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Abstract

SIGNALING BY PROTEASE-ACTIVATED RECEPTORS IN GASTROINTESTINAL
SMOOTH MUSCLE
By Wimolpak Sriwai, Ph.D.
A Dissertation submitted in partial fulfillment of the requirements for the degree of
Doctor of Philosophy at Virginia Commonwealth University.

Virginia Commonwealth University, 2007

Major Director: S. Murthy Karnam
Professor, Department of Physiology

In the present study, we have examined the expression of protease-activated
receptors (PARs) and characterized their signaling pathways in rabbit gastric muscle
cells. Immunoblot analysis revealed expression of PAR1 and PAR2 but not PAR3 or
PAR4 in smooth muscle. The PAR1 agonist TFLLR activated Gq, G2, and Gi3, but not
Gi1, Gi2, G13, Gs or G, whereas the PAR2 agonist SLIGRL activated Gq, Gi3, Gj;, and
Gijz, but not Gj3, Gy, Gs, or G;. Both PAR1 and PAR2 agonists stimulated PI hydrolysis
and Rho kinase activity and inhibited cAMP formation. PAR1-stimulated PI hydrolysis
was abolished in cells expressing Gog minigene, but was not affected in cells expressing

Go; minigene or in cells treated with pertussis toxin (PTx). PAR2-stimulated PI

xviil



Xix
hydrolysis was partially inhibited in cells expressing Goq or Ga; minigene and in cells

treated with PTx. PARI- and PAR2-stimulated Rho kinase activity was abolished in
cells expressing Ga;; or Ga;3 minigene, respectively. Both PAR1 and PAR2 agonists
induced a transient initial contraction that was selectively blocked by the inhibition of PI
hydrolysis with U73122 and MLC kinase activity with ML-9. PARI1-induced sustained
contraction was preferentially inhibited by the PKC inhibitor bisindolylmaleimide and to
a minor extent by the Rho kinase inhibitor Y27632, whereas PAR2-induced sustained
contraction was preferentially inhibited by Y27632. Activation of both PAR1 and PAR2
induced MLC20 phosphorylation, whereas phosphorylation of MYPT1 and CPI-17 are
receptor-specific: only PAR1 induced CPI-17 phosphorylation and only PAR2 induced
MYPT]1 phosphorylation.

Activation of PAR1 and PAR2 also induced IxBo degradation and NF-xB
activation; the effects were abolished by the blockade of RhoA activity by Clostridium
botulinum C3 exoenzyme suggesting NF-kB is downstream of RhoA. PARI1- and PAR2-
stimulated Rho kinase activity was significantly augmented by the inhibitors of PKA
(PKI), IKK2 (IKKIV), or NF-kB (MG132), and in cells expressing dominant negative
mutants of IKK (IKK(K44A), IxBo (IxkBa(S32A/S36A)), or phosphorylation-deficient
RhoA (RhoA(S188A)). In addition, activation of PAR1 induced Ga,;, phosphorylation,
which was abolished by bisindolylmaleimide, suggests that phosphorylation was
mediated by PKC derived from the activation of RhoA. Only PARI-stimulated Rho

kinase activity was significantly augmented by the PKC inhibitor. The effect of PKC

inhibitor was additive to that of the PKA inhibitor.



Protease-Activated Receptors (PARs) and Their Ligands

1.1  Introduction

Proteases comprise two percent of the human genome. They possess a wide
spectrum of biological activities from degradation of proteins to regulation of cell
growth. Accumulating evidence indicates that certain serine protease cleave membrane-
bound receptors, known as protease-activated receptors (PARs), to initiate a variety of
cellular actions. The PARs belong to the G protein-coupled receptor family and have a
common mechanism of activation that is very distinct from that of the other G protein
coupled receptors. Proteases hydrolyze a specific cleavage site within the extracellular
N-terminus domain of the receptor in order to expose a new N-terminus that acts as a
ligand. Since the ligand region is attached to the receptor itself, it is called a “tethered
ligand”. The tethered ligand binds intramolecularly to regionS in the second extracellular
loop of the cleaved receptor to activate G proteins and initiate cellular signaling. Thus,
these receptors essentially activate themselves via exposure of their tethered ligand.
Support for this mechanism of G protein activation came from studies using synthetic
peptides as short as 5-6 amino acids, corresponding to the amino acid sequence of the
exposed tethered ligand, that mimic the effect of the proteases independent of the
proteolytic cleavage of the receptor. Four PARs have been identified and cloned thus far:

PAR1, PAR2, PAR3, and PAR4 (132, 167). A large number of proteases can activate all
1



2
four identified types of PARs (Table 1), although it remains to be tested whether all of

these enzymes will activate PARs under physiological condition. Thrombin activates
PAR1, PAR3 and PAR4, whereas trypsin activates PAR2. Thus, pharmacologically, the
PARs can be distinguished on the basis of their relative susceptibility to activation by
proteases.

1.2 Molecular Organization of PARs

Protease-activated receptors were first described as thrombin receptors. Prior to
molecular cloning of thrombin receptor cDNAs, the primary method used to determine a
number of thrombin-binding proteins and the location of thrombin receptors in different
cell types was the analysis of radiolabeled ligand binding to functional thrombin
receptors (83). However, due to the discrepancies of ligand binding to existing thrombin-
binding proteins and the functional response, such studies were not considered to be
conclusive.

Vu et al (164) and Rasmussen et al (140) identified PAR1 using an expression
cloning of messenger RNA of thrombin from humans and hamsters in oocytes of
Xenopus. A single cDNA species that encoded a protein with a 425-amino-acid sequence
and an extracellular amino-terminal domain of 75 residues was isolated. It contained a
potential thrombin-cleavage site at LDPR*/S¥FLLR within the amino terminus. The
PAR1 gene is located on human chromosome 5q13 and contains two exons with one
intron interrupting its amino term;nus (46).

PAR2 was identified by hybridization screening of a mouse genomic library using

a bovine substance K receptor probe (132). PAR2 consists of a 395-amino-acid sequence



Table 1. Protease-activated receptor pharmacology.
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with an extracellular amino-terminus of 46 residues. It contains a trypsin cleavage site at
SKGR**/S¥LIGRL. PAR2 is highly sensitive to trypsin treatment and fails to response to
a-thrombin. Mouse PAR2’s amino acid sequence has 30% amino acid homology with
that of human PAR1 and 28% amino acid homology with that of mouse PAR1. PAR2 is
located on human chromosome 5q13 and consists of two exons (133).

PAR3 was cloned using degenerated primers based on conserved domains of
PARI1 and PAR2 to screen RNA from rat platelets (57). Human PAR3 has 27% and 28%
sequence homology to human PAR1 and PAR2, respectively. Human PAR3 is 374-
amino-acids in length and has a thrombin cleavage site within the extracellular amino
terminus at LPIK**/T*’FRGAP. Human PAR3 has two exons and is located proximal to
the same locus as PAR1 and PAR2 (145).

PAR4 was identified by searching expresséd sequence tag libraries (61). Human
PARA4 has an open reading frame encoding a 385-amino-acid protein. A cleavage site for
thrombin and trypsin is in the amino terminus at PAPRY/*GYPGQV. Human PAR4 has
33% amino acid sequence homology with PAR1, PAR2, and PAR3. The human PAR4
gene is located on chromosome 19p12 (167).

Each PAR has a unique N-terminal tethered ligand sequence. The physiological
function of each receptor was discerned by the development of receptor-selective
synthetic peptides. These peptides are referred to as PAR-activating peptides (PAR-AP)
and are found to be surrogate activators of the receptor. These PAR-APs have been very
useful in determining the effects of activating PARs in bioassay models in vivo and in

vitro.



1.3 Signal Transduction Pathways Activated by PARs

PARI1 is sensitive to activation by thrombin. PARI1 contains a cluster of
negatively charge residues in the extracellular domain, which resemble the thrombin-
binding site of hirudin. This hirudin-like domain appears to be important for thrombin
affinity. The second extracellular loop and the amino terminus of PAR1 are important
for tethered ligand interaction and receptor activation (43, 127). Specific serine proteases
~ cleave PAR1 at the R*'/S*FLLRN site to expose a new extracellular N-terminus that acts
as a tethered activating ligand (21, 164). The tethered activating ligand binds to the
extracellular loop of the cleaved receptor, thereby initiating signaling. The short
synthetic 5-6 amino acid peptide, SFLLRN, resembles the receptor-activating sequence
of the ordinary receptor that activates PAR1 without having to cleave the actual receptor
(164). Besides thrombin, other serine protease enzymes such as trypsin, plasmin, and
blood coagulation factor Xa (Fxa) can also activate PAR1.

Unlike PARI1, the PAR2 sequence lacks the hirudin-like domain present in PAR1
(165), thus it is not activated by thrombin. However, PAR2 is activated by trypsin and
other trypsin-like enzymes including mast cell tryptase, coagulation factor, and unknown
proteases (41). Trypsin cleaves PAR2 at R*/S*LIGRL to reveal the tethered ligand
(100) , which bind to the second extracellular loop thereby initiating signaling (89).
Synthetic peptides that mimic the tethered ligand, such as SLIGRL, activate mouse PAR2
without the need of proteolytic activity (10).

Like PAR1, PAR3 contains a thrombin cleavage site at K*®/T¥FRGAP and is

followed by a hirudin-like domain (57). In contrast to PAR1 and PAR2, synthetic
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peptides corresponding to the PAR3-tethered ligand, such as TFRGAP, do not activate

PAR3. In addition, mouse PAR3 is unable to signal when expressed alone, but when co-
expressed with PAR4, it augments PAR4 responses, suggesting that PAR3 functions as a
cofactor for PAR4 (125).

PAR4 has a protease cleavage site but lacks a hirudin-like domain (61). It is
activated by thrombin, trypsin, coagulation factor, and unknown proteases (15, 98). In
mouse, PAR4 is cleaved by specific serine proteases at R*’/G**YPGKF in the amino
terminus to reveal the tethered ligand, which acts as a tethered activating ligand (21,
165).

1.3.1 Signaling by PAR1

The signal transduction pathways of PARs involve the binding of tethered ligands
and activation of several G proteins, tyrosine kinase and serine/threonine kinase
molecules. After the selective agonist or tethered ligand binds to the extracellular loop of
the receptor, PAR is activated resulting in the receptor conformational changes that
permit interaction of receptors with heterotrimeric G proteins leading to G-protein
activation and activation of a substantial network of signaling pathways (164) (Fig. 1).

PAR1 couples to several G proteins such as Gag, Gai, and Goyzi3. Activated
PARI1 stimulates several signaling enzymes including phospholipase C beta (PLC-B),
PLC-y, p38 MAP kinase, extracellular signal-regulated kinases (ERK) and mitogen-
activated protein kinases (MAPK).

Binding of PAR1 to Ga, stimulates PLC-B to generate inositol-1,4,5-triphosphate

(IP3) and diacylglycerol (DAG) (55). IP; formation increases intracellular calcium



Figure 1. Activating proteases cleave PARs to expose the tethered ligand
domains. Proteases (purple circle) generated during inflammation, injury or from the
coagulation cascade, inflammatory cells, or bacteria can cleave PARs on a variety of
different cells types to expose a tethered ligand domain (red box) that binds to conserved
region in second extracellular loop of the cleaved receptor. This in turn initiates the signal

transduction.
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10
release from an intracellular storage pool. Ca”" mobilization activates Ca**-regulated

protein kinases, such as calcium-dependent calmodulin and calcium/calmodulin-activated
kinase II. Activation of myosin light chain kinase permits Ga, to mediate control of cell
contraction. Ca”" also binds to the C2 region of protein kinase C (PKC) and this enzyme
is subsequently translocated to the plasma membrane where DAG activates it. PKC
activation stimulates the ERK/MAP kinase pathway (36). This PKC activation is
transient and rapid; therefore, a more pronounced activation of PKC is required for its
growth stimulatory effects.

PAR1 is also coupled to the Gayy;3 family and leads to the activation of
monomeric G protein RhoA (81). Activation of RhoA results in the stimulation of
phospholipase D (PLD) activity. PLD hydrolyzes phosphatidylcholine to choline and
phosphatidic acid that is then converted to DAG by phosphomonoesterase. This long-
term generation of DAG by PLD causes sustained-activation of PKC and induces its
mitogenic effects.

RhoA also stimulates phosphorylation of the regulatory subunits of MLC
phosphatase at Thr*®® or Thr® via Rho kinase resulting in the inhibition of MLC
phosphatase. Thus, activation of Rho kinase permits Rho-mediated control of cell shape,
contraction, migration, and cytoskeletal reorganization (45, 62). Ga,; also has been
shown to be involved in the activation of Shc-mediated mitogenic signaling (25).

Furthermore, PAR1-mediated Go,4 activation also induces the activation of PKC-6
(139). In parallel, activated Gg, subunits released from this same activation induce IP;

formation, Ca®* mobilization, and phosphatidylinositol 3-kinase (PI3K) activation. Both
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PI3-K and PKC-$ activate the down stream effecter Akt that in turn activates IxBp kinase

(IKKB) resulting in serine phosphorylation of IkBa in NF-kxB/IkBo complex.
Phosphorylated IkBa is targeted for ubiquitination and degradation by proteosomes.
Degradation of IkBa releases NF-kB and thus, activates NF-kB. Upon release, NF-xB
migrates to the nucleus where it binds to various gene promoters including ICAM-1
promoter. Both Gag and GByq are important in signaling of PARI-induced NF-xB
activation (139).

Because thrombin-induced Ca>* mobilization is inhibited by pertussis toxin in
some types of cells (56), thrombin receptors have been described as coupling via Go; to
inhibit of adenylyl cyclase and suppress intracellular cCAMP formation (116).

1.3.2 Signaling by PAR2

Since pertussis toxin treatment blocked PAR2-induced IP; generation and Ca®*
immobilization, it is suggested that activated PAR2 likely couples to Gog/Goo/GBy; and
thus activates PLC-B1 and/or PLC-B3 isoforms. PAR2 was also reported to activate the
protein tyrosine phosphatase SHP, and the tyrosine kinase pathway (40, 168). Other
studies also showed that the PAR2 agonist activates ERK1/2 and p38 MAP kinase in the
Caco-2 cell line (40).

Downstream signaling of PAR2 also leads to activation of c-Jun-N-terminal
kinase (JNK) and p38 MAP kinase in PAR2 expressing keratocyte cell line (63). These
could contribute to PAR2-mediated cytokine production and mitogenic signaling (40,
168). Activated PAR2 stimulates prostaglandin E; (PGE;) and Fla (PGF;,) generation,

suggesting the activation of phospholipase A, (PLA;) and cyclooxygenase-1 (COX-1)
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(79). Additionally, the effects of trypsin as well as PAR2 agonists on the activation of

nuclear transcriptional factors have recently been demonstrated (147).

1.3.3 Signaling by PAR3 and PAR4

Little is known about the signal transduction pathways of PAR3 and PAR4. In
vascular smooth muscle cells of the human saphenous vein, PAR3 activating peptides
induce ERK1/2 activation and [Ca®*}; and slightly increase PGE; release (11). On the
other hand, PAR4 activating peptides mediate p38 MAPK, PLC, and Src protein
activation. Further studies implicate that thrombin phosphorylates EGFRs and ErbB2 via
a Src kinase inhibitor, a PP1-sensitive pathway in PAR1™" cells that stably overexpress
PAR4 (142). In addition, AYPGKF, a selective PAR4 agonist, enhances PGE;
production, [Ca2+]i (3), thromboxane production, and platelet aggregation (47).
1.4 Desensitization of PARs

Unlike the other G-protein coupled receptors in which agonists can diffuse away
from the receptors, the catalytic irreversible tethered ligand cannot diffuse away. PARs
are disposable “one-shot” receptors, as they are activated in an irreversible manner and
then degraded. After proteolytic activation, the tethered ligand of a PAR is always
available to interact with the cleaved receptor. PAR signaling, however, is rapidly
terminated by mechanisms similar to those classical pathways used by other G protein
coupled receptors involving phosphorylation of activated receptors by G protein-coupled
receptor kinases (GRKSs) (9, 37). Overexpression of GRK3 and GRKS5 enhances PAR1
phosphorylation and markedly inhibits inositol phosphate accumulation (58, 156).

Activated PARs induce membrane translocation of GRKs, and GRK-mediated
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termination of PAR1 usually phosphorylates within the C-terminus or the third

intracellular loop (58). In consistence with this finding, Paing et al (136) have shown that
mouse embryonic fibroblasts (MEF) transfected with PAR1 mutant C-tail, which has
defects in agonist-induced phosphorylation, fail to induce PAR1 internalization from the
plasma membrane, suggesting that phosphorylation of the PAR1 cytoplasmic tail is
required for internalization.

The B-arrestin isoforms 1 and 2 are widely expressed and bind to phosphorylated
G-protein coupled receptors to mediate desensitization and internalization (82).
Phosphorylated PARs promote membrane translocation of B-arrestins. Interaction
between B-arrestins and phosphorylated PARs mediate dissociation of G-proteins from
activated PARs and terminates the signal (136). Desensitization of PAR1 signaling is
markedly diminished in MEFs lacking both B-arrestin 1 and B-arrestin 2 isoforms
compared with wild-type cells. In cells lacking only B-arrestin 1, PAR1 desensitization is
also impaired compared with B-arrestin 2-lacking or wild type cells, suggesting that -
arrestin 1 functions as the predominant regulator of PAR1 desensitization. Surprisingly,
in cells lacking both B-arrestin 1 and 2, activated PARI is internalized through a
dynamin- and clathrin-dependent pathway at a similar rate as compared to wild type cells,
indicating that PAR1 internalization is independent of p-arrestins (136).

Little is known about the desensitization of PAR2, PAR3 and PAR4. Dery et al
(37) have shown that trypsin induces redistribution of B-arrestin 1 to the plasma

membrane and internalization of B-arrestin 1 and PAR?2 to the early endosomes.



PARSs in Inflammation

2.1 PARs in Neurons and Neuronal Inflammation

The events where PARs mediate neurogenic inflammation have been extensively
investigated in recent years. Although initially detected in platelets, endothelial cells, and
fibroblasts, it is now recognized that all four PAR subtypes are differentially expressed
and regulated in the nervous system (150, 173). PARI1, PAR2, PAR3 and PAR4 have
been detected on neurons in many parts of the brain, such as the hippocampus and cortex
(135, 150). The four members of PARs have been detected in adult rat dorsal root
ganglia and on rat astrocytes (166, 173).

Reverse-transcriptase =~ polymerase = chain  reaction = (RT-PCR)  and
immunohistochemical studies have revealed the expression of PAR1 and PAR2 in
isolated dorsal root ganglion of rat neurons (149, 159). In addition, PAR1 and PAR2
expression has been detected in guinea pig myenteric neurons and submucosal neurons
(29, 44, 141), The results of double labeling analysis with CGRP and PAR1 mRNA
indicate that about 77% of PAR1 mRNA expressing neurons are CGRP positive. PAR1
mRNA is distributed in both small-unmyelinated neurons and in large-myelinated
neurons, suggesting a nociceptive role for PAR1. The same studies report that 16% of
DRG neurons express PAR2 mRNA and 77% of PAR2-mRNA-labeled neurons express

CGRP. Forty percent of DRG neurons express PAR3 mRNA and 84% of PAR3-mRNA-
14
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labeled neurons express CGRP. These results suggest the involvement of PAR3 in the

nociceptive mechanism in periphery. Finally, the data shows a lack of PAR4 mRNA in
DRG neurons which may indicate that PAR3 can act independently of PAR4 (173).
PARI was also found to be present on sensory neurons (35). In cultured rat dorsal root
ganglia, thrombin or PAR1 agonists stimulated cultured neurons to release substance P
(SP) through PARI.

Neurogenic inflammatory effects mediated by PARs include vasodilatation,
increased vascular permeability, and cellular adhesion and infiltration by chemotaxis.
Since PAR2 coexists with proinflammatory neuropeptides such as SP and CGRP in
sensory neurons (149), it is possible that PAR2 activation on sensory nerves might be
involved in neurogenic inflammatory mechanisms. In vivo studies have shown that paw
edema has been observed after intraplanter injection with a selective PAR2 agonist and
was significantly inhibited by ablation of spinal afferent C-fibers, antagonists of CGRP;
receptors and NK; receptors. These results suggest that activation of PAR2 causes the
release of SP and CGRP from primary spinal afferent neurons, which‘in turn interacts
with NK,; receptors and CGRP; receptors, respectively, to induce plasma extravasation
leading to paw edema (149, 161). However, PAR2-induced edema was not completely
abolished by the disruption of sensory nerves, antagonists of NK; and CGRP; receptors,
and did not prevent neutrophil infiltration. Thus, it is likely that agonists of PAR2
stimulate granulocyte infiltration and paw edema at least in part by non-neurogenic
mechanisms. The same study aléo showed that injection of thrombin or PAR2 agonists

into a rat paw induces a noticeable increase of myeloperoxidase in the paw. Histological
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examination of the paw indicated that PAR2 activation causes infiltration of neutrophils

into the dermis (149). The elevation of neutrophils at sites of vascular injury and
inflammation results in the release of neutrophil-derived serine proteases, such as
cathepsin G, causing further morphological and functional changes in endothelial cells
and leading to additional permeability (101, 137). In addition, tryptase or PAR2 agonists
stimulate the release of granulocyte potent chemotactic and proadhesive mediator IL-8,
up-regulates expression of ICAM-1 on epithelial cells (14), and induces the expression of
mRNA for IL-1P (27), which in turn intensifies the inflammatory reaction.

In a similar manner, activation of PAR1 on primary spinal afferent neurons
induces release of SP, which activates the NK1 receptors on endothelial cells to stimulate
edema. de Garavilla et al (35) have shown that administration of thrombin or selective
PARI1 agonists induces gap formation, extravasation of plasma proteins, and edema.
Although, an NK1 receptor antagonist and ablation of sensory nerves with capsaicin
significantly inhibited PAR1 agonist induced edema, these responses were not
completely abolished (35). These results indicate that thrombin or PAR1 agonists, at
least in part, cause neurogenic inflammation by directly stimulating sensory neurons to
release SP and also indirectly by stimulating cells other than neurons leading to
inflammation.

It has been shown that both PAR]1 and PAR2 have been localized to plasma
membrane and intracellular granules of human mast cells (32). Dery et al (36) have
shown that PARI1 is expressed on endothelial cells and fibroblasts. PAR1 agonists can

directly signal endothelial cells to induce gap formation and macromolecule



17
transmigration across monolayers of endothelial cells (16, 35, 149), and stimulate the

expression of chemoattractants (26) and adhesion molecules (138, 151) that promote the
adhesion and infiltration of granulocytes. Colotta et al (26) have shown that thrombin
activates PAR1 on endothelial cells leading to the production of monocyte
chemoattactant protein-1 (MCP-1).

In conclusions, stimulation of PAR1 and PAR2 on nerve fibers results in the
release of SP and/or CGRP from primary sensory neuron endings in peripheral tissues by
a Ca**-dependent mechanism. Neuropeptides released from sensory neurons initiate
vasodilatation, plasma protein extravasation, and adhesion of leukocytes to the tissues.
These results reveal the proinflammatory effects of PAR1 and PAR2 mediated by
neurogenic mechanisms.

2.2 - Role of PARs in Tissue Repair

Tissue repair requires several steps including recruitment of inflammatory cells,
migration and proliferation of endothelial and epithelial cells, synthesis of an
extracellular matrix, and collagen deposition. Recent studies have demonstrated that
PARs contribute to each of these events.

Early in tissue injury or inflammation, PARs-mediated secretion of growth factors
and/or cytokines is an essential part for tissue repair (86). PARs-mediated coagulation
mediators (Flla, FXa, and FVIIa) signal inflammatory cells to the sites of injury. Bachli
et al (4) showed that FXa and thrombin induce IL-6, IL-8, and MCP-1 expression in
primary human dermal fibroblast cells. The experiment with human vascular wall cells

showed that signaling by FXa is mediated by both PAR1 and PAR2 and the responses
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included increased cell proliferation, increased production of the proinflammatory

cytokine IL-6, and increased production of prothrombotic tissue factor (96). In addition,
PAR1 mediates the induction of chemoattractant proteins and cytokines release from
numerous cells, which are involved in proinflammation, cellular proliferation and
angiogenesis. PAR1-dependent FXa or thrombin action elicits the production of IL-6,
IL-8, or MCP-1 (4, 49, 96), whereas thrombin or its agonist peptide mediates IL-1,
MCP-1, or ICAM-1 production (139).

The ability of leukocytes to recognize vascular endothelium, to adhere to the
vessel wall and to trainsmigrate into the site of inflammation are crucial for tissue repair
(86). The rolling of leukocytes on the endothelium is mainly mediated by the cell surface
adhesion molecule, P-selectin (60). The up-regulation of P-selectin promotes the
adherence of inflammatory cells to the vessel wall before they migrate into the tissue.
Thrombin induces P-selectin expression on the surface of endothelial cells, which
contribute to the rolling of neutrophils on the endothelial surface. Selective activating
peptides for PAR2 and thrombin have been shown to cause a significant increase in
rolling and adhesion of leukocytes to the vascular endothelium and vessel wall (157, 161,
162). The effects are mediated by the release of platelet-activating factor but are
independent of mast cell activation.

Besides the effect on leukocyte rolling, selective PAR1 activating peptides and
thrombin stimulate the expression of adhesion molecule ICAM-1 (138, 151). Thrombin
mediates endothelial ICAM-1 binding to beta 2-integrins present on the surface of

neutrophils induced by inflammation. This step provides additional stronger adhesion
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between leukocytes and endothelial cells. Koo et al (80) have shown that PAR2 mediates

FXa signaling by inducing the expression of IL-6, PDGF or MCP-1 as well as ERK 1/2
activation. Consistent with further study in PAR2 deficient mice, PAR2 is responsible
for the induction of IL-6, ICAM-1, and E-selectin expression (146). PAR3 activation by
thrombin or FXa induces the expression of IL-6, IL-8, or MCP-1 (4). PAR4 activating
peptide induces IL-6, IL-8, or PGE, production in the A459, BEAS-2B cell lines, and
primary human bronchial epithelial cells (HBEC) (3). These results suggest that PARs
play essential roles in leukocyte adhesion and transmigration into the site of
inflammation.

After the recruitment of inflammatory cells, new small blood vessels permeate
into the site of injury, a process called angiogenesis. Angiogenesis from pre-existing
vessels have several steps including vasodilatation and an increased permeability of the
existing vessels, a degradation of ECM, and a migration of endothelial cells to distal sites
(86). Recent studies have demonstrated that PARs contributes to a number of these
events. It has been known that PAR1 and PAR2 mediated nitric oxide-dependent
vascular relaxation, and increased both vasodilatation and vascular permeability (16, 17,
20, 35, 149). In addition to that PARs can induce increased expression and secretion of
vascular endothelial growth factor (VEGF) in platelets (93) and fibroblasts (54). Roles of
activated-PAR2 in angiogenesis have been studied recently using a canine myocardial
infarction model (148). It has been shown that mast cell tryptase or PAR2 agonist-
induced endothelial expression of the angiogenic chemokines, MCP-1 and IL-8 mediated

by PAR2. Another in vivo study has shown that trypsin or PAR2 ‘agonists induce
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angiogenesis in skeletal muscle (97). Additionally, in vivo studies have shown that

thrombin induces neoangiogenesis in the chick chorioallantoic membrane and is
accompanied by the induction of VEGF and angiopoietin-2 (Ang-2) (18). PARs also
have been reported to mediate proteolytic degradation of the basement membrane of the
parent vessel by metalloproteinases (8, 92) and disruption of cell-to-cell contact between
endothelial cells of the vessel by plasminogen activators. Thrombin also facilitated
migration of endothelial cells toward the angiogenic stimulus (160). PAR1 mRNA is
known to be expressed in monocytes, whereby activated PAR1 is capable of inducing IL-
1 and IL-6 production (126). These cytokines are known to be proangiogenic, suggesting
arole of PAR1 in angiogenesis and tissue repair.

Despite the diversity of PARs that may participate at various steps in
angiogenesis, PARs emerge as an important factor promoting cell proliferation at the site
of injury. Frungieri et al (39) showed that the proliferative effects of tryptase and PAR2
activating peptide in human fibroblasts are inhibited by a cyclooxygenase-2 inhibitor and
a peroxisome proliferator activated receptor-y antagonist, suggesting a role of
cyclooxygenase-2 and peroxisome proliferator-activated receptor-y in the proliferative
response (39). Darmoul et al. (33) identified PAR1 mRNA in human cancer cell line
HT29 using RT-PCR. Upon activation by thrombin or PAR1 activating peptide, the
receptor induces an increase in intracellular calcium accompanied by an increase in the
cell proliferation rate and motility. Further studies have shown that activation of PAR1
by thrombin or peptide agonist causes MMP induced release of TGF-a leading to TGF-a

mediated ERK1/2 phosphorylation, and cell proliferation by EGFR-dependent and Src
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kinase-dependent pathways (34).

As repair continues, collagen synthesis by fibroblasts begins within 3 to 5 days
after injury and continues for several weeks, depending on the size of the wound (86).
Chambers et al (19) showed that thrombin or PAR1 activating peptide stimulates
procollagen production and increases newly procollagen synthesis rates in human fetal
lung fibroblasts (HFL-1). Fang et al (38) have shown that thrombin and PAR1 agonist
mediate collagen gel contraction through PAR1. The contraction was partially inhibited
by expression of PAR1 RNAi. Taken together, thrombin might influence the deposition

of connective tissue proteins and stimulate collagen contraction through activation of

PAR1 during normal wound healing and remodeling.



Function of PARs in Gastrointestinal Tract

3.1 Protective Roles of PARs in Gastric Mucosa

The gastrointestinal tract is exposed to the widest array of proteases in both
normal situations and during diseases (10, 29, 131, 132). The availability of endogenous
ligands, thrombin and mast cell tryptase during intestinal inflammation or hemorrhage
has suggested the involvement of PARSs in the digestive system (98). The mechanisms by
which the gastric mucosa protects itself against luminal acid and other injurious agents
present in its lumen are not fully understood. Several mechanisms such as the secretion
of mucus (132), secretion of bicarbonate(l), restraining of tight junctions (22, 59),
manipulation of cell proliferation and restitution, and modulation of blood flow have
been shown to participate in gastric mucosal defense. Work by several investigators has
indicated the crucial role of PARs in maintaining the ability of gastric mucosa to
withstand noxious injury.

Protective roles of PARI1 in gastric mucosa appear to be associated with the
production of endogenous prostanoids (153). In a rat gastric injury model, selective
PARI1 agonists, administered systemically, exert gastric mucosal protection, partly by
decreasing acid secretion and maintaining the mucosal integrity under such conditions.
The protective effect of PAR1 agonist is abolished by indomethacin, and COX-1

inhibitor, but not by COX-2 inhibitor and sensory nerve ablation by capsaicin, suggesting
22
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the involvement of endogenous prostanoids in gastric mucosal protection (153).

Involvement of endogenous prostanoids is also suggested by other studies in cultured
RGM1 cells in which thrombin and PAR1 agonist SFLLRNP stimulate PGE, secretion in
a dose-dependent manner (158). Taken together, the PAR1-activating peptide induces
gastric mucosal protection involving endogenous prostanoid formation, but not neurally
mediated protection.

There is evidence that PAR2 also plays a protective role in the gut through several
mechanisms. Unlike PAR1, PAR?2 involves the activation of capsaicin-sensitive sensory
neurons, calcitonin gene-related peptide (CGRP), and tachykinins (66). In the rat, PAR2
agonist, when administered systemically, triggers secretion of gastric mucus (95, 152)
that is abolished by pretreatment with capsaicin, CGRP; receptor antagonist, or NK,
receptor antagonist. The data also shows that exogenous application of CGRP and both
neurokinin A and substance P induces gastric mucus secretion via CGRP; and NK;
receptor, respectively. The same study shows that PAR2 agonists systemically
administered increases gastric mucosal blood flow as detected by a laser Doppler flow
meter. Another important finding is that PAR2 also inhibits gastric acid secretion
induced by carbacol, pentagastrin, or 2-deoxy-D-glucose (131). The inhibitory effect by
PAR?2 agonists was not reduced by pretreatment with indomethacin or capsaicin. These
findings suggest that PAR2-mediated gastric acid secretion is independent of endogenous
prostanoid formation or sensory neurons (131). In addition, several studies (65, 66, 128)
have shown that PAR2 triggers a release of neuropeptides from capsaicin-sensitive

sensory neurons, leading to mucus secretion via CGRP; and NK; receptors, and resulting



24
in mucosal cytoprotection.

There is evidence that mRNA for both PAR1 and PAR?2 is abundantly expressed
in rat gastric mucosa (131). Although, immunoreactive PAR1 is not clearly detectable in
gastric epithelial cells (75, 130), repeat administration of PARI-activating peptide
facilitates pepsinogen secretion in the rat model (76). It is possible that a certain level of
PAR1 might be present in rat gastric mucosa, but not enough to be detected in the
immunohistochemical studies. Electron microscopic and immunohistochemical study of
human gastritis biopsy specimens demonstrate that immunoreactive PAR1 is present on
the superficial mucous epithelial layer and in the oxyntic gastric gland on parietal cells
(158). The fact that parietal cells are hydrochloric acid-secreting cells led to the
hypothesis that PAR1 could modulate the secretion of both mucin and hydrochloric acid
suggesting an important role of PARI1 in gastric defense mechanism.

In contrast to PAR1, immunoreactive PAR2 is abundantly expressed in gastric
mucosa, especially in chief cells (77). The fact that chief cells are pepsin/pepsinogen-
secreting cells suggests that PAR2 could modulate pepsin secretion. Kawao and
colleagues have shown that repeatedly administering the PAR2 agonist, SLIGRL-NH,,
facilitated pepsin secretion in pylorus ligation rats. PAR2-mediated pepsin secretion was
not secondary to acid secretion and was independent of nitric oxide formation, sensory
neurons and muscarinic receptors. Therefore, according to these findings, PAR2
expressed in chief cells may have a significant role in pro-inflammation (77).

3.2 Role of PARs in Neurotransmission

Both PAR1 and PAR?2 are expressed within both excitatory and inhibitory motor
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transmitters (41). Recent studies showed that thrombin, trypsin, filtrates from

degranulated mast cells, or peptide agonists for PAR1, PAR2, or PAR4 evoke slowly
activating excitatory responses in the guinea pig enteric nervous system. PARs—mediated
depolarizing responses involve stimulation of PLC and intraneuronal calcium
mobilization, but not prostanoid formation. In the myenteric glia of guinea pig PAR2-
mediated calcium mobilization involves PLC and sphingosine kinase while PARI1-
mediated responses involve PLC activity only (42). Another finding is that, in intact
myenteric plexus of the longitudinal smooth muscle of guinea pig ileum, PAR2 agonist or
trypsin elicits a prolonged depolarization and an increased excitability in individual
myenteric plexus neurons, suggesting the role of PAR2 in neuronal transmissions which
may contribute to intestinal motility (90).

33 Role of PARs in Ion Transport

The effects of PAR activation on electrolyte secretion have been examined using
a modified Ussing chamber technique, which allows detection of ion transport in small
sections of tissue biopsies (87, 94). This technique also allows the application of agonists
to apical (luminal) and basolateral surface.

PAR1 mRNA is expressed in mouse colon, including the mucosa. PARI
immunoreactivity is also detected on both epithelial cells and neurons in submucosal
ganglia (13), suggesting that direct activation of PAR1 on enterocytes in mouse colon
might evoke ion transport.

Application of thrombin or PAR1 agonist on the basolateral side of SCBN cells,

nontransformed duodenal epithelial crypt cells lines from human, stimulates an apical CI’
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secretion and increase in short-circuit current (Ii) by a Ca’* -dependent mechanism.

PARI1-mediates the change in I blocked by the COX inhibitor, suggesting that the
secretory response of SCBN cells to PAR1 activation is COX-1 and COX-2 dependent.
In addition, Src kinase inhibitor significantly reduces the chloride secretory response
upon activation by PAR1. Activation of PAR1 induces stimulation of cytosolic
phospholipase A; (cPLA;) phosphorylation. The phosphorylation is inhibited by MEK
inhibitor, which suggests the involvement of the ERK1/2 MAP kinase pathway in cPLA,
activation.

Furthermore, PAR1 activation in SCBN cells results in a significant increase in
PGE; and PGF,, release in response to thrombin and PARI1 activating peptides as
measured in media and in cell lysate. Since pretreatment with either PGE; or PGF,,
intensifies rather than reduces the PAR1-mediate response, it is implied that PGE, and
PGF,, are not the primary PGs mediating response. These results suggest that PAR1-
induces apical directed CI secretion in SCBN cells involving Src stimulation and EGF
receptor transactivation and subsequently stimulates the ERK1/2 MAP kinase pathway,
cPLA; phosphorylation, and COX activation, but not PGE; and PGF,, activation (12).

Recent studies have shown that intracolonic infusion with PAR1 agonists
increases colonic permeability in mice and PAR1 agonists induce tight junctional zonula-
occludens (ZO)-1 disruption (22). Another study has shown that thrombin causes rapid
and transient contraction of endothelial cell cultures, resulting in gap formation and
increase permeability of confluent cells (88). Similar to PAR1, PAR2 activation by

trypsin, mast cell tryptase, and peptide agonists increases permeability of T84 colonic
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epithelial cells and induces redistribution of tight junction ZO-1, occlidin, and

perijunctional F-actin (59). These results suggest the involvement of PAR1 and PAR2 in
ion transport across the epithelial layer of intestinal lumén.

Application of trypsin or selective PAR2 agonists to the basolateral side of human
intestinal epithelial colonic biopsy stimulates a transient increase in luminal-negative
voltage (Vi) and an increase in I, but no response in mouse colonic epithelium (87, 94).
In the presence of amilioride, to block electrogenic Na* absorption, PAR2 agonist induces
a transient increase in luminal-negative Vi and I (94), suggesting that Cl" secretion
cause an increase in Vi and . Green et al (44) have also shown that application of
PAR?2 agonists to the basolateral side of the pig ileum stimulates Cl secretion, which is
strongly suppressed by treatment with the neuronal conduction blocker saxitoxin and &-
opoid agonist. Therefore, PAR2-mediaited Cl* secretion depends on functional
innervations of submucosal neurons and is mediates by 6-opoid-sensitive enteric neurons
(44).

Furthermore, the colocalization of PAR2 immunoreactivity with the neuronal
marker within the submucosal plexus supports the functional observations that PAR2 is
present on enteric neurons. The administration of PAR2 agonist and trypsin to the
basolateral side of a rat jejunal preparation in an Ussing chambers causes a prompt
change in active ion transport (163). Indomethacin, but not a selective COX-2 inhibitor,
completely inhibits the PAR2-induced response. PGE, causes a sustained activation of
ion transport. Application of tetrodotoxin did not block the short circuit current response

to PAR2 agonist. Thus, PAR2-induced ion secretion is acting directly on the basolateral
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side of enterocytes via COX-1-derived prostaglandins and not by neuronal release of

stored neurotransmitters (163).
34 Role of PARSs in Exocrine Secretion

PARs are also involved in digestive exocrine Vfunction. PAR2 is highly expressed
in the pancreas, both in pancreatic acinar cells (70) and duct epithelium (129). Activation
of PAR2 administered intraperitoneally in combination with amastatin triggers exocrine
secretion of pancreatic amylase in the conscious mouse in a dose-dependent manner.
Similarly, PAR2 agonists, but not selective PAR1 agonists, administered intravenously,
increase salivary secretion in the mouse or rat in vivo as well as in vitro (74). PAR2 is
highly expressed in the pancreatic duct system. The fact that pancreatic duct cells are
responsible for production of bicarbonate and fluid secreted into pancreatic juices,
suggests that PAR2 may play a role in bicarbonate secretion.
35 Roles of PARs in Regulation of Gastric Mucosal Circulation

It has been shown that systemic administration of PAR1 or PAR2 agonists cause a
prompt increase in gastric mucosal blood flow (GMBF) in anesthetized rats, as measured
by a laser Doppler flow meter (66, 75). In rat aorta, PAR1 and PAR2 are present in the
vascular endothelium, and, upon activation, produce NO-dependent relaxation (69, 143).
However, in the rat model, the GMBF increase produced by either PAR1 or PAR2
agonist is resistant to pretreatment with an NO synthase inhibitor. It is likely that PARs-
mediated GMBF depends on two mechanisms. One is that PARs elicit release of
endothelial nitric oxide, leading to vascular relaxation (73). PAR1 mediates nitric oxide

secretion from endothelial cells leading to the relaxation of precontracted tissues (73). In
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the absence of endothelium, PAR1 directly mediates vascular smooth muscle contraction

that requires extracellular Ca®*, whereas PAR2 causes neither contraction nor relaxation.
However, in the presence of endothelium, PAR2 induces relaxation of the isolated rat
gastric artery. The other mechanism is that PAR2 agonist elicits endothelium-dependent
relaxation, leading to increased GMBF involving endothelium-derived hyperpolarizing
factor (EDHF). Pretreatment of epithelial cells with L-NAME prior to addition of PAR2
agonists inhibits vascular relaxation. Further addition of apamin/charybdotoxin abolishes
these relaxation effects. Thus, PAR2 mediates GMBF depending on both nitric oxide
and EDHF pathways (67).

Kawabata et al demonstrated that endothelial PAR1 and PAR2, upon activation,
dilate the gastric mesenteric artery via NO and prostanoid formation and also stimulate
EDHF mechanisms including gap junctions, which would enhance GMBF (73). Besides
the effects on endothelial cells, PAR1 can also promote other cell types, such as platelets
and mast cells, to release serotonin and histamine, respectively, both of which have
vasodilatation effects.

3.6 PARs Modulate Gastrointestinal Tract Smooth Muscle Contractility

Apart from their effects in mucosal cytoprotection, PAR1 and PAR2, upon
activation, produces gastric longitudinal smooth muscle contractile responses in guinea
pigs and rats (143, 144). The contractility actions in the gastric preparation are entirely
dependent on extracellular calcium. The contractile responses are inhibited by L-type
calcium channel blocker, nifedipine, genistein and indomethacin (143, 144). However, in

longitudinal strips of mouse gastric fundus, contractility mediated by both PAR1 and
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PAR2 causes biphasic responses, relaxation followed by contraction in which the

relaxation is involved in both ryanodine-sensitive and ryanodine—insensitive activations
of Ca**- dependent small-conductance K* channels (24).

In the rat duodenal longitudinal smooth muscle, PAR1 activation evokes
relaxation followed by contraction, while PAR2 activation induces only a small
contraction on the same muscle (72). PARs-induced contractile responses of the
duodenal strips are mediated, in part, by activation of L-type calcium channels, protein
kinase C and tyrosine kinase. In addition, apamin, but not charybdotoxin, completely
abolishes the PAR1-mediated duodenal relaxation, and significantly enhances the PAR1-
mediated contraction. These results suggest that duodenal smooth muscle relaxation is
mediated in part by endothelium-derived hyperpolarizing factor (EDHF). The relaxation
in the PARI1-mediated activation is suppressed by the combined administration of
GF109203X and genistein suggesting the synergistic involvement of both protein kinase
C and tyrosine kinase in this mechanism. Taken together PAR1, but not PAR2, activates
apamin-sensitive K* channels, resulting in relaxation of isolated rat duodenal smooth
muscle. Both PAR1- and PAR2-mediated gastric contractions occur through activation
of L-type calcium channel, PKC, and tyrosine kinase, but are independent of
cyclooxygenase.

Similarly, in rat colonic circular muscle, PAR1 activation produces an inhibitory
effect on the spontaneous rhythmic contraction. While in longitudinal muscles, PAR1
activation produces contractile effects at low PAR1 agonist concentrations or dual

effects, relaxation followed by contraction, at high PAR1 agonist concentrations (over 1
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uM). PAR?2, upon activation, causes similar effects, a concentration-dependent reduction

of the spontaneous phasic contraction in the circular muscle and contractile effects in the
colonic longitudinal muscle (102). The suppression of contractility in the circular muscle
mainly occurs via activation of Ca®*- dependent small-conductance K* channels. In this
experiment, responses to PAR1 and PAR2 are independent of the propagation of neural
action potentials and the production of cyclooxygenase. Taken together, PARI and
PAR?2 play a dual role in the control of rat colonic motility, producing suppression of
contractility in the circular muscle and contraction of the longitudinal muscle.

In summary, these studies indicate the difficulties in identifying the signaling
pathways activated by PARs in vivo and in innervated in vitro preparations. The effect of
PAR activation may vary in different specific regions of fhe gut depending on whether
the activated receptor is present predominantly on smooth muscle cells or enteric
neurons. Transmitters released from the enteric neurons, in turn, modulate the intrinsic
electrical and mechanical activities of the gastrointestinal smooth muscle. To avoid the
confounding effects of neural activation by PARs, the present study focuses on
characterizing PARs and the signaling pathways to which these receptors are coupled in

freshly dispersed and cultured smooth muscle cells of the gut.



Review of Signaling Pathways Mediating Contraction

In smooth muscle, contractile agonists elicit a transient increase in cytosolic
calcium concentrations ([Ca2+]i), which are responsible for initial contraction. Increased
[Ca®); results in activation of Ca2+/calmodulin-dependent myosin light chain kinase
(MLCK) through calmodulin (CaM). CaM is a cofactor required for the activation of
MLCK and is bound to four Ca®>* ions. The regulatory Ca**/CaM subunit binds to and
activates the catalytic subunit of MLCK in order to phosphorylate the 20-kDa regulatory
subunit of myosin, called myosin light chain 20 (MLCy), on the primary phosphorylation
sites of Ser'® and Thr'®. Phosphorylation of MLC, activates myosin ATPase activity,
increases the actin and myosin crossbridge, and subsequently initiates smooth muscle
contraction (Fig. 2).

Previous studies in circular smooth muscle have shown that Gg-coupled receptor
agonists induce initial ML.Cy phosphorylation and contraction via PLC-B1 activition by
(104, 112) Gag binding to PLC-B1°’s COOH-terminal tail. Gj-coupled receptor agonists
induce initial MLCyy phosphorylation and contraction via PLC-B3 activation by Gfy;
binding to PLC-B3’s NH,-terminal pleckstrin homology (PH) domain (5, 78). Both PLC-
B1 and PLC-B3 hydrolyzes PIP, to generate IP; and DAG. Sarcoplasmic reticulum
contains the high-affinity IP3 receptor/Ca2+ channel, IP3;R-I. An increase in IP; leads to

the binding of IP3 to IPsR-I and releases Ca®* from sarcoplasmic reticulum. Stimulation
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Figure 2. Signaling by muscarinic m3 receptors via G4- and/or Gi3-coupled

receptors during the sustained phase of contraction.
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Contraction
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of PLC-P activity and increases in [Ca®']; are rapid and transient. Calcium is efficiently

removed by Ca>" extrusion from the cell and reuptake into the sarcoplasmic reticulum.
When [Ca®"]; is removed, myosin light chain phosphatase activity is continued, resulting
in a rapid decline in the level of MLCy phosphorylation reflecting the transient phase of
initial contraction.

However, subsequent studies have shown that despite the removal of [Ca®*]; and
the rapid decline in MLCK activity, agonist-induced contractile forces and MLCy
phosphorylation are well maintained suggesting the possibility of sustained contraction
by the inhibition of MLC phosphatase activity (Fig. 2). MLC phosphatase is a
haloenzyme consisting of three subunits: a catalytic subunit that is a 38-kDa-type 1-
protein phosphatase delta isoform (PP1cd) and two regulatory subunits consisting of a
small 20-kDa subunit and a 110- to 130-kDa subunit (myosin phosphatase target subunit
1, MYPT1). The interactions of the three subunits are required to form the functional
enzyme. MYPTI contains a PPlc-binding motif occurring at amino acids 35-38,
followed by seven NH,-terminal ankyrin repeats. Binding of PP1cd with MYPT1 alters
substrate specificity and enhances catalytic activity.

Phosphorylation of the MYPT1 subunit is thought to regulate the activity of MLC
phosphatase. The major regulatory phosphorylation sites of MLC phosphatase are Thr**®,
Thr®? and Ser®’. Phosphorylation of Thr*® in MYPT1 by Rho kinase dissociates the
enzyme from PP1cd and inhibits activity of the catalytic subunit of MLC phosphatase.
Phosphorylation of Thr®> by Rho kinase within the myosin-binding domain on MYPT1

dissociates the enzyme from myosin and decreases efficiency of the enzyme by
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decreasing availability of the substrate. While Rho kinase can phosphorylate both Thr®®

and Thr®>, several other kinases have also been shown to phosphorylate the Thr*® site
such as ZIP kinase, a Ca2+-independent MLCK associated with MYPT1, and p21-
activated protein kinase. On the other hand, phosphorylation at the Ser®” site of MLC
phosphatase by PKA or PKG blocks the ability of Rho kinase to phosphorylate nearby
Thr% and thus increases MLC phosphatase activity. In addition to the inhibition of
phosphorylation at the Thr®® and Thr®? sites, the inhibition of MLC phosphatase can
occur via PKC or arachinodic acid-mediated pathways. PKC activated by either phorbol
ester or DAG leads to phosphorylation of a 17-kDa PKC-potentiated inhibitor protein
(CPI-17), which directly or indirectly inhibits MLC phosphatase. Arachinodic acid
directly interacts with MLC phosphatase leading to the dissociation of the haloenzyme
thus inhibiting catalytic activity. In addition, arachcinodic acid activates Rho kinase and

PKC, which in turn inhibits phosphatase activity.



Significance

PAR1 and PAR2 are involved in modulating the motility of smooth muscle. In
vivo studies have demonstrated PAR1 and PAR2’s role in increasing gastrointestinal
transit, whereas in vitro studies using isolated muscle strips have shown PARI and
PAR2’s affects on both contraction and relaxation (2, 169). The effects of PAR
activation on gut motility depend on whether the activated receptor is present
predominantly on smooth muscle cells or enteric neurons. However, the expression of
PARs and the signaling pathways coupled to these receptors in smooth muscle are
unknown. Identification of PARs in smooth muscle and characterization of receptor-
specific pathways should lead to a better understanding of the role of proteases in the

control of smooth muscle contraction.
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Hypothesis and Specific Aims

6.1 Hypothesis
6.1.1 PARs expressed in smooth muscle are variously coupled to G proteins and
downstream signaling pathways mediate muscle contraction.
6.1.2 Phosphorylation of RhoA by cAMP-independent PKA mediates feedback
inhibition of PAR1 and PAR2 signaling.
6.2 Specific Aims
6.2.1 To determine the expression of PARs in rabbit gastric muscle cells.
Receptor expression will be examined by RT-PCR and Western blot analysis in
smooth muscle cells.
6.2.2 To characterize the receptor-specific signaling that mediates muscle
contraction.
G protein activation, phosphoinositide-specific phospholipase C (PLC) activity,
Rho kinase activity, phosphorylation of signaling intermediates, and smooth muscle
contraction will be measured in smooth muscle cells. Various steps in the signaling
pathways will be identified by using selective inhibitors in dispersed smooth muscle cells
and by the expression of dominant negative mutants in cultured smooth muscle cells.
6.2.3 To characterize the canonical NF-kB pathway in the feedback inhibition

of RhoA via cAMP-independent PKA.
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The role of the IKK?2/ IxkBo/NF-kB pathway in the feedback inhibition of RhoA

will be examined using inhibitors of IKK2 (IKK IV), IkB degradation (MG-132) and
PKA (myristoylated PKI) in dispersed smooth muscle cells and by the expression of

dominant negative mutants of IKK2 and IxB and phosphorylation site-specific mutants of

RhoA in cultured smooth muscle cells.



MATERIALS AND METHODS

7.1 Materials

PARI1-activating peptide (TFLLRN) and PAR2-activating peptide (SLIGRL)
were obtained from Bachem (Torrance, CA); ['*IJcAMP, [y-*PJATP, [**P]P;
[3SS]GTPyS, and [3H]myo-inositol were obtained from PerkinElmer Life Sciences
(Boston, MA); Collagenase CLS type II and soybean trypsin inhibitor were obtained
from Worthington Biochemical Corporation (Lakewood, NJ); Western blotting supplies,
Dowex AG-1 X 8 resin (100-200 mesh in formate form), chromatography materials,
protein assay kits, and 10% Tris-HCl Ready Gels were obtained from Bio-Rad
Laboratories (Hercules, CA); antibodies to Ga,g, Gatir, Gauip, ‘Gom, Gayz, Goys, Gog, Ga,
phospho-specific MYPT1 (Thr*®), MLCy (Ser'), CPI-17 (Thr’®), Rho kinase,
IKK2(Ser'"8) and IxBa, p65 subunit were all obtained from Santa Cruz
Biotechnology (Santa Cruz, CA); myelin basic protein (MBP) was obtained from Upstate
USA, Inc. (Charlottesville, VA); ML-9 was obtained from Biomol International
(Plymouth Meeting, PA); bisindolylmaleimide, Y27632, pertussis toxin, cAMP;
Clostridium botulinum C3 exoenzyme, IKK-2 Inhibitor IV (IKK IV), MG-132,
myristoylated PKI and U73122 were obtained from Calbiochem (San Diego, CA);

RNAqueous™ Kit was obtained from Ambion (Austin, TX); Effectene Transfection
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Reagent, QIAEX®II Gel Extraction Kit and QIAprep®Spin Miniprep Kit were obtained

from QIAGEN Inc. (Valencia, CA); PCR reagents were obtained from Applied
Biosystems (Foster City, CA); SuperScriptTM II Reverse Transcriptese and TOPO TA
Cloning® Kit Dual Promoter were obtained from Invitrogen Corporation (Carlsbad,
CA); EcoR I was obtained from New England BioLabs ( Ipswich, MA); Dulbecco’s
Modified Eagle’s Medium (DMEM) was obtained from Fisher Scientific (Pittsburgh,
PA). All other chemicals were obtained from Sigma-Aldrich (St. Louis, MO).

New Zealand white rabbits (weight: 4-5 lbs) were purchased from RSI
Biotechnology (Clemmons, NC) and killed by sodium pentobarbital overdose (100
mg/kg) as approved by the Institutional Animal Care and Use Committee at Virginia
Commonwealth University. The animals were housed in the animal facility administered
by the Division of Animal Resources, Virginia Commonwealth University. All
procedures were conducted in accordance with the Institutional Animal Care and Use

Committee at Virginia Commonwealth University.
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7.2 Methods

7.2.1 Collection of tissue

Rabbits were sacrificed by injection of Euthasol (100 mg/kg body weight) into the
ear vein. The stomach was rapidly removed, emptied of its contents and placed in cold
smooth muscle buffer (pH 7.4) with the following composition: NaCl 120 mM, KCl 4
mM, KHPOs; 2.6 mM, CaCl, 2.0 mM, MgCl, 0.6 mM, HEPES (N-2-
hydroxyethylpiperazine-N’ 2-ethanesulfonic acid) 25 mM, glucose 14 mM, and essential
amino mixture 2.1%.

7.2.2 Preparation of dispersed gastric smooth muscle cells

The antrum was separated from the rest of the stomach and the mucosal layer was
removed by sharp dissection. Smooth muscle cells from the circular muscle layer of the
antrum were isolated by sequential enzymatic digestion of the muscle strips followed by
filtration and centrifugation as described previously (123). The antrum was cut into thin
slices using a Stadie-Riggs tissue slicer and then the slices were incubated for 30 min at
31°C in smooth muscle buffer containing 0.1% collagenase (300 U/ml) and 0.01%
soybean trypsin inhibitor (w/v). The tissues were continuously gassed with 100% oxygen
during the entire isolation procedure. The partly digested tissues were washed twice with
50-ml of collagenase-free smooth muscle buffer and the muscle cells were allowed to
disperse spontaneously for 30 min in collagenase-free medium. Cells were harvested by
filtration through 500 pm Nitex and centrifuged twice at 350 g for 10 min to eliminate
broken cells and organelles. The cells were counted in a hemocytometer and it was

estimated that 95% of the cells excluded trypan blue. The experiments were done within
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2-3 h of cell dispersion.

7.2.3 Preparation of cultured gastric smooth muscle cells

Dispersed muscle cells isolated from the antrum were resuspended in DMEM
containing penicillin (200 U/ml), streptomycin (200 pg/ml), gentamycin (100 pg/ml),
amphotericin B (2.5 pg/ml) and 10% fetal bovine serum (DMEM-10). The muscle cells
were plated at a concentration of 5 X 10° cells/ml and incubated at 37°C in a CO,
incubator. DMEM-10 medium was replaced every three days for 2-3 weeks until
confluence was attained. The muscle cells in confluent primary cultures were trypsinized
(0.5 mg trypsin/ml), re-plated at a concentration of 2.5 X 10° cells/ml and cultured under
the same conditions. All experiments were done on cells during the first passage.
Previous studies have determined the purity of cultured muscle cells using smooth
muscle-specific y-actin (154). Cultured muscle cells were starved in serum-free medium
for 24 hours before each use.

Many measurements were done in both cultured muscle cells and freshly
dispersed muscle cells. In spite of the limitations with the limitations with the cell
cultures, the use of cultured muscle cells is essential for molecular studies involving
expression of dominant negative and other cDNA constructs.

7.2.4 Minigene construction

The cDNA sequences encoding the last 11 amino acids at the COOH-terminal of
mouse Gag, Gai2, and Gay3, and human Go; were amplified by PCR and verified by DNA
sequencing as previously described (52, 172). The 5'-end of the sense primers contained

a BamHI site followed by the ribosome binding consensus sequence (5'-GCCGCCACC-
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3"), a methionine (ATG) start code, a glycine (GGA) to protect the ribosome binding site

during translation, and the nascent peptide against proteolytic degradation. An EcoRI site
was synthesized at the 5’-end of the antisense primers immediately after the stop codon
(TGA). The purified PCR products were subcloned into the mammalian expression
vector pcDNA3.1(+). The oligonucleotide sequence corresponding to thell amino acid
residuals at the COOH-terminal of Ga; were synthesized in random order and ligated into
pcDNA3.1(+) as a control minigene. All Go minigene constructs used for transfection
experiments were purified using a Endotoxin-Free Maxiprep Kit (Qiagen) following the
manufacturer’s protocol. The sequences of expressed minigene peptides are listed in
Table 2.

7.2.5 Transfection of dominant negative mutants and minigene constructs

into cultured smooth muscle cells

Wild type RGS4, dominant negative RGS4 (RGS4[N88S]), IKK2 (IKK2[K44Al]),
IxkB (IxBa[S32A/S36A]), and phosphorylation-site deficient RhoA (RhoA[S188A]) were
subcloned into the multiple cloning site (EcoRI) of the eukaryotic expression vector
pEXV. Recombinant plasmid DNAs were transiently transfected into primary cultured
muscle cells using Effectene Transfection Reagent (QIAGEN) for 48 h. Cells were co-
transfected with 2 pg of pEXV vector and 1 pg of pGreen Lantern-1 DNA. Transfection
efficiency was monitored by the expression of the green fluorescent protein using FITC
filters. Control cells were transfected with vector alone (53, 121, 170). Analysis by

fluorescence microscopy showed that approximately 80% of the cells were transfected.



Table 2.

Sequences of expressed G protein COOH-terminal peptides.
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G Protein Peptide sequences
Gq MGLQLNLKEYNLV
Gi MGIKNNLKDCGLF
G2 MGLQENLKDIMLQ
Gis MGLHDNLKQLMLQ
Gir MGNGIKCLFNDKL
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7.2.6 Identification of PAR1- and PAR2-activated G proteins

G proteins selectively activated by PAR1-AP and PAR2-AP were identified from the
increase in Ga binding to the N 5S]GTPyS (5’-O-3-thiotriphosphate) using the method of
Okamoto et al (134) as described previously (99, 112, 113, 115, 172). Ten milliliters of
muscle cell suspension (3 X 108 cells/ml) were homogenized in 20 mM HEPES medium
(pH 7.4) containing 2 mM MgCl,, | mM EDTA and 2 mM DTT. After centrifugation at
30,000 g for 15 min, the crude membranes were solubilized for 60 min at 4 °C in 20 mM
HEPES medium (pH 7.4) containing 2 mM EDTA, 240 NaCl, 0.5% CHAPS (3-[(3-
cholamidopropyl) dimethylammonio]-1-pro-panesulfonate), 2 mM PMSF, 20 pg/ml
aprotinin, and 20 pM leupeptin. The membrane was incubated for 20 min at 37°C with
60 nM [>>S]GTPyS in the presence or absence of PARI-AP and PAR2-AP in a solution
containing 10 mM HEPES (pH 7.4), 100 uM EDTA and 10 mM MgCl,. The reaction
was terminated with 10 volumes of 100 mM Tris-Hél medium (pH 8.0) containing 10
mM MgCl,, 10 mM NaCl and 10 pM GTP. The mixtures were placed in wells precoated
with specific antibodies to Gog, Gaii, Gaip, Gaiz, Gaa, Gous, Gos and Ga,.  Coating
with G protein antibodies (1:1000) was done after the wells were first coated with anti-
rabbit IgG (1:1000) for 2 h on ice. After incubation for 2 h on ice, the wells were washed
three times with phosphate buffer saline solution (PBS) containing 0.05% Tween-20.
The radioactivity from each well was counted by liquid scintillation. The amount of
[**S]GTPyS bound to the activated Gow subunit was expressed as counts per minute (cpm)

per milligram of protein.
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7.2.7 Assay for Phosphoinositide (PI) hydrolysis (PLC-B activity)

Total inositol phosphates were measured in rabbit gastric circular muscle cells by
anion exchange chromatography using the method of Berridge et al (6) as described
previously (117, 121). Ten milliliters of cell suspension (2 x 10 cells/ml) were labeled
with myo-2-[*H]inositol (15 pCi/ml) for 90 min at 31 °C. Cells were centrifuged at 350 g
for 10 min to remove excess [*H]inositol then the cells were resuspended in 10 ml of
fresh medium. Lithium was added to a final concentration of 10 mM and the suspension
was incubated for another 10 min. PARI1-AP or PAR2-AP was added at different
concentrations (0.01 nM - 10 pM) to 0.5 ml of cell suspension and the mixture was
incubated in a shaking water bath for 1 min. Cultured smooth muscle cells were labeled
with myo-2-[*H]inositol (0.5 pCi/ml) for 24 h in inositol-free DMEM medium. The
cultures were washed with phosphate-buffered saline (PBS) and treated with PAR1-AP
(1 uM) or PAR2-AP (1 puM) for 1 min in HEPES medium (pH 7.4). The reaction was
terminated by the addition of chloform:methanol:HCI (50:100:1 v/v/v). After chloroform
(310 pl) and water (310 pl) were added, the samples were vortexed .and the phase was
separated by centrifugation at 1000 g for 15 min. The upper aqueous phase was applied
to a column containing 1 ml of a 1:1 slurry of Dowex AG-1 X8 resin (100-200 mesh in
formate form) and distilled water.

The column was washed with 10 ml of water followed by 10 ml of 5 mM sodium
tetraborate-60 mM ammonium formate solution to remove [°H] glycerophosphoinositol.
Total inositol phosphates were eluted with 6 ml of 0.8 M ammonium formate-0.1 M

formic acid. The eluates were collected into scintillation vials and counted in gel phase
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after addition of 10 ml of scintillant. The results were expressed as counts per minute per

mg protein.

7.2.8 Assay for Rho Kinase activity

Rho kinase activity was measured using an immunokinase assay as previously
described (48, 50, 52, 172). Cultured cells were washed one time with PBS, and then
lysed with lysis buffer containing 50 mM Tris-HCI (pH 7.5),150 mM NacCl, 0.1 % SDS,
0.5% sodium deoxycholate, 1% NP-40, 10 mM sodium pyrophosphate, and protease
inhibitor cocktail (2 pl/ml, BD Biosciences). The homogenates were centrifuged at
10,000 rpm for 10 min at 4 °C. The supernatant containing cytosolic protein was
transferred to a fresh tube and 5 pl of Rho kinase antibody was added to each tube
followed by a 2 h incubation at 4 °C.

At the end of two hours, Protein A/G agarose was added to each tube and the
mixture was reincubated at 4 °C overnight then washed 3 times with lysis buffer. The
pellets were re-suspended in 50 pl of kinase buffer containing 100 mM Tris-HCI (pH
7.4), 1 M KCl, 50 mM MgCl,, 10 mM EDTA, and 1 mM DTT. Twenty microliters of
Rho kinase immunoprecipitates were added to the reaction mixture containing 100 mM
Tris-HCI (pH 7.4), 1 M KCl, 50 mM MgCl,, 1 mM DTT, 1 mM ATP, and 10 pCi of [y-
32p] ATP (3,000 Ci/mol) along with 5 pg of myelin basic protein. The mixtures were
incubated at 37 °C for 15 min. Phosphorylation of myelin basic protein was absorbed
onto phosphocellulose disks, and free radioactivity was removed by washing 3 tim¢s with
75 mM H3;PO4. The amount of radioactivity on the disks was measured by liquid

scintillation. The results were expressed as counts per minute per milligram protein per
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minute.

7.2.9 Assay for adenylyl cyclase activity

Adenylyl cyclase activity was measured by the formation of cAMP in response to
agonists. Cyclic AMP production was measured by radioimmunoassay using [125 [JlcAMP
(108, 113, 118, 155). The effects of PAR1-AP and PAR2-AP were studied by measuring
forskolin-stimulated cAMP levels. One milliliter (3 X 10° cells/ml) of cell suspension
was treated for 60 s with forskolin (10 uM) in the presence of 100 uM isobutylmethyl
~ xanthine, either alone or in combination with PAR1-AP (1 pM) or PAR2-AP (1 puM).
The reaction was terminated with cold 6% trichloroacetic acid (v/v) and vortexed
vigorously. After centrifugation, the supernatants were extracted three times with water-
saturated diethyl ether to remove the tricholoroacetic acid and then lyophilized and frozen
at -20°C. The samples were reconstituted for radioimmunoassay in 50 pl of 50 mM
sodium acetate (pH 6.2) and acetylated with triethylamine/acetic anhydride (2:1 v/v) for
30 min. Cyclic AMP was measured in duplicates using 100 pl aliquots and the results
were computed from a standard curve using the Prizm® GraphPad program. The results
were expressed as pmol of cAMP/mg protein.

7.2.10 Phosphorylation of G;; and G;3

Protein phosphorylation was determined from the amount of >?P incorporated into
each protein after immunoprecipitation with specific antibodies to Gjz, Gj3, or RhoA as
previously described (53, 103, 114, 121). Freshly dispersed cells were incubated with
[>*P] orthophosphate for 4 h. One milliliter samples were incubated with PAR1-AP (1

uM) or PAR2-AP (1 pM) for 10 min and the reaction was terminated by rapid
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centrifugation. The pellet was homogenized in lysis buffer containing 50 mM Tris-HCl

(pH 7.5), 150 mM NacCl, 0.1 % SDS, 0.5% sodium deoxycholate, 1% NP-40, 10 mM
sodium pyrophosphate, and protease inhibitor cocktail (2 pl/ml). Cell lysates were
separated by centrifugation at 13,000 g for 10 min at 4 °C, precleared with 40 pl of
protein A-Sepharose, and incubated with Gaj,, Gos, or RhoA antibody for 2 h at 4 °C
then with 40 pl of protein A-Sepharose for another one hour. The immunoprecipitates
were extracted with Laemmli sample buffer, boiled for 5 min, and separated by
electrophoresis on a SDS-PAGE gel. After transfer to nitrocellulose membranes,
[*2P]Gau, [**P]Gous, or [**PJRhoA was visualized by autoradiography.

7.2.11 Western blot analysis

Phosphorylation of MLCyy, MYPT1, CPI-17, IKK2, and the p65 subunit of NF-
kB was measured using phospho-specific antibodies and the degradation of IkB was
measured using IxB antibody (1:.1000) as described previously (112, 116). One milliliter
of cells suspension (2 X 10° cell/ml) was treated with PAR1-AP (1 pM) or PAR2-AP (1
pM) and solubilized on ice for one hour in medium containing 20 mM Tri-HCI (pH 8.0),
1 mM DTT, 100 mM NaCl, 0.5% sodium dodecyl sulfate, 0.75% deoxycholate, 1 mM
PMSF, 10 pg/ml of leupeptin and 100 pg/ml of aprotinin. The proteins were resolved
using a SDS/PAGE gel and then electrophoretically transferred onto a nitrocullose
membranes. The membranes were incubated for 12 h with phospho-specific antibodies
to MLCa (Ser'®), MYPT1 (Thr®®), CPI-17 (Thr*®), IKK2 (Ser'””"®!), p65 subunit (Ser’>®)
or antibody IkBa, the membrane were then incubated for 1 h with horse-radish

peroxidase-conjugated secondary antibody (1:2000). The protein bands were identified
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by an enhanced chemiluminescence reagent.

7.2.12 Measurement of contraction in dispersed smooth muscle cells

Contraction in freshly dispersed gastric circular smooth muscle cells was
determined by scanning micrometry as previously described (51, 52, 120). Aliquots (0.4
ml) of cells containing approximately 10* cells/ml were treated with 100 pl of medium
containing various concentrations of PAR1-AP or PAR2-AP for different timé periods
(30 s to 10 min) and the reactions were terminated using 8% acrolein at a final
concentration of 0.1%. Acrolein kills and fixes cells without affecting the cell length.
The resting cell length was determined in control experiments in which muscle cells were
incubated with 100 pl of 0.1% bovine serum albumin without the agonists.
Concentration-response curves for PAR1-AP and PAR2-AP were constructed for the
peak contraction, which occurred at 30 s after addition of PAR1-AP or PAR2-AP. The
mean lengths of 50 muscle cells treated with PAR1-AP or PAR2-AP agonists were
measured by scanning micrometry and compared to the mean lengths of untreated cells.
The contractile response was expressed as the percent decrease in mean cell length

compared to control cell length.



Statistical Analysis

The results were expressed as means + S.E. of » experiments and analyzed for
statistical significance using Student’s t-test for paired and unpaired values. Each
experiment was performed on cells obtained from different animals. Differences among
multiple groups were tested using ANOVA and checked for significance using Fisher's
protected least significant difference test. A probability of P< 0.05 was considered

significant.
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Experimental Approach

1. We have used two approaches to determine the signaling pathways of PARI
and PAR2. In the first approach, freshly dispersed muscle cells were used to examine the
expression of PARs by Western blot analysis and their signaling by measuring of G
protein activation, PI hydrolysis, adenylyl cyclase activity, Rho kinase activity and
smooth muscle contraction. In the second approach, cultured muscle cells during the first
passage were used for various molecular and biochemical studies. The purity of cultured
muscle cells was determined using markers for smooth muscle, interstial cells of Cajal,
enteric neurons and endothelial cells. Use of cultured muscle cells was essential for
expression of Ga minigenes and dominant negative mutants of various cDNAs.

2. PAR1 and PAR2 are actiyated separately and selectively by receptor-specific
peptides. The amino acid sequences of these synthetic peptides correspond to the
exposed sequences of the tethered ligand. The synthetic peptide, TFLLRN, was used as a
surrogate activator of PAR1, whereas the synthetic peptide SLIGRL was used as a
surrogate activator of PAR2. These peptides were used widely to selectively activate
PARI1 and PAR2 in various studies (23, 28, 68, 71, 75).

3. The involvement of signaling intermediates in the signaling pathways mediated

by PAR1 and PAR2 was examined using pharmacological inhibitors (Table 3) in freshly
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Table 3.

Pharmacological inhibitors of signaling molecules.
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Inhibitor Target Concentration used
Bisindolylmaleimide PKC 1 uM
C3 exoenzyme Rho A 2 pg/ml
IKK IV IKK2 10 uM
MG-132 NF-xB 10 uM
ML-9 MLCK 10 uM
myristoylated PKI PKA 1 uM
PTx G; 200 ng/ml
U73122 PLC 10 uM
Y27632 Rho kinase 1 uM
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dispersed smooth muscle cells and by the overexpression of cDNA mutants (Table 2) in
cultured muscle cells. The concentrations of inhibitors used in the present study was
based on the previous studies performed on smooth muscle cells and have been shown to
be maximally effective in eliciting an inhibitory response (48, 51, 106, 120-122, 170).

4. The involvement of PI hydrolysis, IP3-dependeht Ca®* release and
Ca**/calmodulin-dependent activation of MLCK in contraction was examined using
inhibitors of PI hydrolysis (U73122) and MLCK (ML-9).

5. The involvement of PKC in the signaling pathway was examined using
selective inhibitor of PKC (bisindolylmaleimide).

6. The involvement of the Rho kinase pathway in the signaling pathway of
contraction was examined using selective inhibitor of RhoA (Clostridium botulinum C3
exoenzyme) and Rho kinase (Y27632).

7. The involvement of the canonical NF-kB pathway in the signaling pathway of
contraction was examined using inhibitors of IKK2 (IKK IV) and NF-kxB (MG-132) in
freshly dispersed muscle cells and by the expression of dominant negative IKK2(K44A)
and IxkBa(S32A/S36S) in cultured muscle cells.

8. The involvement of PKA in the feedback phosphorylation of RhoA and
inhibition of Rho kinase activity was examined using the cell permeable selective PKA
inhibitor (myristoylated PKI) in freshly dispersed muscle cells and by overexpression of

PKA phosphorylation site-deficient RhoA (RhoA[S188A]) in cultured muscle cells.



Results

10.1  Co-expression of PAR1 and PAR2 in Gastric Smooth Muscle

Western blot analysis of homogenates derived from dispersed rabbit gastric
smooth muscle cells using antibodies to PAR1, PAR2, PAR3 and PAR4 disclosed the
presence of PAR1 and PAR2, but not PAR3 and PAR4 (Fig. 3). The selectiQe expression
of PARI and PAR?2 in smooth muscle conforms to the predominant expression of these
isoforms in peripheral tissues.

10.2 Distinctive Patterns of G-protein Activation by PAR1 and PAR?2 in Smooth

Muscle

Studies in various tissues and cell lines suggest that PAR1 and PAR2 are coupled
to both pertussis toxin (PTx)-sensitive (G;) and -insensitive (Gq, G12/G13) G proteins, but
the specific G; isoforms and G;; and G;3 proteins coupled to each receptor have not been
identified. We have used receptor-specific activating peptides to selectively activate
PAR1 and PAR2 to identify the G proteins coupled to each receptor. Muscle cell
membranes were incubated with [**S]GTPyS (60 nM) with or without PAR activating
peptides and added to wells precoated with different Ga antibodies; an increase in the
binding of [*° S]GTPyS complexes to a specific Ga antibody reflected activation of the

corresponding G protein. Addition of PAR1-activating peptide (PAR1-AP; TFLLRN)
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Figure 3. Selective expression of protease-activated receptor 1 (PAR1) and
PAR?2 in rabbit gastric smooth muscle cells. Western blot analysis was performed on
homogenates prepared from dispersed gastric smooth muscle cells. Proteins were
resolved by SDS-polyacrylamide gel electrophoresis, electrophoretically transferred to
nitrocellulose membrane, and probed with specific antibodies to PAR1, PAR2, PAR3, or
PAR4 antibody. Immunoreactive bands for PAR1 and PAR2, but not PAR3 and PAR4

were detected.



60

PARI

133
83

41




61
caused a 2.0-, 2.8- and 1.8-fold (P<0.01-P<0.001) increase in the binding of [**S]GTPyS

to Gaiz, Gag and Gay, respectively (Figs 4-6). PAR1-AP did not cause a significant
increase in the binding to Ga;, Gaiz, Gay3, Gog and Ga,. In contrast, addition of PAR2-
AP (SLIGRL) caused a 2.2-, 2.0, 3.2, and 2.7-fold (P<0.01-P<0.001) increase in the
binding of Gai;, Gz, Gag, and Gauys, respectively (Figs 4-6). PAR2-AP did not cause a
significant increase in the binding to Gais, Ga2, Ga,, and Ga,. These results suggest
that PARI1 is coupled to the activation of Gi3, G4, and Giz, whereas PAR?2 is coupled to
Gii, Gi2, Gq and Gy3. Only G activation is shared by both receptors (Figs. 4-6).
10.3 Signaling Pathways Activated by PAR1 and PAR2 in Smooth Muscle
Previous studies in smooth muscle have shown that activation of G4 results in the
stimulation of PLC-B1 and Rho kinase activities via Go, whereas activation of G; results
in the stimulation of PLC-B3 via By subunits and inhibition of adenylyl cyclase via o
subunit (104, 105, 112, 122). Activation of Gj3 or Gi3 also results in the stimulation of
Rho kinase activity. The effector enzymes stimulated by G proteins coupled to PAR1
and PAR2 were examined by measurements of PI hydrolysis (PLC-B activity), Rho
kinase activity and inhibition of adenylyl cyclase activity in response to PAR1-AP and
PAR2-AP. Pertussis toxin was used to uncouple receptors from G; proteins and minigene

expression was used to identify the coupling specific G proteins to effector enzymes.

10.3.1 Stimulation of phosphoinositide-specific PLC-B activity (PI
hydrolysis) by PAR1 and PAR2

PARI1-AP stimulated PI hydrolysis in dispersed muscle cells in a concentration-
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Figure 4. Distinct pattern of pertussis toxin-sensitive G proteins activated by
PAR1-AP and PAR2-AP in rabbit gastric smooth muscle cells. Membranes isolated
from freshly dispersed smooth muscle cells were incubated with **S-labeled guanosine 5-
O-(3-thiotriphosphate) ([35 S]GTPyS) in the presence or absence of PARI-activating
peptide (AP) (1 uM) or PAR2-activating peptide (AP) (1 pM) for 20 min. Aliquots were
added to wells coated with Gai;, Gajp or Gais for 2 h and bound radioactivity was
measured. Results are expressed as cpm/mg protein. PAR1-AP caused a significant
increase in the binding of [>S]-GTPyS-Go complexes to wells coated with Gays, whereas
PAR2-AP caused a significant increase in the [358]-GTPyS-G0L complexes to wells
coated with Ga;; and Gaj;. Values are means * S.E. of four experiments. ** Significant

increase in G protein activation (P<0.001).
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Figure 5. Distinct pattern of pertussis toxin-insensitive G proteins activated by
PAR1-AP and PAR2-AP in rabbit gastric smooth muscle cells. Membranes isolated
from freshly dispersed smooth muscle cells were incubated with >*S-labeled guanosine 5-
O-(3-thiotriphosphate) ([* >S]GTPyS) in the presence or absence of PAR1-AP (1 uM) or
PAR2-AP (1 pM) for 20 min. Aliquots were added to wells coated with Ga,g, Goyz, or
Gay3 for 2 h and bound radioactivity was measured. Results are expressed as cpm/mg
protein. PARI-AP caused a significant increase in the binding of [358]—GTPyS-Goc
complexes to wells coated with Ga,q and Goy, whereas as PAR2-AP caused a significant
increase in the [3 5S]-GTPyS-Goc complexes to wells coated with Gog and Gayz. Values

are means + S.E. of four experiments. ** Significant increase in G protein activation

(P<0.001).
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Figure 6. PAR1-AP and PAR2-AP did not activate Go; and Go, in rabbit
gastric smooth muscle cells. Membranes isolated from freshly dispersed smooth muscle
cells were incubated with [>>S]GTPyS in the presence or absence of PAR1-AP (1 uM) or
PAR2-AP (1 uM) for 20 min. Aliquots were added to wells coated with Gos or Ga, and
bound radioactivity was measured. Results are expressed as cpm/mg protein. Neither
PAR1-AP nor PAR2-AP caused a significant increase in the binding of [*°S]-GTPyS-Go.
complexes to wells coated with Gos or Go,. Values are means + S.E. of four

experiments.
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dependent fashion (Fig. 7) with an ECsy of 5 nM and maximal increase of 460+38%

(P<0.001) above basal levels (basal activity 520+66 cpm/mg protein). Similarly, PAR2-
AP stimulated PI hydrolysis in a concentration-dependent fashion with an ECsy of 2 nM
and maximal increase of 503+46% (P<0.001) above basal levels (basal activity
520+66¢cpm/mg protein). Treatment of cells with a selective inhibitor of PI hydrolysis
abolished PI hydrolysis in response to both PAR1-AP and PAR2-AP (Fig. 8). Treatment
of cells with PTx (200 ng/ml) for 1 h partially inhibited (33+5% inhibition, P<0.01) PI
hydrolysis in response to PAR2-AP, but had no effect on PI hydrolysis in response to
PARI1-AP (Fig. 8). The results imply that PAR1 stimulated PI hydrolysis was mediated
exclusively by pertussis toxin-insensitive Gq proteins. In contrast, PAR2 stimulated PI
hydrolysis was mediated by both pertussis toxin-sensitive (G;) and -insensitive (Gq) G
proteins.

Further evidence for specific G protein coupling was obtained by expression of
Go minigenes in cultured smooth muscle cells. The synthetic peptide corresponding to
the COOH terminus of Go. subunits selectively antagonized G protein activation by
blocking receptor-G protein interaction. Minigene plasmid constructs that encode for the
COOH-terminal peptide sequence of Ga; and Ga,q were expressed to selectively block Gi
and Gq activation, respectively. A minigene containing Go in random order was
expressed as a control. PAR1-AP (1 pM) and PAR2-AP (1 puM) induced PI hydrolysis
(5-6 fold) in cultured smooth muscle cells that was closely similar to stimulated PI

hydrolysis in freshly dispersed smooth muscle cells (~ 5 fold). Expression of Goyg
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Figure 7. Concentration-dependent stimulation of PI hydrolysis (PLC-B
activity) by PAR1-AP and PAR2-AP. Freshly dispersed muscle cells labeled with myo-
2-[*H]inositol were incubated with different concentrations of PAR1-AP and PAR2-AP
for 60 s. Total [*H]inositol phosphates were separated by ion-exchange chromatography.
Results are expressed as total [°H]inositol phosphate formation in cpm/mg protein above
basal levels (basal levels: 520 + 66 cpm/mg protein). Values are means + S.E. of six

experiments.
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Figure 8. Selective inhibition of PAR2-AP-stimulated PI hydrolysis by pertussis
toxin. Freshly dispersed muscle cells labeled with myo-2-[>H]inositol were incubated for
10 min with U73122 (10 pM) or with pertussis toxin (PTx, 200 ng/ml) for 60 min, and
then treated with PARI-AP (1 uM) or PAR2-AP (1 pM) for 60 s. Total [*H]inositol
phosphates were separated by ion-exchange chromatography. PI hydrolysis stimulated
by both PAR1-AP and PAR2-AP was blocked by the PLC-B inhibitor U73122. PI
hydrolysis stimulated by PAR2-AP, but not PAR1-AP was partly inhibited by PTx.
Results are expressed as total [*H]inositol phosphate formation in cpm/mg protein.
Values are means *+ S.E. of four experiments. ** Significant inhibition from control

response (P<0.01).
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minigene abolished PI hydrolysis in response to PAR1-AP and partially inhibited
(62+5% inhibition; P<0.010) PI hydrolysis in response to PAR2-AP (Fig. 9). In contrast,
expression of Ga; minigene had no effect on PI hydrolysis in response to PAR1-AP and
partly inhibited (45+£4% inhibition; P<0.05) PI hydrolysis in response to PAR2-AP (Fig.
9). It is worth noting that the inhibition of PAR2-AP-induced PI hydrolysis in cultured
smooth muscle cells expressing Go; minigene was closely similar to inhibition of PI
hydrolysis by PTx in freshly dispersed muscle cells. Expression of control minigene
(random minigene) had no effect on PI hydrolysis in response to PAR1-AP or PAR2-AP

(Fig. 9). The results corroborate that PI hydrolysis by PAR1 was solely mediated by Gy,
whereas PI hydrolysis by PAR2 was mediated by both G4 and G;.
10.3.2 Regulation of Gg-coupled PI hydrolysis by PAR1 and PAR2 via
RGS4 (Regulator of G protein Signaling)

The strength and duration of Ga-GTP signaling are regulated by a family of
GTPase-activating proteins known as regulators of G protein signaling (RGS). Smooth
muscle cells of the gut express several RGS proteins (RGS3, RGS4, RGS6, RGS12 and
RGS16). Previous studies have shown that activation of G4 by muscarinic m3 receptors
and motilin receptors was regulated by RGS4 (52, 53). RGS4 accelerates Gog-GTPase
activity and thus limits the activation of PLC-B1 by Ga, To examine whether the
activation of G4 by PAR1 and PAR?2 are regulated by RGS4, we overexpressed dominant
negative RGS4(N88S) that lacks the ability to stimulate Ga-GTPase activity in cultured

muscle cells and PI hydrolysis in response to PAR1-AP and PAR2-AP was measured.
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Figure 9. Inhibition of PAR1-AP- and PAR2-AP-stimulated PI hydrolysis by
Ga, minigene or Go; minigene. Cultured gastric muscle cells labeled with myo-2-
[*H]inositol and expressing Goy minigene, Go; minigene, random minigene or control
vector were treated with PAR1-AP (1 puM) or PAR2-AP (1 uM) for 60 s. Total
[*H]inosito] phosphates were separated by ion-exchange chromatography. PI hydrolysis
stimulated by PAR1-AP was abolished in cells expressing Goy minigene, but was not
affected in cells expressing Go; minigene. PI hydrolysis stimulated by PAR2-AP was
partly inhibited in cells expressing Goq or Ga; minigene. Results are expressed as total
[*H]inositol phosphate formation in cpm/mg protein. Values are means + S.E. of four

experiments. ** Significant inhibition from control response (P<0.01).
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PI hydrolysis in response to PARI-AP and PAR2-AP was significantly augmented

(71£5% and‘ 9617%, respectively) in cells overexpressing RGS4(N88S) (Fig. 10). In
contrast, PI hydrolysis in response to PAR1-AP and PAR2-AP was significantly
attenuated (4716% and 421+4%, respectively) in cells overexpressing wild type RGS4
(Fig. 10). The pattern implied that PAR1- and PAR2-induced PI hydrolysis was
mediated by Gog-dependent activation of PLC-B1 and augmented by inactivation of
RGS4.

10.3.3 Inhibition of adenylyl cyclase by PAR1 and PAR2

Freshly dispersed smooth muscle cells were used to examine the ability of Gj-
coupled PAR1 and PAR?2 to inhibit forskolin-stimulated cAMP formation. Treatment of
muscle cells with forskolin (10 pM) for 10 min increased cAMP formation significantly
(22.1£1.86 pmol/mg protein above basal level of 2.4+.3 pmol/mg protein) in the presence
of 100 uM isobutyl methyl xanthine. At a concentration of 1 uM, PAR1-AP and PAR2-
AP inhibited forskolin-stimulated cAMP formation by 51+5% and 6113 %, respectively
(Fig. 11). Preincubation of muscle cells with PTx (200 ng/ml) for 1 h significantly
attenuated the inhibitory effect of PARI-AP and PAR2-AP (1613% and 17+2%
inhibition of forskolin stimulated cAMP formation by PARI-AP and PAR2-AP,
respectively) (Fig. 11). The results are consistent with the activation of G;; by PAR1-AP
and Gj; and Gj; by PAR2-AP.

10.3.4 Activation of Rho kinase by PAR1 and PAR2

Previous studies in smooth muscles have shown that agonist coupled trimeric G3

(ACh, motilin and S1P) and G, (lysophosphatidic acid) stimulate monomeric RhoA and
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Figure 10.  PI hydrolysis stimulated by PAR1-AP and PAR2-AP was regulated by
RGS4. Cultured gastric muscle cells labeled with myo-2-[>H]inositol and overexpressing
wild type RGS4, dominant negative RGS4 (RGS4[N88S]), or vector alone were treated
with PAR1-AP (1 pM) or PAR2-AP (1 pM) for 60 s. Total [*H]inositol phosphates were
separated by ion-exchange chromatography. PI hydrolysis stimulated by PAR1-AP and
PAR2-AP was inhibited in cells overexpressing wild type RGS4 and augmented in cells
overexpressing RGS4(N88S). Results are expressed as total [3H]inositol phosphate
formation in cpm/mg protein. Values are means + S.E. of four experiments. **
Significant inhibition from control response (P<0.01); ## significant increase from

control response (P<0.01).
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Figure 11.  Inhibition of forskolin-stimulated cAMP formation by PAR1-AP and
PAR2-AP. Cyclic AMP formation was measured in freshly dispersed muscle cells in the
presence of 100 pM isobutylmethylxanthine. Muscle cells were treated with forskolin
(FSK, 10 puM) in the presence or absence of PAR1-AP (1 uM) or PAR2-AP (1 uM) for
60 s and cAMP was measured by radioimmunoassay. In some experiments cells were
treated with pertussis toxin (200 ng/ml) for 60 min, and then treated with forskolin (10
puM) and PAR1-AP (1 puM) or PAR2-AP (1 uM) for 60 s. Results are expressed as pmol
cAMP/mg protein. Values are means + S.E. of 4 experiments. ** Significant inhibition

of forskolin-stimulated cAMP.



cAMP pmol/mg

protein

N
o

-
14

*%

Basal

80

+ +
FSK PAR1 PAR2

l-al + +

Basal FSK PAR1 PAR2
_ J
Y

PTx (200 ng/ml)




81
its downstream effector Rho kinase (52, 123, 171, 172). Activation of RhoA by G-

coupled PAR1 and Gjs-coupled PAR2 was examined as an increase in Rho kinase
activity in response to PARI-AP and PAR2-AP, respectively. In freshly dispersed
smooth muscle cells both PAR1-AP and PAR2-AP stimulated Rho kinase activity by
155£19% and 2161+24% above basal levels, respectively (basal levels: 36611587 cpm/mg
protein) (Fig. 12). Treatment of dispersed muscle cells with the selective inhibitor of Rho
kinase (Y27632, 1 pM) abolished Rho kinase activity in response to PAR1-AP and
PAR2-AP (Fig. 12).

Similarly, both PAR1-AP and PAR2-AP stimulated Rho kinase activity in
cultured smooth muscle cells. PAR1-AP and PAR2-AP induced Rho kinase activity in
cultured smooth muscle cells (146+7% and 218+16% increase, respectively) was not
significantly different from PI hydrolysis in freshly dispersed smooth muscle cells.
Overexpression of dominant negative RhoA (RhoA[T19N]) in cultured muscle cells
significantly inhibited Rho kinase activity in response to PAR1-AP and PAR2-AP (Fig.
13). The results suggest that activation of Rho kinase is downstream of RhoA.

Evidence for the involvement of Gj; and G,3 in PAR1 and PAR2 mediated Rho
kinase activity was obtained by expression of Ga minigenes in cultured smooth muscle
cells. Minigene plasmid constructs that encode the COOH-terminal peptide sequence of
| Gay; and Gay3 were expressed to selectively block Gj2 and G3 activation, respectively.
Expression of the Goj; minigene abolished Rho kinase activation (94+3% inhibition;
P<0.01) in response to PAR1-AP, whereas expression of the Got;3 minigene had no effect

on Rho kinase activity in response to PAR1-AP (Fig. 14). In contrast, the expression of
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Figure 12.  Inhibition of PAR1-AP- and PAR2-AP-stimulated Rho kinase activity
by the selective Rho kinase inhibitor Y27632. Freshly dispersed muscle cells were
incubated with PAR1-AP (1 pM) or PAR2-AP (1 puM) for 10 min in the presence or
absence of selective Rho kinase inhibitor Y27632 (1 puM). Rho kinase activity was
measured using [*’PJATP by immunokinase assay. Rho kinase activity stimulated by
PARI1-AP and PAR2-AP was blocked by Y27632. Results are expressed as cpm/mg
protein. Values are means *+ S.E. of four experiments. ** Significant inhibition from

control response (P<0.01).
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Figure 13.  Inhibition of PAR1-AP- and PAR2-AP-stimulated Rho kinase activity
in muscle cell expressing dominant negative RhoA. Cultured smooth muscle cells
expressing dominant negative RhoA (RhoA[T19N]) or vector alone were incubated with
PARI-AP (1 uM) or PAR2-AP (1 pM) for 10 min. Rho kinase activity was measured
using [*P]ATP by immunokinase assay. Rho kinase activity stimulated by PAR1-AP
and PAR2-AP was blocked in cells expressing RhoA(T19N). In muscle cells transfected
with vector only, basal and PAR-stimulated Rho kinase activities were similar to those in
freshly dispersed muscle cells. Results are expressed as cpm/mg protein. Values are
means + S.E. of four experiments. ** Significant inhibition from control response

(P<0.01).
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Figure 14.  Inhibition of PAR1-AP- and PAR2-AP-stimulated Rho kinase activity
by Goa;; minigene or Go;; minigene, respectively. Cultured gastric muscle cells
expressing Gaj; or Goj3 minigene, or control vector were treated with PAR1-AP (1 pM)
or PAR2-AP (1 pM) for 10 min. Rho kinase activity was measured using [>*P]JATP by
immunokinase assay. Rho kinase activity stimulated by PAR1-AP was selectively
blocked in cells expressing Gouj; minigene, whereas Rho kinase activity stimulated by
PAR2-AP was selectively blocked in cells expressing Go;; minigene. Results are

expressed as cpm/mg protein. Values are means + S.E. of four experiments. **

Significant inhibition from control response (P<0.01).
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the Go3 minigene abolished Rho kinase activation (96+3% inhibition; P<0.01) in

response to PAR2-AP, whereas expression of the Ga;; minigene had no effect on Rho
kinase activity in response to PAR2-AP (Fig. 14). These results provide the evidenc¢ that
PAR1 stimulates Rho kinase activity via Gj, whereas PAR2 stimulates Rho kinase
activity via Gj3. The results are also consistent with the selective activation of Gj, by
PAR1-AP and G;3 by PAR2-AP.

10.3.5 Contraction induced by PAR1 and PAR?2 in smooth muscle

The ability of PAR1 and PAR2 to iftduce smooth muscle contraction was
e);amined in dispersed muscle cells. Contraction was measured by scanning micrometry
and expressed as percent decrease in muscle cell length compared to control cell length
(mean control cell length: 105 + 3 pum). Consistent with their ability to stimulate PLC-B1
and Rho kinase activity, PAR1-AP and PAR2-AP caused contraction of dispersed gastric
smooth muscle cells. As with other agonists that activated PLC-B1 and Rho kinase (e.g.,
acetylcholine, motilin, S1P), PARI-AP and PAR2-AP induced contraction was
characterized by an initial transient phase followed by a sustained phase (Fig. 15).
Contraction induced by PAR1-AP and PAR2-AP was concentration-dependent with an
ECso of 1 nM (Fig. 16). Maximal contraction induced by PAR1-AP (30+2% decrease in
cell length) and PAR2-AP (32+3% decrease in cell length) was similar to that elicited by
other contractile agonists, such as ACh (31+£5%), S1P (2913%), cholecystokinin (32+2%)
or 5-hydroxytryptamine ( 29+4% ).

MLCy phosphorylation by PARI-AP and PAR2-AP which measured using

phospho-specific substrate (MLCy Ser'?), was rapid (within 30 s) and sustained (10 min)
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Figure 15. Time course of PAR1-AP- and PAR2-AP-induced contraction in
dispersed gastric smooth muscle cells. PAR1-AP (1 puM) or PAR2-AP (1 puM) was
added to freshly isolated muscle cells for different periods of time ranging from 30 s to
10 min. Contraction attained a peak within 30 s, and sustained for 10 min. Muscle
contraction was measured by scanning micrometry, and the results are expressed as
percent decrease in cell length from control cell length (105 + 3 pm). Values are means +

S.E. of six experiments.
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Figure 16.  Concentration-response curves for the contractile effect of PAR1-AP
and PAR2-AP in dispersed gastric smooth muscle cells. PAR1-AP or PAR2-AP was
added to freshly isolated muscle cells at a concentration ranging from 10 pM to 1 pM,
and peak contraction was measured at 30 s. Contraction was measured by scanning
micrometry, and the results are expressed as percent decrease in cell length from control

cell length (105 £ 3 pum). Values are means + S.E. of six experiments.
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closely paralleling the biphasic nature of contraction (Fig. 17).

10.3.6 Pathways mediating initial contraction induced by PAR1 and PAR2
Previous studies have shown that agonist-induced initial contraction is Ca’*-
dependent and reflects the sequential activation of PLC-f, IP; formation, IP;-dependent
Ca*" release, Ca’*/calmodulin-dependent activation of MLC kinase and phosphorylation
of Ser' on MLCy,, leading to interaction of actin and myosin and muscle contraction (52,
104, 120, 172). Consistent with this pathway, the initial (30 s) contraction by PAR1-AP
and PAR2-AP was abolished by the PLC-f inhibitor U73122 (10 pM) and the MLC
kinase inhibitor ML-9 (10 uM) (Figs. 18 and 19). Pretreatment of muscle cells with PTx
(200 ng/ml) for 1 h partly inhibited contraction induced by PAR2-AP, but had no effect
on contraction induced by PARI1-AP (Figs. 18 and 19). The partial inhibition of
contraction by PTx implied participation of both G4 and Gj; in the stimulation of PI
hydrolysis. These results are consistent with PAR2-induced activation of PLC-f by both
Gq and G; proteins and selective inhibition of PI hydrolysis by PTx. Initial contraction
induced by PAR1-AP and PAR2-AP was not affected by the PKC inhibitor
bisindolylmaleimide (1 pM) or the Rho kinase inhibitor Y27632 (1 uM) (Figs 18 and
19).
10.3.7 Pathways mediating sustained contraction induced by PAR1 and
PAR2
Unlike initial contraction, agonist-stimulated contraction and MLCy
phosphorylation are Ca’*-independent but are dependent on inhibition of MLC

phosphatase. Inhibition of MLC phosphatase is mediated by RhoA-dependent cascades
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Figure 17.  Phosphorylation of MYPT1, CPI-17, and MLCy by PAR1-AP and
PAR2-AP in dispersed muscle cells. Freshly dispersed muscle cells were treated with
PARI1-AP (1 uM) or PAR2-AP for 30 s and 10 min. MLC, phosphorylation was
measured using phospho-specific-Ser'® MLCyq antibody. MYPT1 phosphorylation was
measured using phvospho-speciﬁc-Thr696 MYPTI antibody. CPI-17 phosphorylation was
measured using phospho-specific-Thr’ 8 antibody. Equal amounts of total protein (50 pg)

were loaded and confirmed by Western blotting using [3-actin antibody.
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Figure 18.  Blockade .of PAR1-AP-induced initial contraction by inhibitors of
phospholipase C and MLC kinase. Freshly dispersed muscle cells were treated
separately with the PLC inhibitor U73122 (10 pM), MLC kinase inhibitor ML-9 (10
puM), PKC inhibitor binindolylmaleimide (1 uM), Rho kinase inhibitor Y27632 (1 pM) |
for 10 min, or pertussis toxin (200 ng/ml) for 60 min, and then treated with PAR1-AP (1
pM) for 30 s. Muscle contraction was measured by scanning micrometry, and the results
are expressed as percent decrease in cell length from control cell length (105 + 3 um).
Values are means + S.E. of six experiments. ** Significant inhibition from control

response (P<0.01).



97

+
PTx

%
+
Y27632

N
B-:s

kK
+
U73122 ML-9

L
)
en

(—1 wn (—} wn (=] un (—]
en (g\] (g\] - o
(%)
uondesyuo)) [enruy
paonpur-1yvd

Control



98

Figure 19. Blockade of PAR2-AP-induced initial contraction by inhibitors of
phospholipase C, MLC kinase, and pertussis toxin. Freshly dispersed muscle cells
were treated separately with the PLC inhibitor U73122 (10 uM), MLC kinase inhibitor
ML-9 (10 uM), PKC inhibitor bisindolylmaleimide (1 uM), Rho kinase inhibitor Y27632
(1 pM) for 10 min, or pertussis toxin (200 ng/ml) for 60 min, and then treated with
PAR2-AP (1 pM) for 30 s. Muscle contraction was measured by scanning micrometry,
and the results are expressed as percent decrease in cell length from control cell length
(105 £ 3 pm). Values are means + S.E. of six experiments. ** Significant inhibition

from control response (P<0.01); * Significant inhibition from control response (P<0.05).
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involving phosphorylation of MYPT1 (at Thr®®), the regulatory subunit of MLC

phosphatase, by Rho kinase and CPI-17 (at Thr’®), an endogenous inhibitor of MLC
phosphatase, by PKC Activation of RhoA results in the stimulation of phospholipase D
(PLD), which yields phosphatidic acid as its primary product. Dephosphorylation of
phosphatidic acid to diacylglycerol results in sustained activation of PKC. The
involvement of Rho kinase and PKC are receptor specific. Both Rho kinase (MYPT1)
and PKC (CPI-17) participate in the responses to muscarinic m3, S1P,, and motilin
receptors. Only Rho kinase participates in the response to endothelin ETA receptors,
whereas only PKC participates in response to lysophosphatidic acid LPA3 receptors.

The sustained (10 min) contraction by PAR1-AP was preferentially blocked by
the PKC inhibitor bisindolylmaleimide (1 puM), whereas sustained contraction by the
PAR2-AP was preferentially blocked by the Rho kinase inhibitor Y27632 (1 uM) (Figs.
20 and 21). Sustained contraction by both agonists was not affected by the PLC inhibitor
U73122 and the MLC kinase inhibitor ML-9, suggesting that contraction was Ca’*-
independent (Figs. 20 and 21).

The results with the inhibitors are corroborated by measurements of MYPT1 and
CPI-17 phosphorylation in response to PAR1-AP and PAR2-AP. MYPTI1
phosphorylation by Rho kinase and CPI-17 phosphorylation by PKC was measured using
antibody phospho-specific substrates MTPT1-Thr®® and CPI-17-Thr’® respectively.
Although both PAR1-AP and PAR2-AP induced sustained MLC;¢ phosphorylation, only
PAR1-AP induced CPI-17 phosphorylation whereas PAR2-AP induced MYPTI1

phosphorylation (Fig. 17). The pattern implied that Rho kinase (MYPT1) did not
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Figure 20.  Blockade of PAR1-AP-induced sustained contraction by the inhibitor
of PKC. Freshly dispersed muscle cells were treated separately with U73122 (10. pM),
ML-9 (10 pM), bisindolylmaleimide (1 pM), or Y27632 (1 puM) for 10 min, or pertussis
toxin (200 ng/ml) for 60 min, and then treated with PAR1-AP (1 uM) for 10 min.
Sustained contraction was greatly inhibited by the PKC inhibitor bisindolylmaleimide.
Muscle contraction was measured by scanning micrometry, and the results are expressed
as percent decrease in cell length from control cell length (105 £ 3 um). Values are
means * S.E. of six experiments. ** Significant inhibition from control response

(P<0.01); * Significant inhibition from control response (P<0.05).
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Figure21.  Blockade of PAR2-AP-induced sustained contraction by the inhibitor
of Rho kinase. Freshly dispersed muscle cells were treated separately with U73122 (10
uM), ML-9 (10 uM), bisindolylmaleimide (1 puM), or Y27632 (1 uM) fro 10 min, or
pertussis toxin (200 ng/ml) for 60 min, and then treated with PAR2-AP (1 uM) for 10
min. Sustained contraction was selectively blocked by the Rho kinase inhibitor Y27632.
Muscle contraction was measured by scanning micrometry, and the results are expressed
as percent decrease in cell length from control cell length (105 £ 3 pm). Values are
means + S.E. of 5-6 experiments. ** Significant inhibition from control response

(P<0.01).
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participate in the inhibition of MLC phosphai:ase leading to the phosphorylation of

MLC,y with PARI1 activation and PKC (CIP-17) did not participate with PAR2

activation.

10.3.8 Activation of nuclear factor NF-kB pathway by PAR1 and PAR2

NF-xB is activated by a variety of stimuli, cytokines (e.g., IL-1B) and G protein-
coupled receptor agonists (e.g. lipopolysacchride). In the basal state, NF-xB is in the
cytoplasm and its activity is masked by binding to NF-«xB inhibitor IkBa. The canonical
pathway for activation of NF-xB involves phosphorylation of IxBo. by IxkBo kinase
(IKK?2), degradation of IxkBa via the proteasomal pathway, and translocation of NF-xB
dimer to the nucleus. We have examined whether PAR1 and PAR2 are coupled to the
activation of NF-kB in smooth muscle cells. Activation of IKK2 was measured by
phosphorylation of IKK2 using phospho-specific substrate (Ser'’%'%%). IxBo degradation
was measured by Western blot and NF-kB activation was measured by phosphorylation
of the p65 subunit using an antibody to phospho-specific substrate (Ser>®).

Both PARI1-AP (1 puM) and PAR2-AP (1 puM) induced activation of IKK2,
degradation of IkBa, and activation of NF-xB in cultured muscle cells. The effect of
PARI1-AP and PAR2-AP was abolished by treatment of cells with the RhoA inhibitor (C3

exoenzyme (2 pg/ml)) suggesting that activation of NF-kB was downstream of RhoA

(Figs. 22 and 23).
10.3.9 Feedback inhibition of RhoA by Gj,-coupled PAR1

Rho kinase activity stimulated by PAR1-AP was augmented (106+7% increase)
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Figure 22.  Sequential activation of RhoA and NF-kB pathways by PAR1-AP.

Gastric muscle cells were incubated for 2 h with the RhoA inhibitor Clostridium
botulinum C3 exoenzyme (2 pg/ml) and then treated with PAR1-AP for 10 min. Cells
were homogenized in lysis buffer and proteins were separated on SDS-PAGE.
Phosphorylation (i.e., activation) of IKK2 was measured by Western blot using phospho-

177/181

specific (Ser ) antibody and phosphorylation of p65 subunit (activation of NF-kB)

536) antibody. Degradation of IxBo was

was measured using phospho-specific (Ser
measured using antibody to IkBa. Western blot of the B-actin protein is shown for
control loading. PAR1-AP induced phosphorylation of IKK2 and NF-kB (p-p65), and

degradation of IxBa in smooth muscle cells. The effect of PAR1-AP was reversed upon

blockade of RhoA activity by C3 exoenzyme (C3 Exo), implying that NF-kB is activated

downstream of RhoA.
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Figure 23.  Sequential activation of RhoA and NF-kB pathways by PAR2-AP and
PKA-mediated phosphorylation of RhoA. Gastric muscle cells were incubated with
myristolylated PKI for 10 min or with the RhoA inhibitor Clostridium botulinum C3
exoenzyme (2 pg/ml) for 2 h, and then treated with PAR2-AP for 10 min. Cells were
homogenized in lysis buffer and proteins were separated on SDS-PAGE.
Phosphorylation (i.e., activation) of IKK2 was measured by Western blot phospho-

177/181

specific (Ser ) antibody and phosphorylation of p65 subunit (activation of NF-xB)

536

was measured using phospho-specific (Ser’”™”) antibody. Degradation of IkBa was

measured using antibody to IkBa. Western blot of the B-actin protein is shown for a
control loading. PAR2-AP induced phosphorylation of IKK2 and NF-kB (p-p65), and
degradation of IxBa in smooth muscle cells. The effect of PAR2-AP was reversed upon

blockade of RhoA activity by C3 exoenzyme (C3 Exo), implying that NF-kB is activated

downstream of RhoA.
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by the PKC inhibitor, bisindolylmaleimide, implying that PKC inhibited RhoA activity

stimulated by PAR1 (Fig. 24). The inhibitors of IKK2 (IKK IV), NF-xB (MG-132) or
PKA (myristolylated PKI) had no significant effect on PAR1-AP-stimulated Rho kinase
activity in the absence of bisindolylmaleimide. In the presence of bisindolylmaleimide,
however, IKK IV, MG-132 or myristolylated PKI further augmented PARI1-AP
stimulated Rho kinase activity (Fig. 25). The results imply that feedback inhibition of
Rho kinase is mediated by both PKC and PKA. The results also imply that PKA was
derived from activation of the canonical NF-xkB pathway. The lack of effect of IKK IV,

MG-132 or myristoylated PKI in the absence of bisindolylmaleimide suggests that the

target of PKA could be distal to the target of PKC.

In vitro studies in cell lines have shown that PKC phosphorylates and thus inhibits
Gou. Studies in smooth muscle have shown that PKA phosphorylates RhoA at Ser!®
and thus inhibits RhoA activity. Based on these findings, we hypothesized that the effect
of PKC could be exerted at the level of Ga,; and the effect of PKA could be exerted at
the level of RhoA. This notion was examined by measurements of Ga;, phosphorylation
and Rho kinase activity in cells expressing PKA phosphorylation-site deficient RhoA
(S188A) blocking phosphorylation of RhoA by PKA and in cells expressing dominant
negative mutants of IKK?2 and IxkBa to block activation of PKA.

Treatment of cells with PAR1-AP caused Ga, phosphorylation, measured in
cells metabolically labeled with **P, and the effect of PARI-AP was blocked by
bisindolylmaleimide (Fig. 26). The results imply that Gouj; was phosphorylated by PAR1

in a feedback mechanism via PKC. Treatment of cells with PAR1-AP also caused RhoA
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Figure24.  Feedback inhibition of PAR1-AP-stimulated Rho kinase activity by
PKC. Freshly dispersed gastric smooth muscle cells were treated with PAR1-AP (1 uM)
for 10 min in the presence or absence of inhibitor for PKC (bisindolylmaleimide, 1 uM).
Rho kinase activity was measured using [*>PJATP by immunokinase assay. Rho kinase
activity stimulated by PAR1-AP was augmented by bisindolylmaleimide. Results are
expressed as cpm/mg protein. Values are means + S.E. of four experiments. **

Significant increase from control response (P<0.01).
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Figure 25.  Feedback inhibition of PAR1-AP-stimulated Rho kinase activity by
PKA derived from NF-xB pathway and by PKC. Freshly dispersed gastric smooth
muscle cells were treated with PAR1-AP (1 pM) plus bisindolylmaleimide in the
presence or absence of IKK IV (10 pM), MG-132 (10 pM) or myristoylated PKI (1 pM).
Rho kinase activity was measured using [**P]ATP by immunokinase assay. Rho kinase
activity stimulated by PAR1-AP in the presence of bisindolylmaleimide was augmented
by IKK2, NF-kB and PKA. The results imply that the feedback inhibition of Rho kinase
activity is mediated by PKA derived from activation of NF-kB pathway, and by PKC, a
downstream effector of RhoA. Results are expressed as cpm/mg protein. Values are
means + S.E. of four experiments. ** Significant increase from control response and

from response in the presence of bisindolylmaleimide (P<0.01).
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Figure 26. PKC-mediated phosphorylation of Ga;; and PKA-mediated
phosphorylation of RhoA by PAR1-AP in freshly dispersed muscle cells. Gastric
smooth muscle cells labeled with 3P were incubated with PAR1-AP (1 pM) for 10 min
in the presence or absence of bisindolylmaleimide (1 pM) or the cell permeable PKA
inhibitor myristoylated PKI (1 pM). Cells were homogenized in lysis buffer and
immunoprecipiatates derived using antibody to Ga;; or RhoA were separated on SDS-
PAGE. [**P]Ga or [*’P]JRhoA was identified by autoradiography. Western blot of the
B-actin protein is shown for control loading. Phosphorylation of Ga;, induced by PAR1-

AP was selectively inhibited by bisindolylmaleimide, whereas phosphorylation of RhoA

was selectively inhibited by the myristoylated PKI.
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phosphorylation, measured in cells metabolically labeled with *?P, and the effect of

PARI1-AP was blocked by PKA inhibitor (Fig. 26). The results imply that RhoA was
phosphorylated by PARI in a feedback mechanism via PKA.

Rho kinase activity stimulated by PAR1-AP was increased by the PKC inhibitor
suggesting feedback inhibition of Rho kinase by PKC, probably via phosphorylation of
Goyp. The effect of bisindolylmaleimide was further augmented in cells expressing
RhoA(S188A), IKK2(K44A), and IxkBa(S32A/S36A) ( Fig. 27). In the absence of
bisindolylmaleimide, however, expression of RhoA(S188A), IKK2(K44A) and
IxkBa(S32A/S36A) had no significant effect on PAR1-AP-induced Rho kinase activity
(data not shown). The results imply the existence of distinct pathways for feedback
inhibition of RhoA mediated by the downstream effectors, PKC and PKA. The latter is
released upon degradation of IxkBa.

10.3.10 Feedback inhibition of RhoA by G;3-coupled PAR2

In contrast to its effect on Rho kinase activity stimulated by PAR1-AP,
bisindolylmaleimide had no effect on Rho kinase activity stimulated by PAR2-AP.
PAR2-AP-induced Rho kinase activity, however, was significantly augmented by IKK
IV, MG-132 or myristoylated PKI (102+7%, 109+9% 103+6% respectively) (Fig. 28).
The combination of bisindolylmaleimide with IKK IV, MG-132 or myristoylated PKI
had no affect on augmentation (data not shown). The results imply that feedback
inhibition of PAR2-induced Rho kinase is mediated by PKA and not by PKC. The
results also imply that PKA derived from the activation of the canonical NF-xkB pathway

inhibits RhoA.
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Figure 27.  Feedback inhibition of PAR1-AP-stimulated Rho kinase activity by
PKA via phosphorylation of RhoA at Ser'®®, Cultured smooth muscle cells expressing
dominant negative mutants of IKK2 (K44A) or IxkBa (S32A/S36A) or the PKA
phosphorylation site-deficient RhoA(S188A) were treated with PAR1-AP (1 uM) and
bisindolylmaleimide (1 pM). Rho kinase activity was measured using [**P]JATP by
immunokinase assay. Rho kinase activity stimulated by PAR1-AP in the presence of
bisindolylmaleimide was augmented in cells expressing IKK2 (K44A), IkBa
(S32A/S36A) or RhoA(S188A). The results imply that the feedback inhibition of Rho
kinase activity is mediated by PKA, derived from the activation of the NF-xB pathway,

via phosphorylation of RhoA at Ser'®

, and also by PKC, possibly via phosphorylation of
Gayz. Results are expressed as cpm/mg protein. Values are means + S.E. of four

experiments. ** Significant increase from control response (P<0.01).



119

PAR1-AP

Basal

+ PKC inhibitor

]

AT a.
W22

BT EEEEEE

(wdd>) A)1apoy aseursy oqy

IKK2 IxBa RhoA
DN

PKC

Control

(S188A)

mutant

inhibitor



120

Figure 28.  Feedback inhibition of PAR2-AP-stimulated Rho kinase activity by
PKA derived from NF-xB pathway and by PKC. Freshly dispersed gastric smooth
muscle cells were treated with PAR2-AP (1 uM) in the presence or absence of IKK IV
(10 pM), MG-132 (10 pM), myristoylated PKI (1 pM) or bisindolylmaleimide (1 uM).
Rho kinase activity was measured using [>’PJATP by immunokinase assay. Rho kinase
activity stimulated by PAR2-AP was augmented by inhibitors of IKK2, NF-kB and PKA,
but not by the inhibitor of PKC. The results imply that the feedback inhibition of Rho
kinase activity is mediated by PKA derived from activation of the NF-xkB pathway.
Results are expressed as cpm/mg protein. Values are means + S.E. of four experiments.

** Significant increase from control response (P<0.01).
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This notion was examined by measuring Rho kinase activity in cells expressing

PKA phosphorylation-site deficient RhoA (S188A) blocking phosphorylation of RhoA
by PKA and in cells expressing dominant negative mutants of IKK2 and IxBa to block
activation of PKA.

Rho kinase activity stimulated by PAR2-AP was augmented in cells expressing
RhoA(S188A), IKK2(K44A),and IxkBa(S32A/S36A) (Fig. 29). The results imply that
PAR2-induced Rho kinase activity was inhibited in a feedback mechanism via
phosphorylation of RhoA at Ser'®® by PKA and the PKA was derived from the activation
of the NF-kB pathway. In support to this, treatment of cells with PAR2-AP also induced
RhoA phosphorylation, measured in cells metabolically labeled with **P. The effect of
PAR2-AP was blocked by PKA inhibitor (Fig. 30). The results imply that RhoA was
phosphorylated by PAR2 in a feedback mechanism via PKA derived from NF-xB
activation.

In addition, consistent with the lack of involvement of PKC in the feedback
inhibition of PAR2-induced Rho kinase activity, there was no detectable phosphorylation
of Goyz. This is in contrast to Goiz phosphorylation and PKC-mediated inhibition of
Rho kinase activity by Gaj,-coupled PAR1.

In summary,

1. PARI1 and PAR2, but not PAR3 and PAR4 are expressed in gastric smooth
muscle cells.

2. PARI and PAR?2 are differentially coupled G proteins: PARI1 is coupled to

Gis, Gq and Gy, whereas PAR?2 is coupled to Gii, Giz, Gq and Gy3.
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Figure 29. Feedback inhibition of PAR2-AP-stimulated Rho kinase activity by
PKA via phosphorylation of RhoA at Ser'®. Cultured smooth muscle cells expressing
dominant negative mutants of IKK2 (K44A) or IkBoa (S32A/S36A) or the PKA
phosphorylation site-deficient RhoA (S188A) were treated with PAR2-AP (1 uM). Rho
kinase activity was measured using [**P]ATP by immunokinase assay. Rho kinase
activity stimulated by PAR2-AP was augmented in cells expressing IKK2 (K44A), IxkBa
(S32A/S36A) or RhoA(S188A). The results imply that the feedback inhibition of Rho
kinase activity is mediated by PKA, derived from the activation of the NF-kB pathway,
via phosphorylation of RhoA at Ser'%8. Results are expressed as cpm/mg protein. Values

are means + S.E. of four experiments. ** Significant increase from control response

(P<0.01).
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Figure 30. PKA-mediated phosphorylation of RhoA by PAR2-AP. Gastric muscle
cells were incubated with myristolylated PKI for 10 min or with the RhoA inhibitor
Clostridium botulinum C3 exoenzyme (2 pg/ml) for 2 h, and then treated with PAR2-AP
for 10 min. RhoA phosphorylation was measured in cells labeled with **P. Cells were
homogenized in lysis buffer and proteins were separated on SDS-PAGE. Western blot of
the B-actin protein is shown for a control loading. PAR2-AP induced phosphorylation of
RhoA was blocked by C3 exoenzyme and PKI, implying activation of PKA was

downstream of RhoA, probably via activation of NF-kB pathway.
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3. PARI stimulates PI hydrolysis via the PTx-insensitive G4, whereas PAR2 is

stimulated via PTx-insensitive G4 and PTx-sensitive G;; and Gj,.

4. Gg-coupled stimulation of PI hydrolysis by PAR1 and PAR2 was regulated by
RGS4

5. PARI and PAR?2 are coupled to RhoA via distinct G proteins: PAR1 via G,
and PAR2 via Gys.

6. PARI and PAR2 are coupled to the inhibition of adenylyl cyclase consistent
with the activation of G; proteins.

7. PAR1 and PAR2 mediate muscle contraction, which is biphasic.

8. Initial (30 s) contraction by PAR1 and PAR2 was mediated by sequential
activation of PI hydrolysis, IP3-dependent Ca* release, activation of Ca®*/calmodulin-
dependent MLC kinase and phosphorylation of MLCy

9. Sustained contraction by PAR1 and PAR2 was mediated by inhibition of MLC
phosphatase and sustained MLC,( phosphorylation via distinct mechanisms: inhibition of
MLC phosphatase by PAR1 was mediated via PKC-dependent phosphorylation of CPI-
17, whereas by PAR2 was mediated via Rho kinase-dependent phosphorylation of
MYPTI.

10. Activation of Rho kinase by PAR1 was regulated by a feedback inhibitory
mechanism involving PKC-mediated phosphorylation of Goj; and PKA-mediated
phosphorylation of RhoA at Ser %,

11. Activation of Rho kinase by PAR2 was regulated by a feedback inhibitory

mechanism involving PKA-mediated phosphorylation of RhoA at Ser '%%.
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12. Although both PAR1 and PAR2 are coupled to inhibition of adenylyl cyclase

activity and cAMP formation, both activate cAMP-independent PKA. PAR1 and PAR2
activate the canonical NF-kB pathway by the activation of the IKK2/IxBa pathway

resulting in the release of PKA catalytic subunits and activation of cAMP-independent

PKA.



Discussion

The present study characterized the signaling pathways mediated by PAR1 and
PAR2 in gastric smooth muscle cells using biochemical, molecular and functional
methods. The results demonstrate the co-expression of PAR1 and PAR2 in gastric
smooth muscle cells and their ability to induce Ca®*-dependent and Ca**-independent
smooth muscle contraction and MLC; phosphorylation. The initial contraction by PAR1
reflected activation of PLC-B via PTx-insensitive G protein, Gq, whereas contraction by
PAR?2 reflected activation of PLC-B via PTx-sensitive, Gi; and Gj,, and PTx-insensitive
Gq. The sustained contraction by PAR1 reflected activation of monomeric G protein
RhoA via G); and inhibition of MLC phosphatase via PKC-mediated phosphorylation of
endogenous MLC phosphatase inhibitor, CPI-17 at Thr’®. In contrast, the sustained
contraction by PAR2 reflected activation of RhoA via G;3 and inhibition of MLC
phosphatase via Rho kinase-mediated phosphorylation of the MLC phosphatase
regulatory subunit MYPT]1 at Thr*.

Activation of RhoA by PARI1 and PAR?2 also results in the stimulation of the
canonical NF-xB pathway and activation of cAMP-independent PKA, which, in turn,

188

phosphorylates RhoA at Ser ™ and causes feedback inhibition of RhoA activity. In

addition, PAR1-induced RhoA activity was regulated by feedback inhibition involving

129
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phosphorylation of Ga,, via PKC.

11.1  Co-expression of PAR1 and PAR?2 in Gastric Smooth Muscle

Co-expression of PAR1 and PAR2 was demonstrated in freshly dispersed rabbit
gastric muscle cells. Western blot analysis using a type-specific antibody detected PAR1
and PAR?2 in dispersed rabbit gastric smooth muscle cells. PAR3 and PAR4 could not be
detected by Western blot analysis, raising the possibility that the expression of these
proteins is either absent or not abundant in these cells.

The selective expression of PAR1 and PAR2 in smooth muscle cells of the gut is
consistent with their expression in other cells types of the gut. PAR1 and PAR?2 are co-
expressed in enteric neurons (41), myenteric glia (42), epithelial cell of intestine and
colon (30, 87), and endothelial cells and vascular smooth muscle cells of the gut (31, 64).
Expression of PAR1 mRNA in the gut is relatively high compared with other tissues,
both in mice and humans.

11.2  Distinctive Pattern of G protein-dependent Signaling by PAR1 and PAR2 in
Smooth Muscle

Studies in various cell lines suggest that PARs are coupled to both PTx-sensitive
and PTx—insensitive G proteins, but the specific G protein isoforms coupled to each
receptor type have not been characterized. The coupling of PARs to G proteins likely
depends on the cell type and the relative abundance of G protein subtypes. In this study
small synthetic peptides, TFLLRN and SLIGRL, corresponding to tethered ligand
sequences were used to selectively activate PAR1 and PAR?2 respectively and to identify

the signaling pathways activated by each receptor. We have demonstrated that in gastric
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smooth muscle cells, PAR1 and PAR2 are differentially coupled to G proteins. PARI is

coupled to Gi3, G and Gy, whereas PAR2 is coupled to Gij, Giz, Gq and Gi.
Receptor-specific coupling to G proteins is not unique to PARs. Previous studies
in smooth muscle cells have shown similar receptor-specific coupling to distinct G
proteins with endothelin ET (Gq and Gj3) receptors, ETg (G4 and Gi3) receptors (48),
muscarinic m3 (Gq and Gi3) receptors, muscarinic m2 (G;3 only) receptors (113, 121),
S1P; (Gj) receptors, S1P; (Gi, Gq and Gi3) receptors (172), NPY; (Giz) receptors, NPY,
(Gq and Gyip) receptors (99), adenosine Al (Gi3) receptors and adenosine A2b (Gs)

receptors (110, 119).
Interaction of PAR1 and PAR2 with G;, Gq and Gi13 suggests activation of PI

hydrolysis via G¢/G;i, inhibition of adenylyl cyclase via G; and activation of RhoA/Rho

kinase via Giy13.
11.3  Stimulation of PI Hydrolysis by PAR1 and PAR2

Receptors coupled to both G4 and G; proteins stimulate PI hydrolysis via distinct
PLC-B isoforms. Gq coupled receptors such as muscarinic m3, S1P,, endothelin ETx,
purinergic P2Y2, and NPY, are coupled to the stimulation of PI hydrolysis via Gog-
dependent PLC-B1 isozyme, whereas Gijs-coupled m2, P2Y2, and adenosine Al
receptors, Gjj-coupled somatostatin sst3 receptors, Gi-coupled opioid, p, k, & receptors,
and Gjj-coupled S1P; receptors are coupled to the stimulation of PI hydrolysis via GBy;-
dependent PLC-B3. Thus, P2Y2 and S1P; receptors are coupled to the stimulation of PI
ilydrolysis via Gag-dependent PLC-B1 isozyme and GPy;-dependent PLC-B3 isozyme.

Although all four PLC-p isozymes are expressed in the smooth muscle of the gut,
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neither PLC-B2 nor PLC-B4 is activated. PLC-B1 is activated via binding of its COOH-

terminal tail, a characteristic feature of PLC-B isozymes, to Gog, whereas PLC-B3 is
activated via binding to its NH-terminal pleckstrin homology (PH) domain to Gy;.
Phosphatidylinositol 4,5-bisphosphate (PIP;) is the predominant phosphoinositide
substrate hydrolyzed by both PLC-B1 and PLC-B3 isozyme, resulting in the generation of

diacylglycerol, an activator of PKC and inositol 1,4,5-trisphosphate, a diffusible Ca**-
mobilizing messenger.

The specific G proteins activated by PAR1 and PAR2 involved in the stimulation
of PI hydrolysis were examined using both pharmacological and molecular approaches.
Although PAR1 and PAR2 are coupled to both G; and Gq proteins, blockade of G;
activation with PTx inhibited PI hydrolysis by PAR2 and had no effect on PI hydrolysis
by PAR1. The results imply that PAR1 stimulates PI hydrolysis by activating PLC-B1
via Gog, whereas PAR2 stimulates PI hydrolysis by activating PLC-B1 and PLC-B3 via
Gog and GPy;, respectively. This notion was further confirmed using the minigene
approach. Previous studies have shown that the COOH-terminus of G protein o subunits
is critical in mediating receptor-G protein interaction and that peptides corresponding to
the COOH-terminus serve as competitive inhibitors of receptor-G protein interaction (78,
172). The minigene plasmid vectors were designed to express the COOH-terminal
peptide sequences of various Ga subunits after transfection into cells.

In gastric muscle cells transfection of minigene plasmid constructs that encode
oligonucleotide sequences corresponding to Ga; and Go,, completely blocked G; and Gq

activation. The results provide evidence that the minigene approach is a powerful tool
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for identifying G protein-specific biochemical or physiological function. PI hydrolysis

stimulated by PAR1 was inhibited by Go,g minigene only, whereas PI hydrolysis
stimulated by PAR2 was inhibited by both Goq and Go; minigene.

It is worth noting that coupling of PAR1 Gj; did not lead to activation of PLC-p.
The inability of Gijs-coupled PAR1 to stimulate PLC-B via GBy; in smooth muscle
contrasts with musacarinic m2 and adenosine A1l receptors in smooth muscle cells where
ACh or Al selective agonists (cyclopentyl adenosine) that activate Gj; leading to the
activation of PLC-B3 via GPy;. Instead PARI1 stimulation pattern is similar to the
stimulation pattern obtained with Gj-coupled S1P;, NPY), and cannabinoid CB; receptors
where activation of G; by S1P, NPY, selective agonist (Leu, Pro NPY), and CB; agonist
(anandamide) had no effect on PI hydrolysis.
11.4  Inhibition of Adenylyl Cyclase by PAR1 and PAR2

The cAMP response to G protein-coupled receptor activation depends on the
isozymes of adenylyl cyclase expressed in a given cell type. Gastric smooth muscle was
shown to selectively express adenylyl cyclase V/VI. Types V and VI are inhibited by
various isoforms of G; and by submicromolar concentrations of cytosolic Ca®* elicited by
capacitative Ca>* influx and not by Ca®* release from sarcoplasmic stores. In contrast,
adenylyl cyclase types II and IV are not susceptible to inhibition by G;j or Ca**.
Consistent with the expression of adenylyl cyclase V/VI and activation of G;, PAR1 and
PAR2 receptors are coupled to the inhibition of cAMP formation in gastric smooth
muscle cells. The physiological significance of cAMP formation in muscle cells should

be viewed as a functional antagonism of on-going muscle relaxation mediated by cAMP-
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dependent pathways to facilitate contraction via Gq and Gjyi3-dependent pathways.

Inhibition of adenylyl cyclase in smooth muscle by various isoforms of G; appears to be
receptor-specific. Inhibition by somatostatin (sst3) is mediated via G;,, inhibition by L, x,
and & is mediated via Gj;, and inhibition by Al is mediated via Gj3. Muscarinic m2
receptors are coupled to the inhibition of adenylyl cyclase formation via the o subunit of
Gi3, whereas m3 receptors are coupled to the activation of the enzyme via the By subunit
of Gq. The cAMP response to muscarinic agonists reflects the predominant inhibitory
influence of m2 receptors. Although PAR1 and PAR2 are coupled to the inhibition of
cAMP formation, activation of PAR1 and PAR2 results in the stimulation of cAMP-
independent protein kinase A (PKA) activity via RhoA-dependent mechanisms involving
the activation of canonical NF-kB pathways as discussed below.
11.5  Activation of RhoA-dependent Pathways by PAR1 and PAR2

Agonists that activate Gq also activate Gz or Gy3: all these G proteins are capable
of activating the monomeric G protein RhoA. The inactive form of RhoA (RhoA.GDP)
is present in the cytosol bound to a guanine dissociation inhibitor (GDI). Activation of
RhoA by Go,g, Goupz, or Goys is mediated by various Rho-specific guanine nucleotide
exchange factors (RhoGEFs) that promote the exchange of GDP for GTP. The RhoGEF
family of proteins includes pl15RhoGEF, PDZ-RhoGEF, and LARG (/eukemia-
associated RhoGEF). RhoGEF shares common motifs responsible for binding to
activated Go subunits and for the exchange of GDP for GTP on RhoA. Thus RhoGEFs
are thought to serve as effectors for activated Go subunits aﬁd as a molecular link

between heterotrimeric G proteins and monomeric G proteins. The involvement of
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different RhoGEFs in the activation of RhoA is receptor-specific. For example, in cell

lines PAR1-induced activation of RhoA is mediated by LARG, whereas LPA1-induced
activation of RhoA is mediated by PDZ-RhoGEF. RhoA and not other RhoA family G
proteins, such as Cdc42 and Racl, are inactivated via ADP ribosylation by Clostridium
botulinum C3 exoenzyme.

In the GTP-bound conformation, RhoA interacts with and stimulates the activity
of downstream effectors including Rho kinase and phospholipase D (PLD). Hydrolysis
of phosphatidylcholine by PLD yields phosphatidic acid, which is dephosphorylated to
DAG, leading to sustained activation of various PKC isozymes. PKC and Rho kinase act
to inhibit MLC phosphatase via distinct yet cooperative mechanisms. PKC
phosphorylates CPI-17, a 17-kDa endogenous inhibitor of MLC phosphatase, greatly
augmenting its ability to inhibit MLC phosphatase. Rho kinase phosphorylates MYPT1,
a 130-kDa myosin phosphatase targeting subunit that inhibits the MLC phosphatase
activity.

The Rho kinases, ROCK I and ROCK II, which are predominantly expressed in
smooth muscle, are serine/threonine kinases of ~160 kDa that are involved in many
cellular functions including smooth muscle contraction. Rho kinases possess a NH,-
terminal catalytic domain, a central coiled-coil domain that includes a RhoA binding
region, and a COOH-terminal pleckstrin homology (PH) domain. In the inactive form,
the PH and Rho-binding domains of Rho kinase bind to the catalytic NH,-terminal
region, forming an auto-inhibitory loop. The interaction of activated GTP-bound RhoA

with the Rho-binding domain causes the enzyme to unfold and release its catalytic
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activity.

The involvement of G proteins in the activation of Rho kinase in smooth muscle
of the gut is receptor-specific. Muscarinic m3 and CCK-A receptors activate RhoA via
Gou3 only, whereas S1P; and motilin receptors activate RhoA via both Ga,q and Gayjs.
Studies in cell lines have demonstrated that RhoA activation via G4 occurs with lower
potency than RhoA activation via Gi/Gj3. The involvement of G proteins with the
activation of Rho kinase by PAR1 and PAR?2 are receptor-specific. Consistent with the
activation of Gj; by PARI1, Rho kinase activity by PAR1 was blocked in cells expressing
Goa, minigene, and consistent with the activation of G;3 by PAR2, Rho kinase activity
stimulated by PAR2 was blocked in cells expressing Gojz minigene. It remains to be
determined whether Gjz-coupled PAR1 and Gjs-coupled PAR2 stimulate RhoA via
distinct RhoGEFs in smooth muscle cells.

11.6 PARI1 and PAR2 Mediated Contraction in Gastric Smooth Muscle

Signaling by the effector enzymes activated by PAR1 and PAR2 has been
implicated in a variety of biological processes, such as cell growth and differentiation,
cell survival, cell migration and contraction.

Considerable information has been accumulated on the biological effects of PAR
activation in the gastrointestinal system. The effects of PAR1 and PAR2 on gut motility
are diverse, which include relaxation, contraction, or biphasic response of relaxation
followed by contraction. Activation of PAR2 in the isolated rat colon smooth muscle
strips inhibited spontaneous contractile activity. The inhibitory effect is resistant to

tetrodotoxin and independent of nitric oxide and prostaglandin formation (102).
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Activation of PAR2 in guinea pig gastric longitudinal smooth muscle strips, however,

induced contraction that is partially dependent on prostaglandins and the activation of
tyrosine kinase (144). Activation of PAR1 in rat duodenal longitudinal smooth muscle
strips elicited dual responses consisting of relaxation followed by contraction, whereas
activation of PAR?2 elicited only a contraction response (68, 72). Thus, in muscle strips,
it is clear that there is wide variation in response to PAR activation depending on species
and the region of the gut examined.

A variety of mechanisms have been proposed to explain contraction and
relaxation in response to PAR activation in muscle strips. These include activation of L-
type Ca®" channels, PKC and tyrosine kinases to mediate contraction and activation of
apamin-sensitive K™ channels to mediate relaxation. The major problem with muscle
strips or whole segments of gut in the characterization of the cellular mechanism
responsible for muscle contraction or relaxation has been cellular heterogeneity. These
preparations retain all or some components of the enteric nervous system. The effect of
PAR agonists could include direct activation of PARs on the smooth muscle or PARs on
myenteric neurons leading to transmitter release. In the present study, we have used
dispersed muscle cells devoid of neural elements to examine the direct effect of PAR
agonists on the response of the muscle. This preparation also makes it possible to
characterize the distinct signaling pathways activated by PAR1 and PAR2.

In gastric smooth muscle both PAR1 and PAR?2 induce contraction and MLCy
phosphorylation. The response consisted of two phases, a transient Ca**-dependent phase

and a sustained Ca**-independent phase, mediated by distinct G proteins and signaling
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pathways. Similar biphasic response has been obtained with activation of G¢/Gi3-coupled

(m3, S1P,, ETa, motilin) and Gj-coupled (somatostatin sst3, opioid p, k, and 8, and
adenosine A1) receptors in gastric smooth muscle cells.

11.6.1 Signaling pathways mediating the initial muscle contraction by PAR1

and PAR2 in smooth muscle

The initial, transient phase of contraction mediated by PAR1 and PAR2 was
initiated by the stimulation of PLC-B activity, generation of IP3, IP;-dependent Ca®*
release, Ca”*/calmodulin-dependent activation of MLC kinase and phosphorylation of
MLCy at Ser', where MLCy phosphorylation is a prerequisite for initiating the
interaction of actin and myosin. Consistent with this model, blockade of IP; generation
by the PLC-B inhibitor, U73122 or MLC kinase activity by ML-9 inhibited initial
contraction by PAR1 and PAR2.

In smooth muscle of the gut, G protein-coupled receptor agonists initiate
contraction by increasing cytosolic Ca®* via IP3-dependent Ca?* release from
sarcoplasmic Ca®* stores. The sarcoplsmic Ca®* stores contain high-affinity IP; receptors
and release Ca®" in response to an increase in cytosolic IP; levels. Three types of IP;
receptors, IP3 R-1, IP3 R-II and IP; R-III, have been cloned. Although smooth muscle of
the gut expresses both IP; R-I and IP; R-II, only IP; R-I is involved in Ca**-release in
response to receptor activation. The transient increase in cytosolic Ca®* is rapidly
dissipated by the reuptake of Ca®* into sarcoplsmic Ca®* stores via Ca?*-ATPase and by
efflux from the cell. Coincidentally, MLC kinase activity decreases as the cytosolic Ca**

decreases and is also inactivated by Ca*-/calmodulin-dependent phosphorylation.



139
Previous studies have shown that agonist-stimulated increases in the cytosolic

Ca®* and contraction are abolished by inhibitors of PI hydrolysis (U73122 or neomycin)
(7, 91, 172) and upon depletion of Ca®" stores by thapsigargin in intact muscle cells as
well as by treatment of permeabilized muscle cells with Goq (Gg-coupled receptors) or
Gp antibody (Gj-coupled receptors), PLC-B1 or PLC-B3 antibodies, or IP; receptors
inhibitors (heparin) (84, 107, 109, 111, 112, 172).

In addition, initial contractions are also inhibited by the blockade of MLC kinase
either by calmodulin antagonist (calmidazolium) or kinase inhibitors (ML-9) (106).
Initial contractions induced by Gq-coupled receptors (m3, S1P,, ET4, motilin, 5-HT2, 5-
HTl1p) (48, 52, 85, 121, 172) and Gj-coupled receptors (somatostin sst3, opioid p, k, and
8, adenosine A1) (105, 110, 116) follow a similar Ca®*/calmodulin dependent pathway
except for the fact that the PLC-B isozymes and the G proteins subunits are distinct.
PLCB1 is activated by Go,, whereas PLC-B3 is activated by GPy;. It is important to note
that the blockade of PI hydrolysis or MLC kinase activity had no effect on agonist-
induced sustained contraction, implying that the sustained contraction is Ca**- and MLC
kinase-independent.

11.6.2 Signaling pathways mediating the sustained muscle contraction by

PAR1 and PAR2 in smooth muscle

Although the increase in cytosolic Ca** and MLC kinase activity is transient,
MLCy phosphorylation and contraction are maintained. This pattern led to a search for
alternative mechanisms responsible for sustained MLC,y phosphorylation and

contraction. The degree of MLCy, phosphorylation is determined by the balance of the
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phosphatase. Either activation of MLC kinase or inhibition of MLC phosphatase leads to
an increase in MLCy phosphorylation.

For several years it was thought that MLC phosphatase was an unregulated
enzyme, but recent studies suggest the contrary. These studies include: a) cloning and
identification of MLC phosphatase subunits consisting of a 130-kDa regulatory subunit
(MYPT1), a 36-kDa catalytic subunit and a 20-kDa subunit with an undefined function;
b) cloning and identification of CPI-17, a 17-kDa endogenous MLC phosphatase
inhibitor; and c) regulation of MLC phosphatase activity by Rho kinase and PKC.
Phosphorylation of MYPT1 at Thr® by Rho kinase fosters dissociation from the
catalytic subunit (PP1c8) and inhibits the activity of the MLC phosphatase subunit,
whereas phosphorylation of CPI-17 by PKC at Thr’® greatly augments (~ 1000-fold) the
ability of CPI-17 to cause inhibition of MLC phosphatase activity. CPI-17 is abundantly
expressed in both vascular and visceral smooth muscle.

Inhibition of MLC phosphate activity by G protein-coupled agonists is considered
to play a critical role in the maintenance of MLCyy phosphorylation and contraction after
a decline in the cytosolic Ca®* and MLC kinase activity. Sustained contraction induced
by agonists in intact smooth muscles or by experimentally fixed Ca®>* concentrations in
permeabilized cells involves a) G protein activation, b) regulated inhibition of MLC
phosphates, and ¢) probably, MLC, phosphorylation via a Ca2+-independent MLC kinase
(e.g., Zipper interacting protein kinase or integrin-linked kinase).

Receptors coupled to Gq are also coupled to G2 and/or Gi3, and they initiate the
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pathways that inhibit MLC phosphatase via RhoA. Activated RhoA is translocated to the

plasma membrane where it stimulates Rho kinase and PLD, leading to sustained
activation of PKC. Rho kinase and PKC, either singly or co-operatively, are involved in
the inhibition of MLC phosphatase. The requirement for inhibition of MLC phosphatase
by Rho kinase/MYPT1 and/or CPI-17/PKC is receptor-specific.

Both RhoA-dependent pathways participate in the response to muscarinic (m3),
motilin, and sphingosine-1-phosphate (S1P,) receptors. While only Rho kinase/MYPT1
participates in the response to endothelin (ET4) receptors, the phosphorylation of CPI-17
is suppressed via concurrent activation of ETg receptors. Activation of ETg receptors
initiates an inhibitory pathway involving p38 MAP kinase-dependent activation of
protein phosphatase 2A (PP2A) that causes dephosphorylation of CPI-17.

Previous studies (52, 106, 121, 124) have shown that sustained MLCy
phosphorylation and contraction by Ga,s-coupled receptors are blocked by the
expression of Goy; minigenes, by Clostridium Botulinum C3 exoenzyme, which
inactivates RhoA, by the expression of dominant negative RhoA (RhoA [T19N]), and by
the inhibitor of Rho kinase (Y27632) and PKC (bisindolylmaleimide), but not by the
inhibitors of PI hydrolysis, calmodulin or MLC kinase. Thus in smooth muscle cells of
the gut, initial and sustained phases of MLCyy phosphorylation and contraction can be
distinguished clearly.

In gastric smooth muscle both PAR1-AP and PAR2-AP induce sustained MLCy
phosphorylation and contraction, but the participation of MYPT1/Rho kinase and/or CPI-

17/PKC in the inhibition of MLC phosphatase and stimulation of MLCyy phosphorylation
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is receptor-specific. Sustained contraction by PAR] was mediated via a pathway

involving the sequential activation of Go;, RhoA and PKC, resulting in the
phosphorylation of CPI-17 and the inhibition of MLC phosphatase. Although Rho kinase
was activated, MYPT1 was not phosphorylated at the Rho kinase specific site Thr®*®, and
thus did not contribute to the inhibition of MLC phosphatase. In contrast, sustained
contraction by PAR2 was mediated via a pathway involving the sequential activation of
Gous, RhoA and Rho kinase, resulting in the phosphorylation of MYPT1 at Thr®® and
the inhibition of MLC phosphatase. Although RhoA, and presumably PLD and PKC,
were activated, CPI-17 was not phosphorylated and thus did not contribute to the
inhibition of MLC phosphatase. The pathways that lead to inhibition of MYPT1
phosphorylation by PAR1 and inhibition of CPI-17 phosphorylation by PAR2 were not
examined.

Models depicting the pathways involved in initial and sustained contraction by
PARI1 and PAR2 are shown in Figs. 31 and 32.
11.7  Feedback Inhibition of RhoA by Gj;-coupled PAR1 and Gi3-coupled PAR2

in Smooth Muscle

The present studies identified a novel pathway for feedback inhibition of PAR1-
and PAR2-stimulated RhoA. The pathway involves activation of the canonical NF-xB
pathway by PAR1 and PAR2 leading to the release of the catalytic subunit of PKA from
its binding to IxBa and causing inhibitory phosphorylation of RhoA at Ser'®®. This study
also identified a separate pathway for the inhibition of PAR1-stimulated RhoA involving

phosphorylation of Ga;; by PKC. Models depicting the pathways involved in feedback
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Figure 31.  Pathways mediating initial and sustained contraction by PARI1. Initial
contraction induced by PARI-AP involves Gg-dependent PLC-B activation, IP3
generation, and Ca®’ release and Ca**/calmodulin-dependent activation of MLC kinase.
Sustained contraction involves sequential activation of Gj;, RhoA, and PKC, and

phosphorylation of CPI-17 and inhibition of MLC phosphatase.
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Figure 32.  Pathways mediating initial and sustained contraction by PAR2. Initial
contraction induced by PAR2-AP involves G, and Gj>-dependent PLC-B activation, IP;
generation, and Ca”" release and Ca”*/calmodulin-dependent activation of MLC kinase.
Sustained contraction involves sequential activation of G;3, RhoA, and Rho kinase, and

phosphorylation of MYPT1 and inhibition of ML.C phosphatase.
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inhibition of RhoA by PAR1 and PAR2 are shown in Figs. 33 and 34.

PARI]1-stimulated RhoA was inhibited via two mechanisms, one mechanism

involves PKA-induced phosphorylation of RhoA at Ser'®

, and the other involves
phosphorylation of Ga;; upstream of RhoA. Blockade of Ga;, phosphorylation by
bisindolylmaleimide, suggests that phosphorylation is mediated PKC. The role of PKC-
dependent phosphorylation in feedback inhibition was demonstrated by the
measurements of Rho kinase activity stimulated by PAR1 in the presence of
bisindolylmaleimide. Rho kinase activity stimulated by Gj,-coupled PARI1, but not G3-
coupled PAR2, was augmented by bisindolylmaleimide, implying that PKC-induced
Ga, phosphorylation inhibited RhoA activity stimulated by PAR1. Phosphorylation of
Ga, appears to decrease the affinity of Ga for GPy, impeding re-association of the
subunits and decreasing the availability of the heterotrimeric G proteins in the plasma
membrane. The primary site of G, phosphorylation (Ser38) is located in the NH,-
terminal domain of the Ga.;, subunit that determines the binding of a- and By-subunits.
The effect of PKA derived from IxkB degradation on RhoA phosphorylation
downstream of Goj; was masked in the presence of PKC activation and Goy,
phosphorylation. PARI1-stimulated Rho kinase activity in the presence of
bisindolylmaleimide, however, was further augmented in the presence of inhibitors of
IKK (IKK IV), proteasome degradation (MG-132) or PKA (PKI) suggesting that the
effect of PKA on RhoA was unmasked in the presence of bisindolylmaleimide. These

studies provide the evidence that PAR1-stimulated RhoA leads to the activation of PKC,

which in turn phosphorylates Gaj, to limit the activation of RhoA. Activation of RhoA
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Figure 33.  Feedback inhibition of PAR1-stimulated RhoA by cAMP-independent
PKA derived from activation of canonical NF-xB pathway and by PKC. Two novel
pathways for feedback inhibition of Rho kinase activity stimulated by PAR1 were
identified. The pathway involves two downstream effectors of RhoA: PKC, which
phosphorylates and thus inactivates Gaj,, and PKA, derived from the activation of the
NF-xB pathway via degradation of IkBa and release of the catalytic subunit of PKA.

PKA, in turn, phosphorylates RhoA at Ser'®® and thus, inactivates RhoA.
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Figure 34.  Feedback inhibition of PAR2-stimulated RhoA by cAMP-independent
PKA derived from activation of canonical NF-xB pathway. A novel pathway for
feedback inhibition of Rho kinase activity stimulated by PAR2 was identified. The
pathway involves the sequential activation of RhoA and NF-xB by PAR2 leading to the
release of the catalytic subunit of PKA from its binding to IxBa and resulting in feedback

phosphorylation of RhoA by PKA on Ser'® and inhibition of RhoA activity.
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also results in the stimulation of PKA, which in turn phosphorylates RhoA at Ser'®® to

limit further activation of RhoA. The former pathway is specific for PAR1 activation,
whereas the latter pathway is shared by both PAR1 and PAR2 activation.
The notion that PKA derived from the degradation of IkB results in the

phosphorylation of RhoA at Ser'®

and the inhibition of Rho kinase activity was
corroborated using six different complimentary approaches. We first measured the
activation of the canonical NF-xB pathway by PAR1 and PAR2. In the second approach
we used IKK?2 inhibitor to block IkB phosphorylation and subsequent degradation. In the
third approach we used a proteasomal inhibitor, MG-132, to prevent degradation of IxB
and thus prevent release of PKA catalytic subunits. In the fourth approach we used the
membrane-permeable specific PKA inhibitory peptide, myristoylated PKI 14-22 amide.
PKI contains a PKA pseudosubstrate sequence and specifically inhibits PKA catalytic
subunits by binding to the substrate-binding sites. In the fifth approach we used a

dominant negative mutant IKK2 that lacks the ability to phosphorylate IkB, a prerequisite

for degradation. In the final approach we used a mutant RhoA(S188A) that lacks the

PKA phosphorylation site.

We concluded that PAR1 and PAR2-stimulated RhoA were inhibited in a
feedback mechanism via cAMP-independent PKA derived from RhoA-dependent
activation of the canonical NF-kB pathway based on the following evidence: i) PAR1-AP
and PAR2-AP induced phosphorylation (i.e activation) of IKK2, degradation of IxB, and
phosphorylation of the p65 subunit of NF-kB (activation of NFkB); ii) PAR1-AP and

PAR2-AP-induced IKK2 activation, IkB degradation and NF-xkB activation were
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abolished by a RhoA inhibitor, C3 exoenzyme; and iii) PARI1-AP-and PAR2-AP-

stimulated Rho kinase activity was significantly augmented by PKI, IKK IV or MG132 in
freshly dispersed muscle cells and in cells expressing IKK(K44A), IkBa(S32A/S36A) or
RhoA(S188A).

Although PAR1 and PAR2 are coupled to G; and inhibit cAMP, they stimulate
PKA. The PKA holoenzyme is a heterotetramer consisting of two catalytic subunits
bound to two regulatory subunits. Classically, the mechanism of PKA activation in
response to CAMP elevating agents (Gs-coupled receptor agonist or forskolin) involves
release of the catalytic subunits upon binding of two cAMP molecules to each of the
regulatory subunits. Apparently, a certain pool of PKA catalytic subunits is found to be
associated with the NF-xB inhibitor protein, IkB. Recent studies have identified a novel
cAMP-independent mechanism for activation of PKA by various G protein-coupled
receptor agonists. The mechanism involves release of PKA catalytic subunits from the
IxB complex upon phosphorylation and degradation of IxB. In the basal state, a pool of
PKA catalytic subunits is maintained in an inactive state through association with the
inhibitor of NF-kB (IxB) in an NF-kB/IxB/PKA (catalytic subunits) complex, and this
pool of PKA is not sensitive to changes in intracellular cAMP levels. IxB retains the
catalytic subunits of PKA in the inactive state, presumably by masking its ATP binding
site, and the signals that lead to phosphorylation and degradation of IxB, a prerequisite
for NF-xB activation, resulting in the release and activation of PKA catalytic subunits.

In the present study, employing a variety of complimentary approaches, we

describe a novel mechanism of PKA activation by PAR1 and PAR2 in smooth muscle
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cells. These findings raise an interesting possibility for the regulation of signaling

molecules involved in the contractile pathway by PKA. It is well established that the
activation of PKA in gastric smooth muscle cells inhibits muscle contraction, resulting
from a decrease in [Ca®']; and MLCy phosphorylation. These effects of PKA are a
consequence of the inhibitory action of PKA on multiple components of Go/Gous

signaling culminating in muscle relaxation.



Conclusion

In conclusion, PAR1 and PAR2 are expressed in gastric Smooth muscle cells.
PAR1 and PAR2 are differentially coupled to G proteins. PARI1 is coupled to the
activation of Gg, Gi2, and Gis, but not Gi1, G2, G13 Gs or G;, whereas PAR?2 is coupled to
the activation of Gg, G13, Gi1, and Gj,, but not Gi3, Gy2, Gs or G;. Both PAR1 and PAR2
are coupled to the stimulation of PI hydrolysis and inhibition of cAMP formation.
Although, PARI is coupled to the activation of Gj3, stimulation of PI hydrolysis by PAR1
was exclusively mediated via Gog, whereas stimulation of PI hydrolysis by PAR2 was‘
mediated by both Gag and GPy;. Both PAR1 and PAR2 are coupled to the activation of
RhoA and RhoA-dependent canonical NF-kB pathway. Stimulation of RhoA/Rho kinase
activity by PAR1 was mediated via Go.;, whereas stimulation of Rho kinase activity by
PAR2 was mediated via Go,;3. Activation of the NF-kB pathway induced release of the
catalytic subunit of PKA from its binding to IxB and PKA-dependent phosphorylation of
RhoA at Ser'®® leading to feedback inhibition of RhoA. In addition, phosphorylation of
Gaj; by PKC derived from RhoA activation induced feedback inhibition of RhoA
activity stimulated by PAR1 receptors only.

Activation of PAR1 and PAR?2 induced an initial Ca2+-dependent and sustained

Ca2+-independent muscle contraction. Initial contraction by PAR1 and PAR2 receptors

155
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was mediated by stimulation of PLC-B activity, generation of IP3;, IP3-dependent Ca®*

release, Ca”*/calmodulin-dependent activation of MLC kinase and phosphorylation of
MLCy at Ser'. Sustained contraction by PAR1 was mediated by sequential activation of
G12,' RhoA, and PKC, and PKC-dependent phosphorylation of CPI-17 at Thr’® and
inhibition of MLC phosphatase. In contrast, sustained contraction by PAR2 was
mediated by sequential activation of Gj3, RhoA, and Rho kinase, and Rho kinase-
dependent phosphorylation of MYPT1 at Thr*® and inhibition of MLC phosphatase.
Thus, these studies have demonstrated, for the first time, the expression of PAR1 and
PAR2 in smooth muscle cells and identified the receptor-specific signal transduction
pathways that mediate smooth muscle contraction.

Of all the body systems, the gastrointestinal tract is the most exposed to proteases.
Under physiological conditions, digestive proteases are released into the GI tract during
and after meals. Under pathophysiological conditions, proteases are released by
infectious agents and by issue injury. PARSs are expressed in most cell types in the GI
tract. Activation of PARs, particularly PAR1 and PAR2, modulates intestinal functions,
such as epithelial functions (intestinal secretion and permeability), visceral nociception,
inflammatory responses and gastrointestinal motility. Thus the importance of signaling
pathways activated by proteases appears to be particularly important for the physiology
and pathophysiology of the GI tract. As the physiological and/or pathophysiological
significance of PARs modulation of the gastrointestinal smooth muscle motility is largely
open to question, the challenges for the future are to identify the physiologically relevant

proteases that activate smooth muscle PARs and to determine whether PAR expression in



157
smooth muscle is influenced during pathological conditions. In this regard the use of

PAR-activating peptides, selective PAR antagonists and studies of model murine systems

from animals deficient in one or more PARs will be of particular value.
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