-7 human breast adenocarcinoma cell line 
MDA-MB-231 human breast adenocarcinoma cell line 
MOVAS mouse vascular aorta smooth muscle cell line 
OVCAR-4 human ovarian adenocarcinoma cell line 
SW620 human colorectal adenocarcinoma cell line 
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