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ABSTRACT 

Proteinase-activated receptor-2 (PAR-2) is the second member of the new subfamily of 
G-protein coupled receptors with a novel mode of mechanism of activation. As with 

other family members, PAR-2 is activated through the proteolytic cleavage of the amino 
terminal of the receptor, thus um-nasking a tethered ligand which then binds to the 

receptor causing intramolecular activation. Serine proteases such as trypsin and tryptase 

serve as the predominant endogenous activators for PAR-2, whilst synthetic activating 

peptides derived from the tethered ligand sequence are also able to stimulate receptor 

activation without proteolysis. 

The expression of PAR-2 has been detected in a variety of human tissues and receptor 

activation has been shown to mediate diverse biological functions including haemostasis 

and inflammation. However, the signalling mechanisms underlying PAR-2-induced 

cellular effects remain largely undefined. Thus this study sought to determine the 

signalling events following PAR-2 stimulation in NCTC-2544 skin cell line stably 

expressing PAR-2 and normal human epidermal keratinocytes, in particular the 

activation of NFKB. Initially PAR-2 was demonstrated to activate NFKB at the levels of 

IKB(x loss, p65 NFKB phosphorylation, DNA binding and transcriptional activation. 

PAR-2 was also found to stimulate the three major MAP kinases, namely ERK, p38 
MAPK and JNK. In addition, this study has included the work to examine the effects of 

putative PAR-2 inhibitors; K-14585 and ENMD-1068. K-14585 was a weak antagonist 
in some assay systems but not others, whilst ENMD-1068 was ineffective. The 

intermediates upstream in the NFYB pathway stimulated by PAR-2 were assessed. 

Phosphorylation of p65 NFKB was found to be dependent upon Gaq/11, PKC isoforms, 

calcium mobilisation and IKKP. Interestingly, the inhibition of G(Xq/1, activity did not 

affect NFrB-DNA binding but partially suppressed NFKB-driven transcription. These 

findings point to the differential regulations of these intermediary components on 

different levels of NFYB activation mediated by PAR-2. 
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CHAPTER1 

GENERAL INTRODUCTION 



1.1 INTRODUCTION 

In order to survive, an organism must be able to distinguish environmental changes and 

react accordingly. To detect environmental factors, the organism must intercept signals 

which might exist in diverse forms such as chemicals, light or sound. Therefore a 
receptor serves as the communication channel between the cell and its surroundings, 

enabling necessary internal adjustments. 

1.1.1 The superfamily of G protein-coupled receptors (GPCRs) 

Several families of membrane-bound receptor have been identified to date, including 

ligand-gated ion channels (Colquhoun, 2006), kinase-linked receptors (Johnson & 

Ingram, 2005) and cytokine receptors (Grotzinger, 2002). Amongst these, the most 

common receptor family is the one comprising the guano sine-trispho sphate (GTP)- 

binding protein (G-protein)-coupled receptors (GPCRs). Since the cloning of bovine 

rhodopsin, more than 12000 GPCR sequences have been reported with -600 GPCRs in 

mammalian and accounting for -2% of the human genome (Nathans & Hogness, 1983; 

Hom et aL, 2003). 

All GPCRs have the common structure of 7 hydrophobic transmembrane helices 

connected by 3 extracellular loops and 3 cytosolic loops (Baldwin, 1993). The GPCRs 

bind a wide range of ligands such as bioorganic amines, neuropeptides and large 

glycoprotein hormones to exert diverse physiological functions (Strader el aL, 1994). 

Thus it is not surprising that GPCRs serve as a primary target for pharmaceutical 
development and therapeutic approaches. 

Several classification systems have been employed to organize this superfamily 

according to the ligand structure, sequence homology, and receptor function. One of the 

most frequently used systems categorises both vertebrates and inverterbrates GPCRs 

into classes A-F (Kolakowski, 1994). Human GPCRs have been grouped into classes A- 

C, further divided into more than 50 subclasses. Generally, there is a substantial degree 

of an-iino acid homology amongst members of the same subfamily, but little or no 
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sequence similarity is observed between subfamilies. Class A constitutes rhodopsin-like 
GPCRs, represents the largest family and includes amine, peptide, prostanoid and 

olfactory receptors. Class B, the secretin-like family, consists of calcitonin, glucagon, 

and vasointestinal peptide receptors. Metabotropic glutamate, GABA and taste receptors 
are amongst the members of Class C GPCRs. Class D and Class E which represent 
fungal pheromone receptors and cAMP receptors respectively, and Class Z that 

comprise bacteriorhodopsins, are non-mammalian receptors. In addition, the screening 

of cDNA libraries has identified multiple sequences that contain 7 membrane-spanning 
domains typical of a GPCR. These are termed orphan receptors as their respective 

endogenous ligands have yet to be identified (Parmentier et aL, 1995). 

Another classification system categorises GPCRs; into four groups on the basis of the 

mode of ligand binding to the receptor (Ji et al., 1998). The first group includes 

rhodopsin and biogenic amine receptors in which the ligand binds to the transmembrane 

core of the receptor. Receptors which require both transmembrane region and exoloop as 
binding sites for the short-peptide ligands are classified as the second group, examples 
include formyl and angiotensin receptors. Alternatively, receptors for longer peptide 
ligands such as calcitonin and vasointestinal peptide which bind to multiple contact sites 

on both transmembrane core and exoloops of the receptor fall into the third group. The 

fourth group of GPCRs are receptors that. are activated by initial binding of the ligand at 

the anýiino-terminal domain of the receptor followed by secondary contact of the arnino- 

terminal domain with exoloops. Examples of GPCRs, in this group are neurotransmitter 

receptors, glycoprotein hormone receptors, and a newly identified GPCR family termed 

proteinase-activated receptors (PARs). 

1.1.2 G proteins 
Membrane-associated G proteins are heterotrimeric signalling components that consist 

of three subunits, namely the cc, 0 and y-subunits (reviewed in Hermans, 2003). The 

Gcc subunit contains the site for the binding of guanine-nucleotides, guanosine 
diphosphate (GDP) and guanosine triphosphate (GTP) and exhibits intrinsic GTPase 
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activity. The GP and Gy subunits, on the other hand, exist as a tightly bound dimer. The 

terminology G proteins often refers to GPCR-bound G protein heterotrimers which are 

also known as 'large' G proteins. There are also 'small' G proteins which exist as a 

single subunit; such monomeric proteins for example p2l" are regularly classified as 
GTPases in order to distinguish them from heterotrimeric G proteins (Bar-Sagi & Hall, 

2000). 

A wide range of heterogeneity for G protein subunits has been demonstrated (reviewed 

in Hermans, 2003). To date, at least 23 types of Gcc subunits derived from 17 different 

genes have been reported, all of which are categorised into the four classes namely Gccs, 

G(xi/., G(Xq/1, and Gccl2/13- Similarly, 6 GP and 12 Gy subunits have been cloned and 

identified, signifying the complexity and specificity of GPCR signalling paradigm. 

In the inactive state, G(x interacts with the Gpy complex in close proximity to the 

GPCRs. Receptor activation causes conformational changes of the receptor domains 

leading to association of GPCRs; with distinct classes of G proteins. This promotes the 

exchange of GDP for GTP on the Goc subunit, resulting in the dissociation of the 

heterotrimeric component (Hamm, 1998). The freed GTP-bound G(x subunit and Gpy 

complex are able to interact with a diverse array of effector molecules, accounting for 

the vast variety of GPCR signalling transduction (see Section 1.1.3). Termination of the 

response occurs when GTP is hydrolysed to GDP, rendering the Gcc subunit inactive and 

resuming its association with Gpy complex (Hamm, 1998). 

1.1.3 The Roles of G proteins in GPCR Signalling Paradigm 

Generally, each subtype of Get subunit activates distinct effector signalling pathways 

(reviewed in Milligan & Kostenis, 2006). Activation of G(x, leads to adenylyl cyclase 

stimulation and an increase in cyclic AMP (cAMP) production. In contrast, G(Xi/o 

stimulation inhibits adenylyl cyclase, resulting in the reduction of cAMP synthesis 
(Hurley, 1999). Activation of Gctq/1, results in the stimulation of phospholipase C 
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(PLQ-P, a key enzyme in phosphatidylinositol metabolism, to produce inositol 

triphosphate UP3) and diacyglycerol (DAG) (reviewed in Hubbard & Hepler, 2006). The 

effector molecules of Gccl2/13, however, are not as well characterised as other members 

of Gcc subunits, with the exception of small GTP-binding proteins such as pI 15RhoGEF 

which are involved in the regulation of cytoskeleton (Riobo & Manning, 2005). 

Whilst Ga subunits are known to selectively activate specific effector system, the GPy 

complex was classically thought to act as an inhibitory component to prevent the 

activation of Ga. Recently it has become apparent that the GP and Gy subunits can bind 

to and modulate the activity of a variety of effector molecules including adenylyl 

cyclase, PLCP, intermediary components of n-iitogen-activated protein kinases and P13- 

kinase (reviewed in Hur & Kim, 2002). Thus it appears that the G protein subunits can 

contribute to dual intracellular signalling through a single heterotrimeric G protein, for 

example, Gai/6-mediated adenylyl cyclase activity and Gpy-dependent PLCP 

stimulation (Morris & Scarlata, 1997; Rhee & Bae, 1997). 

1.1.4 Diversity and Complexity of GPCR Signalling 

GPCR signalling is one of the most complex paradigms amongst cell surface receptors, 
determined by the aforementioned large number of subtypes identified for each G 

protein subunit. Various biochemical studies have indicated the specificities of certain 
GP and Gy subtypes to interact with specific Gcc subunits, giving rise to diverse yet 

unique signal transduction pathways for each receptor (reviewed in Cabrera-Vera et A, 

2003). In addition, a large body of literature has indicated that a single GPCR is able to 

functionally couple to more than one subtype of G protein; for instance the CC2- 

adrenergic receptor was reported to associate with both Ga, and Gai (Eason et aL, 
1992). Moreover, there"is also evidence of secondary regulation of effector molecules, 
for example the activation of adenylyl cyclase by a GCCq/1 -mediated protein kinase C 

(PKC) pathway, further adding to the complexity of GPCR-mediated signalling (Hur & 

Kim, 2002). 
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It has now emerged that GPCRs forrn dimers and/or oligomers in a manner similar to 

other receptor families such as growth hormone receptors (reviewed in Hansen & Sheik, 

2004; Terrillon & Bouvier, 2004). Such phenomenon has been regarded as a mode of 

cross-talk between receptors and has great impact in various aspects including cell 

surface expression, function and signalling specificities. Heterodimerisation of GPCRs 

can occur between the same or different subtypes of receptor and could account for the 

changes in signalling properties. For example, the r, and 8 opioid receptor heterodimer 

exhibits a discrete signalling profile compared to the individual receptors (Jordan & 

Devi, 1999). Alternatively, the heterodimer formed between doparninergic receptor and 

somatostatin receptor has been shown to produce enhanced signalling to either receptor 

agonist stimulation (Rocheville et aL, 2000). Cross-talk between two different GPCRs at 

the level of second messenger system has also been documented (Hur & Kim, 2002). 

For instance, it has been shown that PLC-coupled P2Y2 receptor selectively inhibited 

P2-adrenergic receptor-stimulated cAMP production (Suh et A, 2001). 

Activation of certain GPCRs can also lead to the stimulation of other signalling 

components such as ion channels, mitogen-activated protein kinase (MAPK) cascades 

and nuclear factor kappa B (NFKB) activation. For example, the P2-adrenergic receptor 

has been shown to be physically associated with the L-type calcium channel to modulate 
its activity (Davare el al., 2001). The regulation of MAPK by GPCRs has been 

extensively studied and will be further discussed in Section 1.3.2. However, little is 

known about GPCR-induced activation of NFKB and this will be further elaborated in 

Section 1.4.6. Notably, there is also increasing evidence showing G protein-independent 

signal transduction induced by certain GPCRs such as metabotropic glumate receptors 
(Heuss et aL, 1999), M3-muscarinic and HI-histamine receptor (Mitchell et aL, 1998). 

Thus overall, the classical linear downstream signalling of GPCRs appears to be far 

more complex than initially thought, involving both G protein-dependent and 
independent transduction. The overall outcome of a particular GPCR stimulation will 
thus reflect the sum of its diverse signalling cascades. 
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1.2 PROTEINASE-ACTIVATED RECEPTORS (PARs) 

Proteases or peptidases are proteolytic enzymes that catalyse the hydrolysis of covalent 

peptidic bonds, and their classical main actions were thought to be helping in food 

digestion. To date there are - 700 proteases identified within the mammalian proteome; 

which are currently categorised into five groups; metallo, serine, cysteine, threonine and 

aspartyl (Rawlings et aL, 2004). Such a nomenclature is derived on the basis of the 

mechanism of peptide bond hydrolysis catalysed by the enzyme, i. e. for serine proteases, 
the nucleophilic attack of the targeted peptidic bond is facilitated by a serine residue 

within the active site of the enzyme. 

The relative abundance of proteases has clearly indicated that they might not function 

solely as digestive enzymes, but could be important mediators for regulating cellular 
behaviour. In fact, early studies reported the effects of proteases in mediating cellular 

responses dependent on their enzymatic properties (Sefton & Rubin, 1970; Pohjanpelto, 

1977). Eventually this led to the discovery of the first protease-related receptor, termed 

proteinase-activated receptor-1 (PAR-1) (Vu et aL, 1991). Subsequently three subtypes 

of this family receptor were identified, namely PAR-2, PAR-3 and PAR-4 (reviewed in 

Macfarlane et aL, 2001). Rather than being activated through a conventional ligand- 

binding process, PARs were found to be stimulated by serine proteases through cleavage 

of the receptor's amino-terminal exodomain, leading to the unmasking of a new terminal 

which then serves as a tethered ligand to effect intramolecular receptor activation (see 

Figure 1.1). As PARs are activated by the endoproteolytic mechanism, the terminology 

proteinase, which is often referred to as an endopeptidase, has been designated to 

describe this novel group of receptors (Hollenberg & Compton, 2002). The family of 
PARs belongs to the superfamily of GPCRs, and the endogenous serine proteinase 

thrombin activates three of four PARs, namely PAR-1, PAR-3 and PAR-4 respectively, 

whilst trypsin or other related proteinase, activates PAR-2. 
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1.2.1 PAR-1, PAR-3 and PAR4 

Thrombin has been studied for decades for its role in blood clotting cascade. It was then 

shown that in addition to its ability to activate platelet aggregation, thrombin also served 

to elicit diverse biological responses (Barshavit & Wilner, 1986). 

1.2.1.1 Discovery of PAR-1 

The first proteinase-activated receptor, PAR-1, was discovered in 1991 when Coughlin 

and colleagues isolated the complementary DNA (cDNA) encoding the human thrombin 

receptor using an expression cloning approach (Vu et al., 1991). Messenger RNA 

(mRNA) from HEL and Dami cells which were highly responsive to thrombin was 
injected into Xenopus oocytes prelabelled with 45 Ca2+, and the responses were measured 

as thrombin-stimulated 45 Ca2+ release. The authors then constructed a cDNA library 

using fractionated mRNA from Dami cells, with the cDNA being plated in 50 pools of 

approximately 20,000 clones each. Thrombin-induced responses were assayed in 

oocytes injected with cRNA transcribed from each pool and by subdividing the positive 

pools progressively, a single cDNA encoding a thrombin receptor was eventually 
identified. 

Reverse-transcription polymerase chain reaction (RT-PCR) detected the mRNA 

expression of this receptor in both platelets and vascular endothelial cells. Nucleotide 

sequencing of this functional thrombin receptor uncovered a 3.5 kb insert, with an open 

reading frame encoding a 425 amino acid protein. By utilising hydropathy analysis, the 

inferred amino acid sequence of this receptor showed resemblance to the seven- 

transmembrane-domain GPCRs. The extracellular arnino-terminal of this thrombin 

receptor, or PAR-1, was found to consist of 75 amino acids, including an anion-binding 

site known as hirudin-like domain. A later study proposed that the receptor's hirudin- 

like domain induces a conformational change in thrombin's active moiety to effect 

receptor activation (Ishii et al., 1995). Through the generation of receptor chimeras and 

receptor point mutagenesis, the authors concluded that proteolytic cleavage of the 

receptor amino-terminal caused by thrombin at LDPW I/S42 FLL was essential for 
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activation (see Figure 1.2). Tbrombin was found to cleave at Arg4 I of PAR- I to expose 

a tethered ligand which then binds intramolecularly to activate the receptor, representing 

a novel mode of receptor activation for GPCR. Interestingly, synthetic peptides which 

mimicked the newly exposed amino-terminal appeared to be able to stimulate the 

receptor without the need for proteolysis, thus confirming the tethered ligand model of 

activation for the receptor. A gene mapping study revealed that the human PAR-1 gene 

was located in chromosomal region 5ql3 (Bahou et al., 1993). 

At the same time, similar findings were reported in another study in which a functional 

hamster thrombin receptor was successfully cloned and expressed in Xenopus oocytes 
(Rasmussen et al., 1991). The hamster thrombin receptor shared 79% amino acid 

sequence identity with the human thrombin receptor, and included a thrombin consensus 

cleavage site and a negative charge cluster in the extracellular amino-terminal. 

1.2.1.2 Pharmacology and structure-activity relationship (SAR) for PAR-1 

activating peptides (APs) 

Synthetic activating peptides (APs) which have an amino acid sequence that corresponds 

to the tethered ligand, can cause receptor activation, thus by-passing the need for 

receptor cleavage by enzyme (see Figure 1.1). The advantage of using APs in 

experimental design is that the unspecific proteolytic actions of the enzyme on other 

receptors can be excluded. In a series of studies based on the tethered ligand sequence of 
PAR-1, SFLLRN, the structure-activity relationship (SAR) for PAR-I Al's were derived 

and a series of moderate to high affinity agonist peptides were developed (Scarborough 

et al., 1992; Nose et al., 1993, Feng et al., 1995). This approach was also facilitated by 

the use of site-directed mutagenesis to identify amino acid residues essential for ligand 

binding (Nanevicz et al., 1995). In addition, extracellular loop (ECL)-2 has been 

identified as the important domain in binding of PAR-I APs to the receptor (Lerner el 

al., 1996). 
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Generally, APs showed lower potency than thrombin in activating the receptor. One 

possible explanation is that an enzyme molecule could activate several receptors. 
Another postulation could be the conformational differences between the synthetic 

peptide in solution and the tethered ligands that might account for the results observed. 
Strikingly, a study has suggested distinct differences in the mechanisms of receptor 

activation by APs and thrombin, in that deletion of residues 68-93 of PAR-1 completely 

abolished PAR-I AP-induced responses, but not that of thrombin (Blackhart et al., 
2000). This implies that APs might interact with different or additional site(s) on the 

receptor. 

To date, several groups have reported the generation of PAR-I antagonists, for example 
RWJ-561 10, RWJ-58259, SCH-79797 and SCH-203099 (Andrade-Gordon et aL, 1999; 

Andrade-Gordon et aL, 2001; Ahn et aL, 2000). RWJ-56110 and RWJ-58259 were 

synthesized on the basis of the PAR-I tethered ligand sequence, whereas SCH-79797 

and SCH-203099 represent a novel class of non-peptide PAR-I antagonist. By 

employing both in vivo and in vitro approaches, these compounds have been shown to be 

potent and selective PAR-I blockers, with no effects on other PARs. The availability of 

such potent and selective PAR-I antagonists not only allows our understanding on PAR- 

I-induced cellular effects to be advanced, but also provides potential therapeutic tools 

for the study of disease states involving PAR- I (see Section 1.2.1.5). 

1.2.1.3 PAR-1 signalling 
As with other GPCRs, the roles of different G-protein subunits in mediating cellular 

signalling of PAR-1 have been implicated including Gccq/ii, G(xi/,, and G(x12/13 

(Macfarlane et aL, 2001). In addition, lipid enzymes and protein kinases have also been 

implicated as part of the PAR- I signalling paradigm. 

Stimulation of PAR-I activates G(Xq/11, leading to PLC-induced phosphoinositide 
hydrolysis to produce IP3 and DAG as well as subsequent calcium mobilization (Brass et 

al., 1991, Hung et aL, 1992a, Hung et aL, 1992b). Gaq coupling represents the major 
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pathway of PAR-1 signalling in platelet activation, as platelets derived from G(xq- 

deficent mice showed attenuated thrombin-induced aggregation (Offermanns et aL, 
1997). In addition, Hung and colleagues have characterised the coupling of PAR-1 to 

Gai, resulting in cAMP inhibition (Hung et A, 1992a). PAR-1 also couples to G(x12/13 

and it was shown that thrombin regulates endothelial barrier function and hyper- 

permeability through the downstream effectors of Ga12/13, pll5RhoGEF, RhoA and 
Rho-associated coiled-coil forming kinase (ROCK) (Majumdar et A, 1999; Vouret- 

Craviari et aL, 1998; Carbajal et A, 2000, Nguyen et aL, 2002). In addition to PLC, 

PAR- I has also been shown to stimulate phospholipase A2 (PLA2) to release arachidonic 

acid (Lan et aL, 2001; Rickard & McHowat, 2002). 

PAR-1 was one of the first GPCRs to be investigated for kinase signalling as its 

endogenous activator, thrombin, is a well-known mitogen (Seuwen et aL, 1990; 

McNamara et aL, 1993). Activation of MAPKs by PAR- I was revealed when PAR- I AP 

was found to stimulate p2l, a,, the upstream activator of extracellular signal-regulated 
kinase (ERK) cascade, shedding light on the role of PAR-1 in mitogenesis via the 

tyrosine kinases pathway (Vancorven et aL, 1993). Interestingly, ERK activation was 
found to exhibit a biphasic profile, with the early phase being PTX-sensitive (Trejo et 

aL, 1996). Further studies reported that in various cell lines, PAR- I was found to induce 

the activation of ERK, c-Jun amino-terminal kinases (JNKs), p38 MAPK and NFYB via 

multiple pathways which will be further discussed in Sections 1.3.2 and 1.4.6 

(Madamanchi et aL, 2001; Buresi et aL, 2002; Sabri et aL, 2000; Rahman et aL, 2002; 

Sabri et aL, 2002; Wang et aL, 2002; Tantivejkul et aL, 2005). 

1.2.1.4 Identification of additional PARs: PAR-3 and PAR-4 

i) PAR-3 

The potential for a second thrombin receptor was uncovered in studies using PAR-I 

deletion mice (Connolly et aL, 1996). Although fibroblasts derived from PAR-I 

deficient mice failed to elicit response upon thrombin stimulation, platelet activation as 

well as calcium mobilization induced by thrombin were analogous in both knockout and 
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wild type mice, strongly suggesting the presence of a novel receptor activated by 

thrombin other than PAR-1. This novel receptor, designated as PAR-3, was cloned by 

Ishihara and colleagues, and was found to share 27% structural identity with PAR-1 

(Ishihara et A, 1997). 

PAR-3 was also found to share the same mechanism of activation as PAR-1, with 

thrombin-mediated cleavage exposing a new amino-terminal, TFRGAP. Substitution of 

Th? 9 with Pro rendered the receptor inactive to thrombin stimulation, confirming that 

the cleavage site lies at residues Lys-38/Tbr-39 of PAR-3's exodomain. As with PAR-1, 

the amino-terminal of PAR-3 was found to encompass a hirudin-like domain and residue 

Phe 40 of the tethered ligand domain was confirmed to be important in receptor 

activation, as deletion of this residue resulted in diminished signalling responses 

(Ishihara et aL, 1997). 

Amongst all the proteases tested, thrombin was the only serine protease capable of 

activating PAR-3, having an EC50 of 0.2 nM, approximately twice as low as that 

reported for PAR-1 (Ishihara et aL, 1997). Surprisingly, unlike PAR-1, APs that mimic 

the sequence of PAR-3 tethered ligand were found to be inactive even at concentrations 

up to I 00ýM. Notably, recent studies have shown that APs derived from PAR-3 do not 

act on the native receptor but instead possess agonistic actions on PAR-I and PAR-2, 

indicating high cross-rcactivity of PAR activating peptides between each receptor 
(Hansen et aL, 2004; Kaufmann et aL, 2005) (see Section 1.2.2.2). 

The expression of PAR-3 was not confined to platelets, but was also detected in human 

bone marrow and mouse splenic megakaryocytes (Ishihara et aL, 1997, Schmidt el aL, 
1998). Notably, flow cytometry revealed the relative expression of PAR-3 on platelet to 

be only 10% of that for PAR-1, thus PAR-3 may be less significant in mediating platelet 

activation (Schmidt et aL, 1998). The PAR-3 gene was mapped to chromosome 5ql3, 

sharing a similar genomic localization with that of PAR-I (Schmidt et aL, 1998). 
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ii) PAR-4 

As outlined above, Connolly and co-workcrs demonstrated that PAR- I played no role in 

mediating mouse platelet activation; in fact such effects were thought to be mediated by 

PAR-3 (Connolly et A, 1996). However, further study has revealed that in PAR-3 

deficient platelets, whilst aggregation was delayed, maximal responses to thrombin were 

still being obtained, highlighting an additional thrombin receptor in this context (Kahn el 

aL, 1998). This led to the discovery of the fourth member of the PAR family, PAR-4 

(Kahn et aL, 1998, Xu et aL, 1998). 

PAR-4 was found to share 33% overall sequence identity with other PARs (Xu et aL, 
1998). Nevertheless, vast differences were observed in the extracellular amino-terminal, 
intracellular carboxyl tail and ECL-2 of PAR-4 compared to other PAR family members 
(Xu et al., 1998) and in contrast with PAR-I and PAR-3, PAR-4 does not contain a 

fibrinogen-binding exosite. Notably, PAR-4 was sensitive to both thrombin and trypsin, 

with an EC5o of SnM for both agonists (Xu et aL, 1998). 

By utilising site-directed mutagenesis, the PAR-4 cleavage site was confirmed to lie at 

Arg-47/Gly-48. As with PAR-1, GYPGQV, the AP derived from the putative tethered 

ligand of PAR-4, was found to be functionally capable of activating the receptor, albeit 

with a relatively low potency (EC50 = 100ýLM) (Xu et al., 1998). The synthetic peptide 

AYPGKF which has multiple residue substitutions, including an alanine in place of the 

glycine, was found to possess 10-fold higher potency than that of the parent peptide 

(Faruqi et aL, 2000). Notably, substitution of Tyr2 of the PAR-4 parent peptide with Phe 

or para-Phe conferred PAR-1 activating ability to the AP, suggesting that the second 

residue of the peptide sequence might play a critical role in determining receptor 

selectivity (Faruqi et aL, 2000, Kahn et aL, 1998). Recently, low potency antagonists 

have also been developed for PAR4 such as peptide mimetic trans-cinnamoyl-YPGKF- 

NE2 (Hollenberg & Saifeddine, 2001), and novel cell-penetrating molecules known as 

pepducins that disrupt the association of PAR-4 with downstream effectors (Covic et A, 

2002). However, a recent study has proposed that peptides derived from the PAR-4 
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tethered ligand sequence might act on other non-PAR-4 receptors and thus the 

specificity of these antagonists remains to be unequivocally established (Hollenberg et 

aL, 2004). 

Northern blot analysis revealed PAR-4 expression in lungs, pancreas, thyroid, testis and 

small intestine (Xu et aL, 1998). In addition, Xu and colleagues have mapped the PAR-4 

gene to chromosomal region 19p12, not in accordance with other family of PARs. PAR- 

4 has been shown to associate with Gq/11 and Gj/. proteins in various studies, nonetheless 
the signalling paradigm for this receptor remains largely unknown (Faruqi et A, 2000; 

Momota et A, 2006). 

1.2.1.5 Physiological roles of PAR-1, PAR-3 & PAR4 

With the discovery of PARs, it is now known that thrombin influences cellular 

behaviour via PAR-1, PAR-3 or PAR-4, all of which are widely expressed. With the 

design and synthesis of potent agonists and antagonists, the work to identify receptor 

subtype-specific responses has been made plausible. 

Although both PAR-1 and PAR-4 were found to be co-expressed in human platelets, the 

action of thrombin in causing platelet aggregation has been shown to be predominantly 

mediated by PAR-I (Kahn et aL, 1999). PAR-4 has a much lower affinity for thrombin 

compared to that of PAR-1 and only responds to high concentration of the enzyme. 
However PAR-4 has been implied in maintaining the sustained effect of thrombin, 

thereby contributing to the late phase of platelet aggregation (Covic et aL, 2000). 

Interestingly, in murine platelets, thrombin only signals through PAR-4 despite the fact 

that PAR-3 expression has also been detected, and the latter functions as the coactivator 
for the fonner (see Section 1.2.2.6) (Nakanishi-Matsui et aL, 2000). 

In the vasculature, PAR-I stimulation causes endothelium-dependent nitric oxide- 

mediated vasorelaxation in vessels isolated from various species including human 

pulmonary artery and rat aorta (Hamilton et al., 2001 a; Magazine et al., 1996). In 
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addition, PAR-I can also signal to contract vascular smooth muscle in endothelium- 
denuded preparations (Laniyonu & Hollenberg, 1995). Just recently, PAR-4 has been 

shown to induce nitric oxide (NO) production in vascular endothelial cells, denoting a 

possible role for this thrombin receptor subtype in mediating vasodilation (Momota et 

aL, 2006). The mitogenic effects of thrombin in endothelial. and vascular smooth muscle 

cells have been reported to be mediated by PAR- I and PAR-4 (McNamara et aL, 1993; 

Mirza et A, 1996). 

PAR-1 expression has been widely detected in the brain, denoting its vital roles in the 

nervous system (Weinstein et A, 1995). Both PAR-1 and PAR-4 are responsible for 

thrombin-induced [Ca2']i elevation in human astrocytomas, contributing to the 

excitability and survival of the cells (Kaufmann et aL, 2000). In addition, activation of 
PAR- I leads to morphological changes in neurons and astrocytes as well as shielding the 

cells from environmental stresses (Jalink et aL, 1994; Vaughan et A, 1995). 

PAR-I has a role in neurogenic inflammation, as intraplantar injection of PAR-I 

agonists causes oedema of rat paw through the release of substance P from peripheral 

afferent neurons (de Garavilla et aL, 2001). Not only that, PAR-I has been implicated in 

hyperalgesia although the underlying mechanism has yet to be defined (Asfaha et al., 
2002). Notably, the ability of thrombin to induce leukocyte rolling and adherence was 

found to be mediated solely via PAR-4 rather than PAR-I as previously thought 

(Vergnolle et A, 2002). PAR-4 has also been shown to have a proinflarnmatory role in a 

rat paw oedema model and, unlike PAR-1, the underlying mechanism appears to be non- 

neurogenic but possibly through neutrophil recruitment activation and the kallikrein- 

kinin system (Hollenberg et aL, 2004, Houle et A, 2005). 

In the gastrointestinal tract, PAR-1 has been shown to mediate ion transport, electrolyte 

secretion, intestinal motility, contraction of longitudinal muscle and in contrast, 

relaxation of colonic circular muscle (Buresi et A, 2002; Saifeddine et A, 1996; Mule 

& Baffi, 2002; Corvera et A, 1999). Alternatively, PAR-4 is implicated in relaxing pre- 
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contracted rat oesophagus, in contrary to PAR-I which causes further contraction 
(Kawabata el aL, 2000b). Such findings highlighted the bi-functional roles of thrombin 
in the same tissue, depending on the amount of enzyme available and the relative levels 

of PAR-I and PAR-4 expression. 

The mitogenic property of thrombin is also exemplified via actions of PAR-I on human 

airway smooth muscle cells and keratinocytes which might contribute to pulmonary 
fibrosis and wound healing respectively (Tran & Stewart, 2003; Howell et aL, 2002; 

Santulli et A, 1995). PAR-I is also a potential oncogene as it is associated with 

metastasis and invasion in a model of breast carcinoma xenograft (Even-Ram et aL, 
1998; Boire et aL, 2005). 

Taken together, these studies suggest that the intricate and diverse biological effects of 

thrombin can be mediated through individual or combinations of PAR-1, PAR-3 and 
PAR-4 in a species and/or tissue-specific manner. The unavailability of an active PAR-3 

synthetic ligand has left this thrombin receptor subtype less well characterised. Further 

studies are needed to further elucidate the specific role of each receptor subtype in 

mediating the wide array of thrombin-induced cellular effects. 

1.2.2 PAR-2 

1.2.2.1 Discovery of PAR-2 

Another subtype of PAR which was discovered concomitantly with PAR-3 and PAR-4 

was PAR-2. Through the work of screening a mouse genomic library with moderate 

stringency using two oligonucleotides corresponding to regions of bovine substance K 

receptor, a cosmid clone containing a 3.7-kb Pst I fragment was revealed (Nystedt et al., 
1994). Further work showed an open reading frame encoding a protein of 395 amino 

acids. Similar to PAR-1, hydropathy analysis of the deduced protein sequence disclosed 

seven transmernbrane regions. Through a database search, it was found that this new 

receptor, now termed PAR-2, was closely related to PAR-1, sharing a 30% sequence 
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homology, despite little similarity in the amino-terminal and the intracellular carboxyl- 

terminal sequences (Nystedt et al., 1994). 

The PAR-2 an-ýino-terrninal was found to be 29 amino acids shorter than that of PAR-1, 

without the presence of an anion-binding exosite which is thought to mediate high- 

affinity thrombin-receptor activation (see Figure 1.2) (Nystedt et al., 1994). Notably, 

from a PAR-1 and PAR-2 sequence alignment, ECL-2 was identified as a highly 

conserved region, suggesting a common and important feature in PAR activation (see 

Section 1.2.2.3). Mouse PAR-2 was found to share a similar mechanism of activation to 

PAR-1, in that it was activated by proteolytic cleavage. It was then shown that PAR-2 

remained relatively insensitive to thrombin but could be activated by trypsin and the 

peptide derived from its an-iino-terminal, SLIGRL. Human PAR-2 which was revealed to 

consist of 397 residues was then cloned and the deduced sequence was found to share 
83% identity with the mouse isoform (Nystedt et al., 1995b, Bohm et al., 1996b). The 

cleavage site of human PAR-2 was found to lie at SKGR 36ýSP LIGKV, unmasking a 

new terminus with SLIGKV as the putative tethered ligand sequence (Nystedt et al., 
1995b). The authors detected the location of human PAR-2 gene at chromosome 5ql3, 

the same region previously described for PAR-I and PAR-3 (Nystedt et al., 1995b). 

Northern blotting revealed the expression of PAR-2 to be in highly vascularised tissues, 

such as stomach, pancreas, liver, kidney, small intestine and colon (Nystedt et al., 1994, 

Nystedt el al., 1995b, Bohm el al., 1996b). 

1.2.2.2 PAR-2 activating peptides (APs) 

i) Structure-activity relationship (SAR)for PAR-2 agonists 
A comprehensive understanding of SAR for PAR-2 APs is essential as it will forrn the 

fundamental basis for the development of potent PAR-2 agonists to serve as 

pharmacological tools. In addition, given that PAR-2 has been implicated in various 

patho-physiological conditions (see Section 1.2.2.8), SAR for PAR-2 agonists will 
facilitate the design of novel PAR-2 antagonists which might be therapeutically useful. 

To date, multiple assays have been utilised to evaluate the SAR of PAR-2 agonist 
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peptides including; stable PAR-2 expressing cell lines derived from Kirsten virus- 

transformed rat kidney cells (KNRK) and NCTC-2544, Xenopus oocytes expressing 
PAR-2, radioligand-binding, in vitro vascular tissue preparations and in vivo salivation 
(Nystedt. et A, 1994; Blackhart et al., 1996; Al-Ani et aL, 1999a; Al-Ani et aL, 1999b; 

Hollenberg et A, 1996, Kawabata et aL, 2004). 

Early SAR studies were based on the use of hexapcptide sequences SLIGKV, the human 

tethered ligand sequence, and the murine variant, SLIGRL. Notably, such short peptide 

sequences appeared to be sufficient to activate the receptor. A disparity between the 

human and murine isoforms was observed within the extracellular amino-tenninal, 
SLIGKV being less potent than SLIGRIL (Nystedt et aL, 1994; Nystedt et aL, 1995a). 

Trypsin was found to activate PAR-2 at a very low concentration, with an EC50 Of InM, 

whilst SLIGKV and SLIGRL activate PAR-2 with micromolar concentrations, with 

EC50 of 12 ýM and 5-6 gM respectively, showing that the peptides were less potent than 

trypsin at human PAR-2 (Nystedt et aL, 1994; Nystedt et al., 1995a; Maryanoff et aL, 
2001). Such a discrepancy in potency was also noted in parallel to that observed for 

thrombin and APs acting at PAR-I (discussed in Section 1.2.1.2). 

Several groups have performed studies, including alanine scanning, to evaluate the 

importance of each amino acid residue of the peptide sequences (Hollenberg et al., 1997; 

Maryanoff et al., 2001, Al-Ani et al., 2004). Carboxy-terminal amidation of the peptides 
increases the potency of the agonists compared to the non-amidated peptides, Le. 

SLIGKV-OH vs SLIGKV-NH2. The role of the free amino group on the serine residue 
has been explored by both acetylation and removal of this component from the peptide 

sequence (Blackhart et al., 1996; Maryanoff et al., 2001, Santagada et al., 2002). The 

acetylated peptide was shown to be inactive, whereas the potency of the peptide lacking 

the amino group was only reduced by 4 fold, indicating that the free amino group is not 

absolutely crucial for agonist potency, but an amino-terminal amide is detrimental. In 

general, several lines of evidence have supported the critical roles of Leu2, Ile 3 and Arg5 
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in PAR-2 peptide sequence in activating the receptor (Hollenberg et al., 1996; 

Hollenberg et al., 1997). 

Ferrell et al. has reported the synthesis of a more potent agonist peptide, 2-furoyl- 

LIGKV-OH (2f-LIGKV-OH), in which the amino-terminal serine is replaced with a 

furoyl group (Ferrell et al., 2003). By using multiple in vitro and in vivo assay systems, 

2f-LIGRL-NH2. which has the incorporation of a 2-furoyl group into the amidated 

mouse sequence, was found to be the most potent PAR-2 AP so far (Kawabata et al., 

2004). The authors also showed that the substitution of the amino-terminal serine with a 

furoyl group rendered the peptide more resistant to aminopeptidase degradation. Similar 

findings were reported independently by a different group in which another furoylated 

compound, 2f-LIGRL-omithine-NH2. was also found to exhibit high PAR-2 agonistic 

activity (McGuire et al., 2004). Al-Ani et al. (1999b) has reported the generation of N- 

trans-cinnamoyl-LIGRL-omithine-NU2 that can be radiolabelled at the free ornithine 

amino group with [3 H]-propionic anhydride to function as a radioligand-binding probe. 

To date the shortest functioning peptide reported for PAR-2 was shown to be the 

dipeptidyl analogue derived from N-benzoyl-R(N02)-L-NH2, which possesses similar 

potency to that of a full length AP, suggesting the potential development of a small 

molecule as a PAR-2 AP (Santagada et al., 2002). 

ii) Ligand cross-reactivity ofPAR-2 with other PARs 

One possible problem is the potential ligand cross-reactivity between the PAR family 

members (Blackhart et aL, 1996; Kawabata et aL, 1999). Blackhart et aL (1996) 

provided information that the PAR-I AP, SFLLRNP-NH2, is capable of activating PAR- 

2 with a similar potency to that of PAR-2 AP. Moreover, mercaptopropionyl-FChaCha- 
RKDNPKY-NH2, a peptide previously described to act as a PAR-I antagonist, was 

found to exert full agonistic activity on PAR-2 (Kawabata et aL, 1999). Additionally, 

PAR-3-dcrived synthetic ligands were found to be able to stimulate PAR-2 in Jurkat T 

cells (Hansen et A, 2004). These findings suggest that careful interpretation of data 
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obtained with the synthetic ligands for PARs is required in order to provide a clearer 

picture in this context. 

iii) PAR-2 antagonists 
Unlike PAR-1, relatively little information is available regarding a potent PAR-2 

antagonist. An early study has described the ability of two peptides, LLRY-NH2 and 
LSIGRL-NH2. in antagonising the non-proteolytic agonistic action of trypsin on the 

PAR-2 but not that of PAR-2 APs, revealing an as yet identified distinct mechanism(s) 

of interaction between the tethered/soluble ligand and the receptor (Al-Ani et al., 

2002a). Together with the information obtained from receptor pharmacology (see 

Section 1.2.2.3), these lines of evidence strongly suggest that the putative tethered ligand 

and synthetic peptide may act on different docking sites of PAR-2, giving rise to 

different degrees of receptor activation and distinct intracellular signalling mechanisms 

(Al-Ani et al., 1999b; Al-Ani et al., 2002a; Al-Ani et al., 2002b). 

A recent report has illustrated a novel compound, Nl-3-methylbutyryl-N 4 
-6- 

arninohexanoyl-piperazine (ENMD-1068), as a PAR-2 antagonist (Kelso et aL, 2006). 

ENMD-1068 has been shown to inhibit calcium signalling induced by PAR-2 agonists in 

vitro without any effects on that of PAR-1; nor platelet aggregation mediated by PAR-3 

or PAR-4. In in vivo studies, although ENMD- 106 8 did not affect the knee j oint swelling 

mediated by thrombin; it significantly reduced the inflammatory responses in the model 

of caffageenan/kaolin-induced arthritis. This suggests that ENMD-1068 might serve as a 

potential target as an anti-arthritic therapy. However, the authors did not provide the 

direct evidence of PAR-2 antagonism by this compound in vivo; whether or not this is 

the exact underlying mechanism for the protective role of ENMD-1068 in this 

autoimmune disease model remains to be investigated. 

From these limited studies, it is clear that more work is needed in order to obtain a 

comprehensive picture of PAR-2 peptide pharmacology. The observed ligand cross- 

reactivity as well as the distinct interactions of the soluble peptide and the tethered 
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ligand with the receptor have to be taken into account for the design and synthesis of 
high affinity agonists and antagonists for PAR-2. 

1.2.2.3 Receptor Pharmacology of PAR-2 

The identification of specific receptor domain(s) involved in interacting with the 

tethered ligand is essential for the understanding of the transmernbrane signal 

transduction mechanism. An early study highlighted the role of ECL-2 in governing 

PAR-2 agonist activity using chimeric receptors in which the individual extracellular 

domains were being substituted (Lerner et al., 1996). Further studies have pointed out 

the roles of residues Pro-231/Glu-232/Glu-233 (PEE) and Phe-240 of ECL-2 in 

governing PAR-2 activity and agonist specificity respectively (Al-Ani et al., 1999a; 

Compton et al., 2000). 

Notably, PAR-2 has been shown to be glycosylated at both ECL-2 and the amino- 

terminal on Ile-223 and Arg-31 respectively (Compton et aL, 2002a). The authors 

concluded that these glycosylation sites are important determinants for efficient cell 

surface receptor expression and the ability of tryptase in activating PAR-2. Such an 

observation is consistent with the findings that glycosylation of PAR-2 has been shown 

to impede the access of tryptase to the receptor's cleavage site, thus accounting for the 

varied ability of tryptase to activate PAR-2 (Section 1.2.2.7) (Compton et aL, 2002b). 

1.2.2.4 PAR-2 signalling 
Compared to PAR-1, considerably less is known about PAR-2-mediated signalling. 

Thus far PAR-2 has been shown to induce a wide array of signalling molecules 

including G proteins, MAPK pathways and NFKB. The regulation of MAPK and NFKB 

signalling cascades that forrn the basis of this thesis will be discussed in more detail in 

Section 1.3 and 1.4 respectively. 

Concomitant with its discovery, PAR-2 was shown to induce calcium mobilization and 
IP3 production in Xenopus oocytes, keratinocytes and epithelial cells, suggesting the 

23 



coupling of PAR-2 to G(Xq/1, and PLC isoforms (Nystedt et aL, 1994, Santulli et al., 

1995, B61un et al., 1996b). Activation of PTX-insensitive IP3/Ca2' signalling by PAR-2 

has also been observed in myocytes, astrocytes, enterocytes, neurons and tumour cell 

lines (Corvera et aL, 1997, Corvera et aL, 1999, Kong et aL, 1997, Ubl et aL, 1998; 

Bushell et aL, 2006). Apart from Ga(, /, 1, a study has reported that the calcium signalling 

induced by PAR-2 was associated with PTX-sensitive G proteins, indicating the 

potential role of Gcci/. in this context (Schultheiss et aL, 1997). In addition, PAR-2 has 

also been documented to be associated with Rho activation, a member of the small 

GTPases Ras superfamily, presumably via a PTX-insensitive mechanism (Scott et aL, 

2003, Klarenbach et aL, 2003, Greenberg et aL, 2003). However, to date there is no 

direct evidence of PAR-2 coupling to Gccq/11 or any other G proteins, further 

investigation such as coimmunoprecipitation studies might shed some light on this 

matter. 

As with thrombin, trypsin has also been observed to activate components of the MAPK 

cascades. Trypsin and PAR-2 APs have been shown to activate ERK, p38 MAPK and 

JNK in several different models (Belharn et al., 1996; DeFea et al., 2000; Stalheim. et 

al., 2005; Kanke et al., 2001). Direct evidence of NFKB as a downstream effector of 
PAR-2 was demonstrated when both trypsin and PAR-2 AP caused a significant, time- 

dependent nuclear translocation of NFrB in smooth muscle cells and keratinocytes 

(Bretschneider et al., 1999; Kanke et al., 2001). The mechanisms which PAR-2 utilises 

to mediate MAPK and NFKB activation will be further described in Section 1.3.2 and 

1.4.6 respectively. Other signalling components that have been shown to be activated by 

PAR-2 agonists include the focal adhesion kinase, proline-rich tyrosine kinase-2 (PYK- 

2), and the tyrosine phosphatase, SHP-2 (DeFea et al., 2000; Yu et al., 1997). 

Taken together, the ability of PAR-2 to signal to a wide range of effector components 

enables this receptor to elicit diverse cellular effects through multiple signalling (see 

Section 1.2.2.8). 
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1.2.2.5 Desensitisation and resensitisation of PARs 

i) Desensitisation as a mode ofsignal transmission termination 

As PARs are proteolytically irreversibly activated, 'shut off mechanisms involved in 

controlling the magnitude and extent of signal transduction are of particular importance 

in order to prevent persistent activation. 

In general, two different groups of serine/theorine kinases are involved in desensitisation 

(reviewed in Shenoy & Lefkowitz, 2003). The first group includes second-messenger- 

regulated kinases such as PKA and PKC that mediate heterologous desensitisation, an 

event that is associated with receptor phosphorylation even in the absence of agonist 

(Shenoy & Lefkowitz, 2003). Alternatively, GPCR kinases (GRKs) represent the second 

group of kinases which phosphorylate only agonist-stimulated receptor thus homologous 

desensitisation. To date, seven isoforms of GRKs are known (GRK 1-7), all of which 

have been shown to exhibit receptor-specific kinase activity (Reiter & Lefkowitz, 2006). 

Notably, phosphorylation of the receptor would lead to the recruitment of P-arrestins 

and subsequently uncoupling of the receptor from its cognate G-protein. 

For PAR-1, several studies have reported that the desensitisation of this receptor which 

occurs within minutes of receptor stimulation involves components such as GRK-3, 

GRK-5 and P-affestins (Iaccarino et A, 1998; Tiruppathi et aL, 2000; Paing et aL, 

2002). Relatively little is known about events governing desensitisation of PAR-3 and 

PAR-4. Desensitisation of PAR-2 which shares similar kinetics to PAR-1, on the other 

hand, is associated with PKC (136hm et A, 1996a). In addition, a recent study by 

Stalheim et aL (2005) has demonstrated the involvement of P-affestins in mediating 

PAR-2 desensitisation in that cells lacking P-affestins exhibited enhanced total inositol 

phosphate accumulation in response to PAR-2 stimulation. However, the role of GRK(s) 

in regulating PAR-2 desensitisation has yet to be demonstrated. 
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ii) Intracellular trafficking and resensitisation of receptor 
Following desensitisation, receptors undergo intracellular trafficking and processing of 
the respective receptors (reviewed in Shenoy & Leftkowitz, 2003). The general 

paradigm of GPCR internalisation involves several integral proteins such as P-arrestins, 

dynamin and clathrin-coated pit (Shenoy & Leftkowitz, 2003). The endocytosed 

receptor will then be transported to endosomes and subsequently be targeted for either 
degradation by lysosomes or recycling back to the cell surface. 

PAR-I endocytosis has been well-studied, and several lines of evidence have suggested 
that upon receptor activation, PAR-1 is rapidly internalised through dynamin-mediated 

clathrin-coated pit formation with the majority of the receptors targeted to lysosomes for 

degradation (Hoxie et aL, 1993; Trejo et aL, 2000). Tbus resensitisation of PAR- I which 

occurs within 60 minutes requires mobilisation of the receptor from Golgi stores and 

protein synthesis. Interestingly, in contrast to other GPCRs, P-arrestins have been 

shown to have no role in regulating PAR-1 endocytosis in a study using cells derived 

from P-arrestin knockout mice (Paing et aL, 2002). Again, the resensitisation process 
for PAR-3 and PAR-4 remains largely undefined. 

Similar intracellular trafficking and resensitisation mechanisms have been reported for 

PAR-2. PAR-2 stimulation causes rapid internalisation and co-localisation of the 

receptor with P-arrestins into endosomes (B6hm et aL, 1996a; Dery et aL, 1999). Thus 

unlike PAR-1, arrestins are important mediators in modulating PAR-2 endocytosis (Dery 

et aL, 1999; Stalheirn et aL, 2005). Additional evidence also suggested the involvement 

of a GTPase, rab5a, in regulating PAR-2 internalisation (Roosterman et aL, 2003). 

Subsequently, PAR-2 is transported to lysosomes and replenishment of the receptor at 

the cell surface requires receptor mobilisation from Golgi apparatus and the synthesis of 

new protein (B6hm et al., 1996a; Dery et aL, 1999). In addition, Roosterman et aL 
(2003) reported that the trafficking of PAR-2 from Golgi store involves rablla, a 
GTPase which has been found to co-localise with PAR-2 in migrating vesicles from the 
Golgi to the cell membrane. 
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1.2.2.6 Functional Interactions of PARs 

In several studies, PARs have been identified to be present in the same cell line, leading 

to further investigations of the functional interactions between PARs (Molino et A, 

1997a; Hollenberg et aL, 1999). The fact that a ligand can serve as an agonist for several 

receptors adds to the complexity of the functional interactions of PARs. 

i) PAR-2 with other PARs 

Extensive studies have illustrated the functional interactions between PAR- 1, PAR-3 and 

PAR-4 and considerably less is known regarding PAR-2.0' Brien et aL (2000) has 

described the intermolecular signalling involving PAR-1 and PAR-2. The authors 

reported that a truncated PAR-1 which was unable to signal and a wild type PAR-2, 

when expressed together, responded to thrombin, suggesting transactivation of PAR-2 

by PAR-1. In addition, in endothelial cells that naturally express both PAR-I and PAR- 

2, a PAR-1 antagonist blocked only 75% of the response mediated by thrombin; with the 

remaining 25% being abolished following PAR-2 desensitization. Although 

transactivation of PAR-2 by PAR-1 might not be the main mechanism which accounts 

for thrombin signalling in endothelial cells, this result highlighted the fact that effective 

antagonism of thrombin response can be complicated in the presence of PAR-2 and 

possibly vice versa and considering that the same phenomenon might exist in other cell 

lines. 

ii) PAR4, PAR-3 and PAR-4 

A large body of evidence has proposed the functional interactions between PAR-1, 

PAR-3 and PAR-4. An initial study has indicated the role of PAR-I and PAR-4 in 

mediating the activation of human platelets (Kahn et aL, 1999). The same study also 
demonstrated a role for PAR-I in mediating platelet activation at low thrombin 

concentrations, whilst in contrast PAR-4 was shown to be effective only at high 

concentrations of thrombin. Notably, PAR-4 is not made redundant by the presence of 
PAR-1, as a further study reported that both PAR-I and PAR-4 have distinct kinetics 

upon activation by thrombin in which PAR-4 induced a more prolonged response 
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compared to that of PAR-I (Shapiro et aL, 2000). This PAR-4 response was important in 

regulating the late phase of platelet aggregation process (Covic et aL, 2000b). These 

results indicate that both PAR-1 and PAR-4 can account for the observed thrombin 

responses, with distinct kinetics that would lead to different signalling mechanisms. 
Recently, PAR-I has been shown to form heterodimers with PAR-4 in human fibroblast 

and platelets (Leger et A, 2006). Such a dual-receptor paradigm might provide 
important implications in generating useful therapeutic tools for anti-coagulant and anti- 
thrombotic purposes. 

Interestingly, mouse PAR-3 (mPAR-3) was found to be a cofactor for mPAR-4 

activation in mediating platelet activation (Nakanishi-Matsui et aL, 2000). The authors 

showed that co-expression of mPAR-3 and mPAR-4 greatly enhanced thrombin 

signalling response in platelets, and it was deduced that the amino-terminal exodomain 

of mPAR-3 played the key role in promoting mPAR-4 activation by localising thrombin 

to the cell membrane via its hirudin-binding site, a motif that is absent in PAR-4. 

However, the extrapolation of this finding to a human model is limited, as PAR-3 

expression was not detected in human platelet (Kahn et A, 1999). In addition, an 
interaction between the same receptor subtypes has also been implicated (Chen et A, 

1994). Through generation of mutant receptors, the authors showed that for PAR-1, a 

cleaved receptor is able to activate another uncleaved. receptor. Collectively, these data 

provide new insight into the mechanism(s) of activation of PARs, whether or not 

cofactors play a direct role in human involving PAR-2 requires further exploration. 

1.2.2.7 Protease activators of PAR-2 

Several endogenous activators have been identified for PAR-2 (see below). An early 

study identified the serine protease, trypsin, as the endogenous activator for PAR-2 

especially in the gastrointestinal system where the enzyme is secreted and the receptor is 

highly expressed (Bohm et al., 1996b). Soon it was realised that trypsin is in fact widely 
distributed in the human body, further supporting the role of trypsin as the predominant 
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activator for PAR-2 even outside the gastrointestinal environment (Koshikawa et A, 

1997; Koshikawa et A, 1998; Cocks et aL, 1999b). 

To date, four subtypes of trypsin have been identified; trypsin I, trypsin II, trypsin III 

and trypsin IV (Emi et aL, 1986; Nyaruhucha et aL, 1997; Wiegand et aL, 1993). 

Trypsin I-III are pancreatic enzymes whereas trypsin IV is found in the brain. Trypsin II 

isolated from a carcinoma cell line was found to stimulate PAR-2 expressed in an insect 

cell line (Alm el aL, 2000). Another study also reported that trypsin IV was able to 

activate both PAR-2 and PAR-4 expressed in KNRK cells (Cottrell et aL, 2004). Unlike 

pancreatic trypsin, trypsin IV was shown to be resistant to inhibition by polypeptide 
inhibitors such as soybean trypsin inhibitor, suggesting that trypsin IV might be capable 

of producing a more prolonged response in vivo. In addition, a trypsin-like serine 

protease designated as P22, purified from rat brain, was found to be able to stimulate 
PAR-2 activation in glioblastoma cells (Sawada et aL, 2000). 

Several other proteases in the vasculature have been reported to activate PAR-2, for 

example tryptase secreted from human mast cells, is the first protease other than trypsin 

shown to be able to activate PAR-2, albeit with a lower potency (Molino et al., 1997b; 

Fox et al., 1997; Mirza et al., 1997). However, another study has failed to detect PAR-2 

activation by tryptase (Huang el al., 2001). It was later concluded that glycosylation of 

PAR-2 would impede receptor activation by tryptase, although the mechanisms involved 

remain unclarified (Compton et al., 2002b). Interestingly, the coagulation protease factor 

Xa (Xa) which normally acts upstream of thrombin has been shown to activate PAR-2 

along with PAR-1, albeit at high non-physiological concentrations (-lOnM) (Camerer et 

al., 2000). Further studies revealed that Xa retains high affinity for its activator, the 

tissue factor (TF)-factor VIIa (VIla) complex, forming a ternary complex, TF-VIIa-Xa, 

that is able to activate both PAR-1 and PAR-2 (Baugh et al., 2000, Riewald & Ruf, 

2001). These data described a novel function for the upstream coagulation mediators, 

which were previously thought to play pivotal roles solely in zymogen cleavage. 
Proteases secreted by leukocytes are also capable of activating PARs. For example, the 
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neutrophil degranulation products proteinase 3 (PR3) and cathepsin G, have been shown 
to signal via PAR-2 and PAR-4 respectively (Uehara et A, 2002; Sambrano et A, 

2000). 

Other miscellaneous PAR-2 activators include a recently cloned transmembrane protein 

with an extracellular protease domain, termed membrane-type serine protease I (MT- 

SPI), which resulted in calcium signalling when exposed to PAR-2 expressing oocytes 
(Takeuchi et al., 2000). In addition, acrosin, a serine protease found in the acrosomal 

vesicle of marnmalian spermatozoa has been shown to activate PAR-2 (Fox et al., 1997). 

Such findings contribute to the postulation that PAR-2 may play a part in the 

reproductive system, in addition to the fact that high levels of receptor expression were 
found in the prostate and ovary (Nystedt et al., 1995b, B6hrn et al., 1996b). In the brain, 

B-50/GAP-43, a neuronal growth associated protein, was found to serve as the precursor 
for PAR-2 agonist (Hollenberg et al., 2000). Other studies have also reported that certain 

non-mammalian proteases are potential PAR activators. RgpB, an arginine-specific 

cysteine protease produced by Porphyromonas gingivalis, the causative agent of 

periodontal disease, caused calcium mobilization and interleukin (IL)-6 secretion in an 

oral epithelial cell line that is, at least in part, mediated via PAR-1 and PAR-2 

(Lourbakos et al., 2001). In addition, Der p3 and Der p9, two major serine proteases 

produced by dust mite, have been shown to signal to PAR-2 in epithelial cells (Sun et 

al., 2001). 

These findings highlight the fact that there are several potential activators for PAR-2 in 

different types of tissues, suggesting the role of this receptor in a wide range of 
biological processes (see Section 1.2.2.8). The implication is that within a given tissue, 

the extent of PAR-2 activation may be a composite of the actions of several different 

proteases and thus will reflect the overall role of PAR-2 in normal physiology and 
disease conditions. However, more studies are required. 
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1.2.2.8 Physiological roles of PAR-2 

PAR-2 has been shown to be widely expressed in various tissues (reviewed in 

Macfarlane et aL, 2001). As with other PARs, PAR-2 has been implicated in diverse 

biological functions including haemostasis, inflammation, lung physiology, nervous 

system, digestive system, pain sensation and dermatological processes as discussed 

below. 

i) Cardiovascular and circulatory system 
Early studies reported the presence of PAR-2 in highly vascularised tissues such as 
kidney, small intestine and stomach, proposing its role in mediating haemodynamic 

effects (Nystedt et al., 1994, D'Andrea et al., 1998). Since then the role of PAR-2 in the 

modulation of vascular tone has been investigated extensively using classical organ bath 

pharmacology and also in vivo. 

The expression of PAR-2 in the vasculature has been detected in endothelial and smooth 

muscle cells (Mirza et aL, 1996; D'Andrea et aL, 1998; O'Brien et aL, 2000). Activators 

of PAR-2 have been shown to cause endothelium-dependent relaxation of blood vessels 

of isolated tissues from various species including human, porcine coronary arteries and 

rat pulmonary arteries (Al-Ani et aL, 2002a; Hamilton et aL, 1998; Hwa et aL, 1996). 

Such effects were thought to be mediated via both NO-dependent and independent 

mechanisms. The relaxant effect of PAR-2 activation was then confirmed in studies 

monitoring blood pressure changes in intact animals and in PAR-2 knockout mice 
(Cheung et aL, 1998, Emilsson et aL, 1997, Damiano et aL, 1999a; Damiano et aL, 
1999b). Evidence for the activation of PAR-2 resulting in a vasorelaxant effect in 

humans in vivo has been provided by Robin and colleagues (Robin et aL, 2003). Apart 

from the predominant hypotensive effect, PAR-2 APs have been shown to cause 

contraction of mouse renal arteries in endothelium-denuded preparations, suggesting 
direct smooth muscle contraction stimulated by PAR-2 (Moffatt & Cocks, 1998). 
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Thus far there is limited evidence confirming the role of PAR-2 in regulating vascular 
tone under normal physiological condition, in fact in mice lacking PAR-2 there was no 

obvious cardiovascular abnormalities (Damiano et aL, 1999b). Nevertheless, PAR-2 

may play a role during inflammation given the fact that inflammatory agents such as 
tumour necrosis factor (TNF)-a, IL- I and lipopolysaccharide (LPS) have been shown to 

cause the upregulation of PAR-2 mRNA in cultured endothelial cells within 4-20 hours 

(Nystedt et aL, 1996). Similar findings were also reported by several other in vitro 

studies (Cicala et aL, 1999; Hamilton et aL, 2001b; Damiano et aL, 1999a). It is possible 
that the effects of these inflammatory mediators on the blood vessels might be mediated 

via PAR-2. However, this idea would be contingent on the concomitant release of a 
PAR-2 activator. Also, by using a transgenic in vivo model, a recent study has provided 

evidence for PAR-2 mediating vasodilation in diabetes, under conditions in which the 

vessels were unresponsive to acetylcholine (Roviezzo et aL, 2005). Taken together, 

these results indicate that PAR-2 might have a pathological and/or compensatory role 
during inflammation and certain cardiovascular disorders. 

PAR-2 activation may also lead to certain vascular protective mechanisms. For example, 
PAR-2 was found to mediate cerebral artery vasodilation, implying a potential protective 

role in cerebral circulation in the event of chronic hypertension (Sobey & Cocks, 1998; 

Sobey et aL, 1999). Also, Napoli and colleagues have documented a role of PAR-2 in 

ischemia-reperfusion injury, in that receptor activation improved efficiency of ischemic 

preconditioning and enhanced myocardial functional recovery (Napoli et aL, 2000, 

Napoli et A, 2002). In addition, the mitogenic property of PAR-2 has been shown to 

promote angiogenesis and thus haemodynamic recovery in a mouse model of unilateral 
hindlimb ischernia (Milia et A, 2002). 

PAR-2 activation in immune cells is also vital in mediating inflammation. This is 

supported by the findings of PAR-2 expression in human neutrophils and eosinophils 
(Howells et A, 1997, Miike et A, 2001). Further studies revealed that PAR-2 may be 

involved in early inflammatory events, in that it promotes leukocytes rolling and 
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adhesion as well as chemotaxis, presumably through the release of platelet-activating 
factor (PAF) (Vergnolle, 1999). Lindner and co-workers showed that inflammatory 

responses were delayed but not abolished in PAR-2 deficient mice (Lindner et al., 
2000). The direct effect of PAR-2 in inflammation was demonstrated when injection of 

trypsin and PAR-2 AP into rat hindpaw was found to enhance vascular permeability and 
induce oedema formation, at least partly mediated through mast cell degranulation 

(Kawabata el al., 1998). This was consistent with the work of Vergnolle et al. (1999), in 

which administration of PAR-2 APs into rat paw was found to result in an acute 
inflammatory reaction, exemplified by oedema and granulocyte infiltration. In contrast 

to Kawabata et al. (1998), the latter study proposed the involvement of a mast cell- 
independent mechanism. Furthermore, PAR-2 has also been shown to play a role in 

chronic inflammation. Intra-articular injection of PAR-2 AP induced persistent joint 

oedema and synovial hyperemia, suggesting PAR-2 as a proinflammatory factor in 

arthritis (Ferrell et al., 2003). Furthermore, in PAR-2 knockout mice, the chronic 
inflammatory responses were not observed. Taken together, these findings point to the 

fact that PAR-2 plays a fundamental role in both the acute and chronic phases of 
inflammation. 

ii) Respiratory System 

PAR-2 is expressed by various cells types in the airway including ciliated and non- 

ciliated epithelial cells, airway smooth muscle cells, pulmonary endothelial cells and 

pulmonary vascular smooth muscle cells of human and other species (D'Andrea et aL, 

1998; Cocks et aL, 1999b; Schmidlin et aL, 2001; Ricciardolo et aL, 2000; Miotto et A, 

2002). 

There is controversial evidence as to whether PAR-2 mediates protective 
bronchodilatation or detrimental bronchoconstriction. Evidence favouring the protective 

role of PAR-2 was provided by Cocks and co-worker who showed that PAR-2 activation 

mediated an epithelium and prostanoid-dependent relaxation in isolated bronchi from 

several species precontracted with carbachol (Cocks et al., 1999b). In contrast, 
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activation of PAR-2 in isolated human bronchial rings caused contraction (Chambers et 

aL, 2001; Schmidlin et aL, 2001). Thus, the effects of PAR-2 activation in the airway 

may depend on the type of tissue and species of the experimental model. 

The effects of PAR-2 activation in the airways have also been investigated in intact 

animals. Again, various groups have shown both smooth muscle relaxant and contractile 

effects mediated by PAR-2 in this context. Aerosol administration of PAR-2 agonists to 

anaesthetised rats protected the animals against the bronchoconstriction effects induced 

by 5-hydroxytryptamine (5-HT) (Cocks et al., 1999b). Similarly, intravenous injections 

of PAR-2 AP significantly inhibited histamine-induced increase in airway resistance in 

guinea pigs (Cicala et al., 2001). On the contrary, another in vivo study reported that 

intravenous or intratracheal administration of PAR-2 agonists produced 

bronchoconstriction in guinea pigs, mediated in part by prostanoids and a neurogenic 

mechanism involving neurokinin receptors (Ricciardolo et al., 2000). 

Apart from regulating airway resistance, PAR-2 has been implicated in other aspects of 

the pulmonary system including airway remodelling (Akers et aL, 2000; Chambers et 

aL, 2001; Vliagoftis et aL, 2000), ion transport (Danahay et aL, 2001; Oshiro et aL, 
2002) and airway inflammation (Cocks & Moffatt, 2001; Moffatt et aL, 2002; 

Asokananthan et aL, 2002b; Schmidlin et aL, 2002). Interestingly, house dust mite 

allergens such Der p3 and Der p9, are capable of activating PAR-2 to induce the release 

of proinflammatory cytokines such as IL-6, IL-8 and granulocyte-macrophage colony- 

stimulating factor (GM-CSF) in human lung epithelial. cells (Sun et aL, 2001). Together 

with the fact that PAR-2 expression is upregulated in the bronchial epithelium of 

asthmatics, these findings imply a role for PAR-2 in immunity development and allergic 

inflammation of the airway (Knight et aL, 2001; Asokananthan et aL, 2002a). 
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iff) Skin 

One of the earliest organs in which the expression of PAR-2 has been detected was skin, 
thus implying a role of PAR-2 in mediating dermatological processes (Santulli et A, 

1995). Further studies revealed the expression of PAR-2 in the basal, spinous and 

granular cell layers of the epidermis, as well as in the inner root sheath of hair follicles 

and myoepithelial cells of sweat glands (D'Andrea et A, 1998; Steinhoff et A, 1999). 

The proinflammatory role of PAR-2 in skin was revealed when the receptor expression 

was found to be markedly enhanced in atopic dermatitis and psoriatic skin (Steinhoff et 

aL, 1999). This was further confirmed by in vivo studies, in that compared with the 

control group, PAR-2 knockout mice demonstrated reduced inflammatory responses 
including; attenuation of oedema and inflammatory cell infiltration induced by topical 

application of sensitizers. These results suggest a role for PAR-2 in type IV allergic 
dermatitis (Kawagoe et aL, 2002). Similar findings were reported by another study in 

which PAR-2 deletion mice showed reduced inflammation responses in a model of 

experimentally-induced contact dermatitis (Seeliger et aL, 2003). The proinflammatory 

effects of PAR-2 in in vivo may be mediated partly by the direct effects upon dermal 

rnicrovascular endothelial cells since trypsin was shown to stimulate cytokine expression 

and NFrB activation (Shpacovitch et aL, 2002). In addition, PAR-2 activation induces 

the release of IL-6, IL-8 and GM-CSF in cultured human keratinocytes (Hou et A, 

1998; Wakita et A, 1997). In inflamed skin, the number of tryptase-containing mast 

cells was found to be increased in the dermis layer as well as at the dermal-epidermal 

border. This led to the postulation that during skin inflammation tryptase released from 

mast cells might activate PAR-2 in keratinocytes, causing receptor hyperactivation and 

the release of various proinflammatory cytokines, giving rise to various pathological 

responses (Steinhoff el aL, 1999). Taken together, these findings suggest that PAR-2 

might serve as the key factor underlying certain dermatological disorders. 

Another important dermatological process mediated by PAR-2 is pigmentation. 
Melanocytes are melanosomes-containing cells that are responsible for skin 

35 



pigmentation. Although melanocytes do not express PAR-2, activation of PAR-2 in 

keratinocytes has been shown to facilitate the phagocytosis of melanosomes thus 

resulting in skin darkening (Seiberg et aL, 2000; Sharlow et aL, 2000). 

A role for PAR-2 in pigmentation also correlates well with the fact that PAR-2 

expression in keratinocytes is upregulated after ultraviolet exposure (Scott et aL, 2001). 

Interestingly, Babiarz-Magee and co-workers showed that the expression of PAR-2 and 

trypsin were enhanced in the pigmented skin compared to the control group in an in vitro 
human study (Babiarz-Magee et aL, 2004). This led to the postulation that PAR-2 might 

contribute to ethnic skin colour phenotypes. 

PAR-2 also represents a potential candidate for therapeutic intervention in pruritus when 

PAR-2 AP was found to induce prolonged itch sensation, highlighting a novel role for 

this receptor (Steinhoff et A, 2003). This is consistent with a recent study which showed 

that intradermal injection of tryptase caused pruritogenic response which was thought to 

be mediated via PAR-2 (Ui et A, 2006). 

iv) Gastrointestinal System 

Trypsin serves as one of the principle endogenous activators for PAR-2, thus it is not 

surprising to anticipate the role of the receptor in the gastrointestinal tract where this 

enzyme is abundantly expressed. Strong expression of PAR-2 has been detected in the 

small intestine, colon, pancreas and liver, and to a lesser extent in the stomach (Nystedt 

et al., 1994; Nystedt et al., 1995a; B6hrn et al., 1996b). At the cellular level, significant 

immunoreactivity of PAR-2 was detected at the apical. and basolateral membrane of 

enterocytes, neurons of the myenteric and submucosal plexus, as well as vascular 

smooth muscle cells and endothelial cells (D'Andrea et al., 1998; Kong et al., 1997; 

Green et al., 2000; Reed et al., 2003; Corvera et al., 1999). 

Early studies have shown that PAR-2 stimulation causes the contraction of gastric 
longitudinal muscle (Al-Ani et A, 1995; Saifeddine et aL, 1996). A later study reported 

the biphasic effects of PAR-2 AP in inducing relaxation followed by contraction in 
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mouse gastric fundus (Cocks et aL, 1999a). In contrast, PAR-2 activation in rat colon 

was found to inhibit rhythmic contraction (Corvera et A, 1997). Further studies also 

revealed that PAR-2 exerts differential effects on circular and longitudinal muscle in rat 

colonic tissues, with a reduction in spontaneous contraction and a contractile response 

observed in the former and latter respectively (Mule & Baffi, 2002). Evidence from in 

vivo studies indicated that the net effect of PAR-2 activation is to promote 

gastrointestinal transit via aparnin-sensitive K* channels and L-type Ca2+ channels 
(Kawabata et aL, 2001 a). 

Another important function of PAR-2 in the gastrointestinal system is in intestinal ion 

transport in that the activation of PAR-2 stimulates the secretion of Cl' ions from the 
intestinal mucosa (Vergnolle et aL, 1998; Green et aL, 2000; Cuffe et aL, 2002). Also, 

PAR-2 APs stimulate C2+ýactivated Cl' and Ký channels when added to the basolateral 

but not apical surface of dog pancreatic duct epithelial cells (Nguyen et aL, 1999). The 

functional implication proposed by these findings is that PAR-2 activation might lead to 

diarrhoea and increased ductal secretion that can be protective to promote toxin 

clearance. 

PAR-2 is also involved in modulating salivary, pancreatic and gastric secretions. 
Stimulation of PAR-2 in isolated rat salivary glands and in intact animals causes an 
increase in mucin secretion (Kawabata et aL, 2000a; Kawabata et aL, 2000c). Similar 

results were obtained in both in vitro and in vivo models whereby PAR-2 activation 

enhances pancreatic exocrine secretion (B6hm et al., 1996b; Kawabata et aL, 2000a). 

Gastric, but not duodenal secretion, was stimulated upon PAR-2 activation; such effects 

were thought to be modulated by the release of neuropeptides from sensory nerves 
(Kawabata et aL, 2001b; Kawabata et aL, 2002). PAR-2 expression has been detected in 

pepsin-secreting chief cells of the stomach, and PAR-2 AN have been shown to 

stimulate pepsin secretion in vitro, but contradicting results were obtained in vivo 
(Kawao et aL, 2002, Nishikawa et aL, 2002). 
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v) Nervous System 

PAR-2 has been detected in the central nervous system whereby it is located in the 

neurons and the astroglia of the hypothalamus (D'Andrea et A, 1998; Smith-Swintosky 

et aL, 1997). It is now known that PAR-2 has important functions in several aspects of 
the nervous system including neurodegeneration and neuroprotection, neurogenic 
inflammation as well as hyperalgesia, (see below). 

Contradicting results have been reported for the role of PAR-2 in mediating 

neurodegeneration or the opposing effect neuroprotection. Smith-Swintosky et aL (1997) 

showed that stimulation of PAR-2 in rat hippocampus causes neuronal. cell death. In 

contrast, other studies supported a protective role of PAR-2 during acute focal ischaernia 

and HIV dementia (Jin et d, 2005; Noorbakhsh et aL, 2005). 

PAR-2 is coexpressed with the neuropeptides Substance P (SP) and calcitoxin gene- 

related product (CGRP) in peripheral sensory neurons, providing clue for its role in 

neurogenic inflammation and hyperalgesia (Steinhoff el A, 2000). PAR-2-induced 

neuropeptide release and this effect has been shown to underlie the oedema resulting 
from intraplantar injection of PAR-2 AP (Steinhoff et A, 2000). In addition, sub- 
inflammatory doses of PAR-2 AP caused thermal and mechanical hyperalgesia, which 
involves nociceptors activation and fas expression in the dorsal hom (Vergnolle et aL, 
2001). The same study also illustrated the role of neurokinin receptor and mast cell 
degranulation as the underlying mechanisms of PAR-2-induced hyperalgesia. Further 

studies using transgenic mice has implicated the role of the non-selective cation channel, 

transient receptor potential (TRP), in PAR-2-mediated then-nal hyperalgesia (Amadesi 

et aL, 2004). 

Taken together, PAR-2 is vital in mediating diverse patho-physiological processes. Not 

only that, the presence of PAR-2 in various cells involved in inflammatory responses 

and the activation of this receptor leading to the release of multiple cytokines and 
inflammatory mediators further support PAR-2 as a potential therapeutic target. 
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1.3 MITOGEN-ACTIVATED PROTEIN (MAP) KINASES (MAPKs) 

A large body of evidence has indicated that certain GPCRs are able to generate 

mitogenic signals, a phenomenon that cannot be fully defined by the stimulation of 

classical GPCR signalling effectors (reviewed in Hur & Kim, 2002). It is now known 

that several GPCRs including PAR-1, PAR-2, bombesin, bradykinin, muscarinic and 

adrenergic receptors are associated with MAPK cascades activation to modulate cell 

growth and differentiation (Hur & Kim, 2002, DeFea et aL, 2000; Kanke et aL, 2001). 

To date, five distinct subfamilies of MAP kinases have been reported in mammalian, 

namely extracellular signal-regulated kinase (ERK)-I and 2, c-Jun amino-terminal 
kinases (JNKs), p38 MAP kinase, ERK-3/4, and ERK-5 or big MAP kinase-I (BMK-1) 

(Pearson et A, 2001). JNKs, p38 MAP kinase and BMK-1 form the group of 

mammalian stress-activated protein kinases (SAPKs). However, ERK-3/4 and BMK-1 

cascades are less well characterised thus this section will mainly focus on ERK-1/2, 

JNKs and p38 MAP kinase. 

1.3.1 General activation paradigm of MAP kinases 

All MAP kinases are regulated by phosphorylation cascades that involve the central 

three-tiered components, namely the MAP kinase; the MAP kinase activator called MAP 

kinase kinase (MAPKK or MEK) and a diverse group of MEK activator known as MAP 

kinase kinase kinase (MAPKKK or MEKK) (see Figure 1.3) (Pearson et aL, 2001). 

MAP kinases are activated by MEK through dual phosphorylations on tyrosine/theorine 

residues; whereas MEKK stimulates MEK activity via serine/theorine phosphorylations. 

A wide variety of substrates have been identified to serve as downstream effectors for 

the MAPK cascades, including membrane proteins, cytosolic and cytoskeletal 

components, protein kinases collectively termed MAPK-activated protein kinases (MK), 

as well as transcription factors (reviewed in Chen et aL, 2001). Numerous studies have 

delineated the interactions between the MAP kinase cascades and the components 

regulating each part of the pathway (see Figure 1.3) (Kyriakis & Avruch, 2001). 
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Figure 1.3 The activation of MAPKs. a) Schematic diagram illustrates the components 
involved in MAPK signalling paradigm. b) The upstream effectors of MAPK cascades. 
(Modified from Pearson et al., 2001). Abbreviations: AMPK, mitogen-activated protein kinase; 
MEK, AMPK kinase; MEKK, MEK kinase; MLK, mixed lineage kinase; ASK, apoptosis signal- 
regulating kinase; DLK, dual leucine zipper kinase; ERK, extracellular signal-regulated kinase; 
JNK, c-jun amino-terminal kinase; SAPK, stress-activated protein kinase. 
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Classically, the general activation paradigm of a MAPK cascade by extracellular stimuli 
involves stimulation of the cell surface receptor and the subsequent activation of small G 

proteins such as p2 I", Cdc42, Rac and Rho, through which the signal will be relayed to 

activate specific downstream MEKK components (reviewed in Chen et al., 2001). For 

example, in response to growth factor receptor stimulation, receptor tyrosine kinase 

activation causes phosphorylation of receptor tyrosine motifs which then bind the 

adaptor protein Shc to recruit and activate the growth-factor-receptor-bound protein 
(GRB)-2 (Malarkey et al., 1995). The archetypal Ras exchange factor, son of sevenless 
(SOS), is in turn towed to the membrane by GR13-2 to activate the GTPase, p2 I ras, 

leading to the targeting and activation of a MEKK component in the ERK cascade, Raf- 

I (see below), thus initiating the response. A nurnber of variations exist on this model 

with several forms of Shc adaptor proteins and different subtypes of docking proteins 

such as Grb-10 and Gab-I (Chen et al., 2001). A similar paradigm holds for activation 

of the SAP kinases, however not all of the upstream inten-nediates have been established 
(Kyriakis & Avruch, 2001). 

i) Extracellular signal-regulated kinase (ERK)-I and 2 

Extracellular signal-regulated kinase (ERK) -1 and 2, which are also known as the 

classical mitogen kinases, represent the first and best studied cascade amongst all MAP 

kinases (Pearson et al., 2001). ERK-1/2 are proteins of 42 and 44 kDa respectively, 

sharing 83% of overall amino acid identity (Boulton et al., 1990). The direct upstream 

mediators of ERK-1/2 are two high homology proteins called MEK-I and MEK-2; 

whereas the MEKKs that lie above MEK-1/2 are Raf proteins (Pearson et al., 2001). 

The ERK pathway is well-known for its role as the key regulator for cell survival and 

proliferation, exemplied by the fact that ERK inhibitors are potential anticancer agents 
(Kohno & Pouyssegur, 2003). The cellular effects of ERK are mediated by a large 

number of substrates which could be found in various cellular compartments including 

Syk (Zhang et aL, 1996), p90 risobosomal S6 kinases (RSKs) (Sassone-Corsi et aL, 
1999), mitogen and stress kinases (MSKs) (Thomson et aL, 1999), signal transducer and 
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activator of transcription (STAT) (Pircher et aL, 1999), heat shock factor (HSF)-l (Dai 

et aL, 2000), and nuclear factor of activated T cell (NFATc) (Porter et aL, 2000). 

ii) c-Jun amino-terminal kinases (JNKs)l Stress-activated protein kinases (SAM) 

Another module of MAP kinase that was discovered soon after the identification of ERK 

is c-Jun amino-terminal kinases (JNKs) or stress-activated protein kinases (SAPKs) 

(reviewed in Kyriakis & Avruch 2001). JNKs are encoded by three genes namely JNK- 

I/SAPKy, JNK-2/SAPK(x and JNK-3/SAPKP. JNKs 1-3 share up to 85% of protein 

homology with more than ten alternative spliced forms identified to date. JNK-I and 

JNK-2 are proteins of 46 and 54 kDa respectively, whereas the molecular weight of 

JNK-3 isoforms range from 45-57 kDa (Kyriakis & Avruch, 2001). 

MEK-4 and MEK-7 have been implicated to lie at the direct upstream of the JNK/SAPK 

pathway; whereas several other kinases have been reported to act at MEKK level, 

amongst those are MEKK 1-4, mixed lineage kinase (MLK)-2 and -3, Tpl-2/Cot, dual 

leucine zipper kinase (DLK) and apoptosis signal-regulating kinase (ASK)-1 (reviewed 

in Pearson et aL, 2001). The JNK/SAPK module is strongly activated in response to UV 

radiation, growth factor deprivation and inflammatory cytokines such as TNF(x and IL- 

I; but to a lesser extent by serum and GPCRs (Kyriakis & Avruch, 2001). 

Similarly to ERK, the downstream substrates of activated JNKs are distributed in 

different cellular compartments. These include insulin receptor-substrate-I (IRS-1) 

(Aguirre et aL, 2000), Bcl-2 (Fan et aL, 2000), and transcription factors such as c-Jun, 

activating transcription factor (ATF)-2, STAT-3, HSF-I and NFATc (reviewed in Chen 

et aL, 2001). 

iii) p38 MAP kinase 

The p38 MAPK isoforms represent the second mammalian stress-activated MAP kinase 

subfamily. Four genes have been identified to encode the family of p38 MAPK, namely 

p38oc, p38p, p38y and p385 (reviewed in Kyriakis & Avruch, 2001). Protein kinases that 
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have been shown to directly activate p38 isoforms are MEK-3 and MEK-6, whereas 

several MEKKs have been documented to act as the first tier of this MAPK module, 
including MEKKs 1-4, DLK, ASK-1, Tpl2/Cot and Tak-I (Kyriakis & Avruch, 2001). 

As with JNKs, p38 isoforms are strongly activated by physical and chemical stresses, 
UV radiation, and cytokines for example TNFoc and IL-1, but minimally affected by 

mitogenic stimuli (reviewed in Chen et al., 2001). Notably, most stimuli that activate the 

NK pathways also trigger p38 MAPK cascade, highlighting the fact that both SAPK 

pathways work in parallel to integrate extracellular changes (Kyriakis & Avruch, 2001). 

The downstream substrates of p38 MAPK include enzymes such as phospholipase A2 

(Kramer et A, 1996), protein kinases such as MAPKAP kinases 2 and 3, ATF (Tan et 

al., 1996), Elk-I (Whitmarsh et aL, 1995), p53 (Huang et aL, 1999) and CREB 

homologous protein (CHOP) (Wang & Ron, 1996). The p38 MAPK also shares several 

effector molecules with ERK and JNKs, for example MNKs, MSKs, NFATc and HSF- I 

(Chen et A, 2001). 

1.3.2 Regulation of MAPKs by GPCRs 

Generally, the mechanisms by which GPCRs regulate MAPKs that have been elucidated 
to date include; activation of the intermediates of the classical MAP kinase cascade 

through G proteins-generated second messengers such as PKA and PKC, transactivation 

of epidermal growth factor (EGF) receptor, and the involvement of P-arrestins (reviewed 

in Luttrell, 2002). 

Classical downstream effectors of G proteins that have been implicated in GPCR- 

induced MAPK activation include cAMP, PKA, PLC, intracellular Ca2+ and PKC 

isoforms (Luttrell, 2002). Generally, these signalling components converge at the level 

of ras or Raf activation. For example, evidence has suggested that Got, stimulates ERK 

activity through direct phosphorylation of ras (Vossler et al., 1997; Grewal et aL, 2000), 

whereas Gaq/11 activates the same pathway through PKC and Raf-dependent but ras- 
independent mechanism (Hawes et aL, 1995). 
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Another distinct signalling mechanism linking GPCRs to MAPK cascades is the cross- 
talk between GPCRs and the receptor tyrosine kinase, epidermal growth factor (EGF) 

receptor (Luttrell, 2002). GPCRs are able to transactivate EGF receptor via both ligand- 

dependent and independent mechanisms. The former paradigm involves ectodomain 

shedding, a process by which the EGF receptor ligands are cleaved from the 

transmembrane precursor (Sanderson et al., 2006). Literature has suggested that 

activation of specific GPCRs induces metalloprotease activity which cleaves the 
heparin-binding EGF-like growth factor (HB-EGF) precursor which in turn binds to the 

extracellular domain of the EGF receptor leading to receptor stimulation and MAPK 

activation (Koch et al., 1994; Faure et al., 1994; Prenzel et al., 1999). Alternatively, 

ligand-independent transactivation mechanism which involves intracellular elements 
have also been proposed (Daub et al., 1996; Zwick et al., 1999). Tyrosine kinases such 

as PKC and pp60s' which act downstream of GPCRs have been postulated to be able to 

phosphorylate thus activate EGF receptor directly to stimulate the MAPK cascades. 

Additionally, endocytosis-mediated MAPK activation has been implied for GPCRs 

including the P2-adrenergic and angiotensin receptor (Ahn et al., 1999; Luttrell et al., 
2001). This is thought to be mediated via the scaffolding property of P-arrestins in which 

signalling molecules such as pp60s', Raf, ERK and JNK-3 are brought to close 

proximity of GPCRs thus activating the MAPK cascades (Luttrell, 2002; Werry et al., 
2005). In fact several studies have provided the evidence of the formation of a 

multiprotein complex which consists of the activated receptor, p-affestins and other 

signalling components (DeFea et al., 2000; Luttrell et al., 2001). 

The regulation of MAPK cascades induced by PARs, however, is complex and not fully 

understood, with apparent features of all the three aforementioned modes of activation. 
PAR-I has been shown to couple to all the three MAPK pathways in several models (see 

Section 1.2.1.3). Several upstream mediators have been identified for PAR- I -stimulated 
MAPK activity including GPy and PKC (Wang et aL, 2002), ras, Raf and Janus- 

activated kinase-2 (JAK-2) (Madamanchi et A, 2001), as well as Src (Darmoul et A, 
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2004). In addition, a large body of evidence has indicated the role of EGF receptor 
transactivation in linking PAR-1 to ERK, p38 MAPK and JNK (Kanda et A, 2001; 

Buresi et A, 2002; Sabri el aL, 2002; Darmoul et aL, 2004). Notably, the implication of 
P-affestin in this context has yet to be reported. Relatively little is known regarding the 

substrates of PAR-l/MAPK pathways, the components that have been identified to date 

include STAT and HSP (Madamanchi et aL, 2001). 

As with PAR-1, PAR-2 has also been observed to activate components of the MAP 

kinase cascades. Trypsin and PAR-2 APs have been shown to activate c-Raf-1, MEK-1 

and 2 as well as ERK and p38 MAPK in rat aortic smooth-muscle cells (Belharn et aL, 
1996). In human keratinocyte cell line NCTC-2544, PAR-2 activation caused JNK and 

p38 MAPK activation, shown to be mediated at least in part via PKC (Kanke et al., 
2001). Unlike PAR-1, ERK activation mediated by PAR-2 has been shown to be 

arrestin-dependent (DeFea et aL, 2000; Stalheirn et aL, 2005). Interestingly, such stable 

complex formation has been reported to be able to retain the activated ERK in the 

cytosol, rendering the subsequent transcriptional activation and cell mitogenesis 

unfeasible (DeFea et aL, 2000). Notably, compared to PAR-1, relatively little is known 

regarding the role of EGF receptor transactivation in the regime of PAR-2-induced 

MAPK stimulation except a recent report which has described such interaction in colon 

cancer cells (Darmoul et A, 2004). 

The downstream effectors of PAR-2-induced MAPK pathways remain largely 

undefined. Studies have indicated the activation of the component of activating-protein 
(AP)-I, c-jun and c-fos, in response to PAR-2 stimulation (Temkin et A, 2002; Yu et 

aL, 1997). Further studies indicated the role of c-jun activation domain-binding protein 
(Jab)-I as an important mediator for c-jun activation induced by PAR-2 (Luo et al., 
2006). Nevertheless, the precise mechanisms underlying PAR-2/MAPK signalling 

paradigm remain largely unknown and thus more investigation is required. 
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1.4 Nuclear Factor Kappa B (NFY. B) 

Nuclear factor kappa B (NFKB) was originally identified as a constitutively active 

nuclear factor that was vital for immunoglobulin kappa light chain transcription in B 

lymphocytes (Sen and Baltimore, 1986). Since then it was quickly recognized to be a 

ubiquitously expressed cytoplasmic signalling component that upon activation will 

translocate into the nucleus to regulate specific target genes transcription. 

1.4.1 Structure of NFKB 

NFi-cB is a group of structurally related proteins called Rel. To date, five members have 

been identified in mammals, namely p5O (NFKB-1), p52 (NFKB-2), p65 (Rel A), Rel B 

and c-Rel (reviewed in Ghosh et A, 1998), all of which can be divided into two distinct 

groups. The first group includes NFKB members that are synthesised as the functional 

proteins, namely p65, Rel B and c-Rel. The members of the second group are p5O and 

p52, both of which are produced in vivo as their precursor proteins, p105 and plOO 

respectively, requiring proteolytic cleavage to produce the active molecules. NRIB exist 

as homo- or heterodimers, sharing a highly conserved 300 amino acid long amino 

terminus domain known as Rel Homology Domain (RHD), within which lies DNA- 

binding and dimerization domains as well as nuclear localization signal (NLS) (Ghosh et 

A, 1998). The heterodimer p65/p5O was the first NFKB molecule described which is 

also the most abundant form, thus it is classically referred to as NFICB despite the 

identification of other isoforms. 

The specific DNA binding sites for NFKB have the decameric sequence 5'- 

GGGRNNYYCC-3' (where R is purine and Y is pyrin-ýidine), referred to as KB sites 

(Kunsch et aL, 1992; Parry & Mackman, 1994). Such sequence has been identified in 

the promoter region of numerous inducible genes, giving rise to the various patho- 

physiological roles of NFKB (see Section 1.4.5). Each individual NFICB dimer has 

distinct DNA-binding specificity and transactivation potential (Ghosh et aL, 1998). Rel- 

A or p65, the most common NFKB member, contains two transactivation domains 
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(TADs), with TADI being confined to the terminal 31 amino acids (521-551) and TAD2 

enclosed in the adjacent 91 residues (430-520) (Schmitz et aL, 1995). Notably, a large 

body of evidence has suggested that the phosphorylation. of p65 in the TADs serves as a 

mode of post-translational modification of this transcription factor to regulate its 

transcriptional activation (reviewed in Viatour et A, 2005). Thus far, there are at least 

nine inducible phosphorylation sites identified in p65 in response to a wide range of 

stimuli. 

1.4.2 Inhibitory Kappa B (licB) 

NFKB is usually present in an inactive form in the cytosol, being physically associated 

with its inhibitory protein called inhibitory kappa B (IKB). IKB masks the NLS of NFKB, 

rendering this transcription factor unable to translocate into the nucleus (Beg et aL, 

1992). Similar to NFKB, IKB represents a group of evolutionary conserved proteins 

which include IKBot, IKBP, IKBe, IKBy and Bcl-3 (reviewed in Ghosh et A, 1998). 

All the lKBs contain a domain encoding multiple copies of ankyrin motifs termed 

ankyrin repeats, which are responsible for protein-protein interaction thus the binding of 

IKB to RHD of NFKB (Ghosh et al., 1998). Different subtypes Of IKB proteins bind 

preferentially to specific NFKB heterodimers, i. e. IKBa and IKBP interact predon-dnantly 

with p50/p65 and p5O/c-Rel; IKBs associates mainly with p5O and p52 homodimers 

(Thompson et al., 1995; Whiteside et al., 1997). 

IlcBa was the first IKB protein identified and still remains as the best characterised 

(Ghosh et A, 1998). The general paradigm for IKB activation in response to specific 

extracellular stimuli involves phosphorylation, ubiquitination and degradation by the 

protcosome. In summary, the following events have been identified for IKB(X activation; 

i) phosphorylation of IKBa at specific serine residues of 32 and 36 (Traenckner et aL, 

1995), ii) Ubiquitination of IKBcc on two neighbouring amino-terminal lysine residues at 

21 and 22 (Scherer et A, 1995), iii) Subsequent rapid degradation of IKBct by 
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proteosome 26S, iv) Translocation of NFKB into the nucleus to regulate the transcription 

of target gene(s). Notably, phosphorylation or ubiquitination alone is not sufficient to 

cause IKB(x degradation. 

1.4.3 The Upstream of NFKB Pathway: IKB Kinase (IKK) and IKK Kinase 

The upstream mediator of Ir. B responsible for activating NFYB is the IrB kinase (IKK) 

complex which consists of three subunits: IKKot (IKK1), IKKP (IKK2) and IKKY 

(Ghosh et aL, 1998). 

IKKcc (85kDa) and IKKP (87kDa) are catalytic subunits of the complex, sharing 52% 

overall homology (Mercurio et al., 1997; Woronicz et al., 1997; Zandi et al., 1997). 

Both subunits are found to be ubiquitously expressed; each protein contains an amino- 

terminal kinase domain flanked by a leucine zipper (LZ) region followed by a C- 

terminal helix-loop-helix (HLH) domain (Ghosh et al., 1998). IKKct and IKKP are able 

to form homo- or heterodimers through interactions at the LZ motif (Mercurio et al., 

1997; Woronicz et al., 1997; Zandi et al., 1997). The HLH domain, on the other hand, is 

vital for IKK complex activation (Zandi et al., 1997). 

IKKy, also known as NFrB essential modulator (NEMO), IKK-associated protein I 

(IKKAPI) or 14.7 interacting protein (FIP-3) is the regulatory component of IKK 

complex (Rothwarf et A, 1998; Yamaoka et aL, 1998; Mercurio et aL, 1999; Li et aL, 

1999). Further study has reported the isolation of a new IKB kinase designated as IKKi/F. 

(Peters et aL, 2000). IKKi/c is distinct from IKKct or IKKP in that it is inducible and has 

been postulated to act upstream of the classical IKK complex (Peters & Maniatis, 2001). 

To date, several protein kinases have been reported to be able to activate IKK complex, 
including various PKC isoforms (Sanz et al., 1999; Lallena. et al., 1999; Tojima et al., 
2000), members of MEKK family such as NFYB-inducing kinase (NIK) (Malinin et al., 
1997) and MEKK-1-3 (Mercurio et aL, 1997; Zhao & Lee, 1999), AKT/Protein Kinase 
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B (Ozes el A, 1999) and transforming growth factor-beta-activated kinase-I (TAK-1) 

(Takacsu el A, 2003; Yun et aL, 2005). 

1.4.4 Three Distinct NFicB-activating Pathways 

It has now become apparent that there are three distinct signalling mechanisms which 

mediate NFKB activation, namely the classical, alternative and atypical pathways; all of 

which depend on successive kinase activation (Viatour et al., 2005) (see Figure 1.4). 

i) The classical pathway 
This pathway, also known as the canonical pathway is utilised by proinflammatory 

cytokines such as TNFcc, IL-I and LPS to stimulate NF-KB activity. TNFa regulates 

NRB activation through TNF receptor-I (TNFR-1), TNF receptor-associated death 

domain protein (TRADD), receptor-interacting protein (RIP) and TNF receptor- 

associated factor-2 (TRAF-2) (Hsu et al., 1995). This is then followed by IKK complex 

activation, IKBcc degradation and eventually NFKB activation (Devin et al., 2000). 

Alternatively, IL-I signals to NFkB through IL-I receptor-I (IL-IRI), accessory protein 
(ACP), MyD88, IL-IR-activated kinase (IRAK) and TRAM (Greenfeder et al., 1995; 

Muzio et al., 1997). 

ii) The alternative pathway 

The second, non-canonical pathway requires the proteolytic processing of the NFKB 

precursor protein, plOO (Viatour el al., 2005). Stimuli including viruses such as Epstein- 

Barr virus and human T-cell leukaemia virus; cytokines such as B-cell activating factor 

(BAFF) and CD40 ligand trigger the activation of TRAF proteins and NIK, leading to 

IKK(x homodimer-induced site-specific phosphorylation and ubiquitination of the 

precursor protein (Claudio et al., 2002; Coope et al., 2002; Xiao et al., 2001a & b; 

Eliopoulos et al., 2003; Senftleben et al., 2001). The resultant product, p52, can then 

translocate into the nucleus as a heterodimer with rel-B to regulate gene expression. 
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iii) The atypicalpathway 
This novel axis, unlike the other two aforementioned pathways, involves IKK- 

independent NFKB activation. Stimuli such as hypoxia, pervanadate and ultraviolet 

radiation have been shown to activate NFKB pathway through phosphorylation of IKBcc 

at novel and yet to be identified site(s) other than Ser-32 and 36 (Beraud, 1999; 

Schoonbroodt et aL, 2000; Li & Karin, 1998; Kato et aL, 2003). 

1.4.5 Biological Importance of NFrB 

NFKB has now been recognised to induce the transcription of an exceptionally large 

number of genes including cytokines such as TNFa, IL-1, IL-6, IL-8, beta interferon 

(IFNP); adhesion molecules such as VCAM-1, ICAM-1 and E-selectin; cytokine 

receptors such as IL-2ct receptor chain receptor (IL-Ma), transcription factors for 

example c-myc, p53 as well as NFrB itself (reviewed in Baldwin, 2001). Thus it is not 

surprising to speculate the diverse patho-physiological roles exhibited by NFKB and its 

implications in human disorders. 

i) Immune and inflammatory responses 

Evidence from p50 and c-Rel knockout mice has indicated that certain NFKB members 

are mandatory for immune and inflammatory responses as null mice developed 

abnormal T and B cells, and failed to defend against bacterial infection (reviewed in 

Ghosh et al., 1998). In addition, several studies have postulated that NFr'B is involved in 

inflammatory conditions such as asthma, arthritis and inflammatory bowel disease 

(Barnes & Larin, 1997; Marok et al., 1996; Neurath et al., 1996). 

ii) Cell growth and apoptosis 
Interestingly, mice lacking p65 developed hepatocyte apoptosis, suggesting that this 

transcription factor is important for cell survival and/or anti-apoptotic events (Beg et A, 

1995). In contrast, the pro-apoptotic effects of NFKB have also been demonstrated in 

certain cells such as B-cells, T-cells and endothelial cells (reviewed in Shishodia & 
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Aggarwal, 2004). NFicB proteins are also oncogenic and have been shown to be 

involved in multiple myeloma due to its ability to induce cellular transformation, 

proliferation, invasion, as well as to promote angiogenesis and metastasis (reviewed in 

Shishodia & Aggarwal, 2004; Gilmore et aL, 1996). 

iii) Virus-related responses 

NFKB activation has been implied in antiviral defence mechanisms owing to its ability 

to induce interferon gene induction (Stark et al., 1998). However in certain cases in 

which NFKB activation does not lead to interferon induction, viruses such as human 

immunodeficiency virus type 1 (HIV-1) and human T-lymphotrophic virus type 1 

(HTLV-1) exploit the NFKB pathway to regulate their own genes transcription and 

replication (Baldwin, 2001). 

Taken together, NFKB is the primary effector of several human diseases and thus serves 

as a potential therapeutic target in this context. 

1.4.6 Regulation of NFKB Activation by GPCRs 

Emerging evidence has indicated that GPCR-induced transcriptional activation in 

various cell lines is in part mediated via the regulation of NFiCB (reviewed in Ye, 2001). 

To date, GPCRs that have been shown to regulate NFKB activity include the bradykinin 

receptor (Pan el aL, 1996), Kaposi's sarcoma herpes virus (KSHV)-GPCR (Schwarz & 

Murphy, 2001), PAR-I (Rahman et aL, 2002), PAR-2 (Kanke et aL, 2001), platelet 

activating factor (PAF) receptor (Mutoh et aL, 1994) and M3-muscarinic receptor 

(Todisco et aL, 1999). 

The signalling cascades that are utilised by GPCRs to signal to NF1CB activation are 

distinct from the aforementioned pathways described for classical cytokines such as 

TNFcc and IL-1; in that GPCRs employ heterotrimeric G proteins for initiation of the 

response which have been shown to converge at the level of IKK complex activation 
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and/or IrB loss. For example, KSHV-GPCR, bradykinin and M3-muscarinic receptors 

have been shown to activate IKK complex (Dadke et al., 2003; Xie et al., 2000; Todisco 

et al., 1999) whilst bradykinin, lysophosphatidic acid, PAF and endothelin receptors 
have been reported to induce cellular IKB degradation (Zhu et al., 2003; Raj et al., 2004; 

Kravchenko et al., 1995; Gallois et al., 1998). Collectively, both G(x subunits and the 

GPy complex have been implicated in activating NficB, and at least one member in each 

class of G(x protein has been reported to play a role in this paradigm. 

G(x, and its primary effectors PKA and cAMP have been shown to negatively control the 

activity of NFYB mediated via the 0-adrenergic receptor (Parry & Mackman, 1997; 

Fanner & Pugin, 2000). Parry and Mackman (1997) showed that in endothelial cells, 

PKA-induced phosphorylation of cAMP-response element-binding protein (CREB) 

leads to recruitment of the transcription coactivator, CREB binding protein; rendering it 

unavailable to other transcription factors including NFYB thus inhibiting NFYB- 

mediated transcriptional activation. Additionally, another study has provided evidence of 

NFr, B inhibition by Vadrenergic agonists via increasing cytoplasmic 

IKBcc concentration to prevent NFKB translocation (Fanner & Pugin, 2000). 

Alternatively, G(xi/. subunit has also been reported to regulate NFr'B activity, as 

suggested by the fact that the activation of this transcription factor induced by GPCRs 

was strongly inhibited by PTX pre-treatment, for example in the case of PAF receptor, 
lysophosphatidic acid receptor and leukotriene B4 receptor (Brach et A, 1992; 

Shahrestanifar et A, 1999; Kravchenko et aL, 1995). However, there is limited evidence 

supporting the role of G(xi/0--mediated cAMP inhibition as the underlying mechanism for 

this signalling paradigm, and it is widely accepted that the GP7 subunits released upon 

Gcci/,, activation are in fact the key components in this context. It has then been shown 

that GP7 can signal to NFKB via P13K and Akt, as exemplified by the B2-bradykinin 

receptor; but relatively little is known about GPy-induced PLCP in this regime (Xie et 

aL, 2000). 
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The members of G(Xq/1, have been shown to couple to NFrB stimulation induced by 

GPCRs such as endothelin and bradykinin receptor (Gallois et aL, 1998; Xie et aL, 
2000). These studies suggest that Gaq/11 subunits employ multiple effectors including 

intracellular C2+, PKC as well as P13 kinase as the intermediary components in this 

signalling axis. It is likely that PLCP serves to activate PKC which then leads to a 

convergent point in the classical paradigm at IKK complex activation. 

Several GPCRs agonists such as sphingo sine- I -phosphate (SlP), KSHV and carbachol 

have been associated with NFKB activation via their respective receptors which can 

signal through Goc12/13 (Shi et A, 2001; Shepard et aL, 2001; Siehler et A, 2001). 

Shepard and co-workers proposed that KSHV couples to NFKB pathway to produce IL-8 

secretion via Gccl2/13 and RhoA; whereas other studies did not address the possible 

downstream mechanisms involved. 

As with other GPCRs, the regulation of NFKB activation mediated by PAR- I and PAR- 

2 remains largely unknown. A study has proposed that PAR- I -induced NFKB activation 

in endothelial cells is mediated by G(xq/PKC8 in parallel to GPy/P13 kinase, both of 

which then converge at the level of Akt (Rahman et aL, 2002). For PAR-2, activation of 
both IKKcc and IKKP in response to receptor stimulation has been reported (Kanke et 

aL, 2001). The same study also pointed out the possible involvement of typical and 

atypical PKC isoforms in this context. Further studies provided the evidence of the vital 

role of intracellular calcium in the PAR-2/NFKB pathway (Macfarlane et aL, 2005). 

Taken together, the regulation of NFKB activity by GPCRs can be multifaceted 
involving distinct mechanisms. A large body of evidence has suggested that a GPCR can 

utilise multiple G proteins concurrently to transactivate the NFKB pathway, as 

exemplified by KSHV-GPCR and lysophosphatidic acid receptor (Shahrestanifar et aL, 
1999; Shepard et A, 2001). Nevertheless, the links between G proteins and NFKB 

activation remain largely unknown, urging more investigation. 
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1.5 AIMS 

Given the fact that PAR-2 is involved in diverse patho-physiological conditions, a good 

understanding of the mechanisms by which PAR-2 utilises to exert such effects would 
be beneficial in order to provide novel therapeutic options. MAP kinases together with 
NFKB signalling represent the major pathways that are employed by eukaryotic cells to 

react to a wide array of external stimuli and thus controlling important cellular effects 

such as cell proliferation and differentiation, cytokine release as well as apoptosis. 
However, the signalling paradigm linking PAR-2 to the MAPK pathways and NFr'B is 

poorly dcfined. 

The aims of this study were to characterise PAR-2-mediated MAP kinases and NFicB 

activation using a model of NCTC-2544 skin cell line stably expressing PAR-2. In order 

to extend previous findings reported by Kanke et al. (2001) and Macfarlane et al. (2005) 

regarding the regulation of NFYB mediated by PAR-2, this study sought to further 

delineate the roles of G(Xq/11, PKC, intracellular calcium and IKK complex in this 

context. The working hypothesis for this project was that Gaq/11 serves as the upstream 

effector of PKC and calcium mobilisation to effect NFKB activation including 

phosphorylation of p65 NFKB in response to PAR-2 stimulation. 
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CHAPTER 2 

MATERIALS AND METHODS 
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2.1. MATERIALS 

2.1.1 General Reagents 

All materials used were of highest grade available and were purchased from Sigma- 

Aldrich Co Ltd. (Poole, Dorset, U. K. ) unless otherwise stated. PD 098059, SB 203580, 

SP 600125, rottlerin and BAPTA-AM were reconstituted in dimethyl sulfoxide 

(DMSO). 

Amersham International PLC (Aylesbury Buckinghamshire, U. K. ) 

ECL Detection reagents 

Biorad Laboratories (Hertfordshire, U. K. ) 

BioRad AGO I-X8 Resin, pre-stained SDS-PAGE molecular weight markers 

Boehringer Mannheim (East Sussex, U. K. ) 

Bovine serum albumin (Fraction V), Dithiothreitol (DTT) 

Calbiochem (Nottingham, U. K. ) 

PD 098059 

SB 203580 

SP 600125 

Rottlerin 

Costar (Buckinghamshire, U. K. ) 

Nitrocellulose membranes 

Molecular Probes Europe (Netherlands) 

BAPTA-AM 

Santa Cruz Biotechnology Inc. (CA, U. S. A. ) 

Recombinant human TNFa 

Wallac UK (Milton Keynes, U. K. ) 

Optiphase Hi-safeTm scintillant 

Whatman (Kent, U. K. ) 

3MM paper 
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2.1.2 Reagents for Cell Culture and Transfection 

Corning B. V. (Netherlands) 

Cell culture plasticware 

Life Technologies Ltd. (Paisley, U. K. ) 

Antibiotics (penicillin, streptomycin), Foetal calf serum (FCS), Geneticin (G418) 

Lipofectamine TM 
, PLUS TM reagent, Medium 199 with Earl's salts (M199), Versene 

(0.2% EDTA/PBS) 

Cascade Biologics TAI (Nottinghamshire, U. K. ) 

Human epidermal keratinocytes -neonatal (HEKn), splitting solution (dispase), Epilife 8 

media, human keratinocyte growth supplement (HKGS), defined trypsin inhibitor 

(sterile and purified soybean trypsin inhibitor in PBS) and coating matrix kit (sterile 

recombinant human type- I collagen). 

2.1.3 Antibodies 

Amersham Pharmacia Biotech, Inc. (NJ, U. S. A. ) 

Horseradish peroxidase (HRP)-conjugated sheep anti-mouse IgG, HRP-conjugated 

donkey anti-rabbit IgG 

Santa Cruz Biotechnology Inc. (CA, U. S. A. ) 

Anti-ERK2 (Rabbit monoclonal, C-14) 

Anti- phospho-ERK (Mouse monoclonal, E-4) 

Anti- p38 (Rabbit polyclonal, N-20) 

Anti- phospho-JNK (Rabbit polyclonal, KM-I) 

Anti- JNK-I (Rabbit polyclonal, FL) 

Anti- G. 
q/1 I (Rabbit polyclonal, C- 19) 
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Anti- p65 (Rabbit polyclonal, C-20) 

Anti- IKBcc (Rabbit polyclonal, C-21) 

Anti- IKK(x (Rabbit polyclonal, H-744) 

Anti- IKKcrJp (Rabbit polyclonal, H-470) 

Biosource Europe SA (Belgium) 

Anti- phospho-p38 (Rabbit polyclonal, 44684-G) 

New England Biolab (England, U. K. ) 

Anti- phospho-p65 (Rabbit polyclonal, Ser-536) 

Sigma Chemical Company (Poole, Dorset, U. K. ) 

Anti-flag (mouse monoclonal) 

2.1.4 PAR-2 Agonist Peptides 

All the PAR-2 APs were purchased from Kowa Company, Ltd., Japan. 

2.1.5 Radiochemicals 

NEN Dupont (Hertfordshire, U. K. ) 

7[32 P]-ATP (300OCi/mmol) and myo-[2_3 H(N)]-inositol (10-25Ci/mmol) 
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2.2 CELL CULTURE 

All cell culture work was performed in a class II cell culture hood under aseptic 

conditions. All the cells were grown in 75cmý flasks unless otherwise stated. 

2.2.1 Human Keratinocytes NCTC-2544 

Human keratinocyte cell line NCTC-2544 was maintained at 37' C under a humidified 

atmosphere of 5% C02 in medium M199 containing Earl's salt supplement, penicillin 

100units/n-d, streptomycin lOOgg/ml, and 10% (v/v) foetal calf serum. Cells were 

passaged using trypsin-EDTA solution (0.25% trypsin, ImM EDTA) (see below). 

NCTC-2544 cells stably expressing PAR-2 (clone G) (Kanke et aL, 2001) were 

maintained in the above medium supplemented with geneticin (400ý1g/ml) to maintain 

selection pressure. Cells were passaged using Versene (0.2g/L EDTA with sterile PBS) 

(see below). 

NCTC-2544 cells stably expressing both PAR-2 and NFKB, CRE or AP-1 reporter 

plasmid were maintained in the above medium supplemented with both geneticin 
(400[Lg/n-d) and blastocidin (5[tg/ml) to maintain selection pressure. Cells were passaged 

using Versene (0.2g/L EDTA with sterile PBS) (see below). 

Cells were subcultured upon reaching -90% confluency. The medium was removed and 

the cells washed twice with either trypsin-EDTA solution or Versene. The solution was 

then removed and the flask placed in an incubator at 370C, 5% C02, for 2-5 min until 

the cells began to change shape, indicating that they had begun to detach from the flask. 

The flask was then gently tapped, to completely detach the cells from the surface, and 

then M199 medium was then added to the flask. The cells were then seeded into fresh 

flask(s) or plate(s) as appropriate. Cells were maintained in 370C in an incubator and the 

media replaced every 2 to 3 days. 
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2.2.2 Human Embryonic Vidney (HEK) 293 

Low passage human embryonic kidney (HEK) 293 cells were maintained in modified 
Eagle's medium (MEM) supplemented with penicillin (250units/ml), streptomycin 
(100ýtg/ml), glutamine (27mg/ml) and 10% (v/v) foetal calf serum. Cells were passaged 

using trypsin-EDTA solution (0.25% trypsin, I mM EDTA) as described for NCTC-2544 

cells. 

2.2.3 Human Epidermal Keratinocytes 

Human epidermal keratinocytes were purchased from Cascade Biologics TM 

(Nottinghamshirc, U. K. ). 

2.2.3.1 Subculturing of human epidermal keratinocytes 

Cells were subcultured upon reaching -70% conflucricy. The medium was aspirated and 

the cells washed once with 2 to 3 mls of trypsin-EDTA (0.25% trypsin, ImM EDTA). 

The solution was then removed, and 1-2 mIs of fresh trypsin-EDTA was reintroduced 
into the flask and left to incubate at 370C, 5% C02, for 2-5 min until the rounding of 

cells was observed (indicative of cell detachment from the flask). Once cells were able 

to move freely, 500ýd of defined trypsin inhibitor was added. Following this, 3mls of 

fresh Epilife medium was added to wash cells off the flask, and the solution was 

transferred into a fresh 15ml centrifuge tube which was centrifuged for 7 minutes at 

1200 r. p. m. At the same time, coating matrix was added into fresh flask(s) or plate(s) 

where appropriate; ensuring that the full surface area was covered. Excess coating 

matrix was removed after 2 minutes, and the surface area was left to dry for 2 minutes. 

After centrifugation, the supernatant was discarded and the pellet resuspended in 2-5 mls 

of Epilife medium. Following this, the cell solution was distributed as appropriate, and 

the cells were maintained at 370 C under a humidified atmosphere of 5% C02 with the 

medium replaced every 2 to 3 days. 
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2.3 TRANSFECTION OF SMALL INTEFERING RNA (siRNA) 

The double-stranded small interfering RNAs (siRNAs) were purchased from 

Dharmacon, U. K. The siRNA sequence targeting G(Xq/1, and firefly luciferase as a non- 

specific control relative to their start codons were 5'- 

AAGATGTTCGTGGACCTGAAC-3' and 5'-CGUACGCGGAAUACUUCGAAA-3' 

respectively (Barnes et al., 2005; Kravcbenko et al., 2003). Cells were grown to 50% 

confluency and transfected with appropriate concentrations of the respective siRNAs. 
An appropriate volume of siRNA was diluted in 50ýd of serum-free/antibiotic-free 

medium and incubated for 5 min at room temperature. At the same time 12ýd of 

oligofectamine (Invitrogen, U. K. ) was mixed with 48ýd of serum-free/antibiotic-free 

medium for 5 min. The two solutions were then allowed to mix together for a period of 
20 min at room temperature. 

The growth medium of cells ready for transfection was replaced with Iml of antibiotic- 
free medium per well. The transfection solution was then dropped evenly over the cells 

and allowed to incubate at 37 OC for 6 hours. Following this, the transfection medium 

was replaced with normal growth medium for 48 hours. The cells were then quiesced in 

serum-free medium for 18 hours before being assayed. 

2.4 PREPARATION OF RECOMBINANT ADENOVIRUSES 

Recombinant replication-deficient adenoviral vectors encoding RGS4 (Adv. RGS4), Lsc 

(Adv. Lsc), dominant-negative inhibitory kappa B kinase (IKK)oc (Adv. IKKa"-) and 

Adv. IKKP"- were employed in this project. The propagation of these viruses was 

carried out in the HEK 293 packaging cell line. The adenoviral constructs were purified 
by ultracentrifugation in a caesium. chloride gradient. Following that, the end-point 
dilution method was used for the titration of the viral stock (Nicklin & Baker, 1999). 

The adenoviral constructs encoding siRNA targeting Gaq/1 I tagged with GFP which was 

also utilised in this study was purchased from Vector Biolabs (Philadephia, U. S. A. ). 
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2.4.1 Generation of Crude Adenoviral Lysates 

Crude adenoviral lysates were generated in HEK 293 cells by infection of a 75 cmý flask 

with 0.51A of viral stock when the cells had reached approximately 70% confluency. The 

flasks were then incubated at 370C, 5% C02 for 5-7 days until the cytopathic effect had 

occurred and cells were completely detached from the flask. Cells were removed from 

the flasks and pelleted by centrifugation at 15OOg for 5 min. The supernatant was 

removed; the pellet was washed twice with PBS and subjected to centrifugation again 

(1500g for 5 min). The pellet was then resuspended in HE buffer (IOMM HEPES pH 

7.5, ImM EDTA), frozen in liquid nitrogen and thawed in a 370C water bath. The 

freeze-thawing process was repeated for a total of three times. Cells were then 

centrifuged at 1500g for 5 min and the supernatant constituting the crude adenoviral 

lysate was transferred to a sterile tube and stored at -800C until use. 

2.4.2 Generation of Pure High-Titre Stocks of Recombinant Adenoviruses 

High-titre stocks of recombinant adenoviruses were generated by large scale 

amplification of the crude adenoviral lysates described in Section 2.4.1. Fifteen 225cm2 

flasks of HEK 293 cells were grown to approximately 70-80% confluency and each 

flask was infected with 100[il of crude adenoviral lysates. The flasks were then 

incubated at 370C, 5% C02 for 5-7 days until the cytopathic effect was apparent and the 

cells had detached from the flasks. The cells were removed together with the medium 

and were pelleted by centrifugation at 1500g for 5 min. The supernatant was aspirated 

off and the pellet was washed with 100ml PBS and pooled into two 50ml centrifuge 

tubes. The cells were again subjected to centrifugation (1500g for 5 min) and the 

supernatant was removed. The cells were washed again with 50n-d of PBS and 

transferred to a 50ml centrifuge tube and pelleted with centrifugation at 170g for 5 min. 

The cells were resuspended with 5ml HE buffer (lOmM HEPES pH 7.5, IMM EDTA), 

freeze/thawed as described previously (Section 2.4.1). Subsequently, the cells were 

placed in a water bath sonicator for 2x 45 seconds and centrifuged at 1500g for 5 min. 
Following this the supernatant constituting adenovirus was then collected and purified 
(see Section 2.4.3). 
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2.4.3 Purification of Adenovirus on a Caesiurn Chloride (CsCI) Gradient 

As freeze-thawing is a crude method to extract adenovirus and the adenovirus 

preparations obtained might be contaminated with debris and cytotoxic components, the 

caesium chloride (CsCI) gradient purification technique employed was a simple and 

efficient means to purify and concentrate the recombinant adenoviral stocks. 

A CsCI gradient was prepared by pipetting 2ml of CsCI (density 1.45) into a sterile 14 

ml transparent centrifuge tube (Beckman, Ultraclear). Following this 3nýfl of CsCI 

(density 1.32) was added carefully onto the first layer, preventing the mixing of the 

solutions. Subsequently 2ml of 40% glycerol was gently layered on top of the CsCI 

solutions, and the crude adenovirus preparation was laid on top of the gradient in a drop- 

wise manner using a sterile glass pipette. Any extra space in the tube was then filled 

with Tris/saline. The tube was then subjected to centrifugation at 90,000g for 90 min at 
40C in a Beckman ultracentrifuge. After centrifugation, the recombinant adenovirus 

could be observed as a discrete white/blue layer between the two CsCI solutions (Figure 

2.1). A 21-gauge needle was used to pierce the tube just underneath the adenovirus 
layer; the virus was removed with a Iml syringe with a gentle side to side sweeping 

motion. The adenovirus collected was then transferred into a sterile tube. 

The adenovirus was then dialysed in the Collodion dialysis bag at 40C in 2 litre of 
dialysis buffer (I OmM Tris pH 8, lmM EDTA). The dialysis buffer was replaced every 
hour for three hours. Subsequently, the adenovirus was dialysed overnight against 
dialysis buffer containing 40% glycerol. The adenovirus obtained was then removed and 

aliquoted into sterile eppendorfs and stored at -800C until use. 

2.4.4 Titration of Adenovirus by End-Point Dilution 

The end-point dilution method was employed to determine the titre value of the 

adenovirus stocks obtained (Nicklin & Baker, 1999). HEK 293 cells were grown to 

approximately 80% confluency in a 96-well plate, scrial. dilutions of the adenovirus were 
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carried out and applied to the appropriate wells (Figure 2.2). The plate was incubated at 
370C, 5% C02 overnight after which the medium containing adenovirus was replaced 

with fresh medium. The plate was then incubated at 370C, 5% C02 for 5-7 days until the 

cytopathic effect of the virus had reached a steady state. The wells containing plaques 

were then counted and the titre of the adenovirus stock in terms of plaque-forming units 
(pfu) was calculated as the example shown in Figure 2.3. 

2.4.5 Infection of Cells With Adenovirus 

Cells were grown to 80% confluency, and the cell number was determined using a 
haemocytometer. Following this, the cells were incubated with the appropriate 

multiplicity of infection (MOI) of the respective adenovirus constructs for IS hours in 

normal growth medium. The cells were then quiesced for 18 hours prior to stimulation. 

2.5 MEASUREMENT OF [3H]-INOSITOL PHOSPHATE ACCUMULATION 

Cells were gown to confluence on a 12-well plate and quiesced for 18 hours with 

serum-free M199 medium supplemented with myo-[2_3 H-(N)]-inositol (I [tCi/well; I Ci 

= 37 GBq). 

Prior to the experiment, I volume of AGI-X8 Ion exchange resin (DOWEX) (Bio-Rad 

Laboratories, California) was suspended in 2 volumes of water. AI ml aliquot of the 

suspension was put into each scintillation vial and allowed to settle for 10 minutes. 
Water was aspirated off and resin was washed with 2.5ml of distilled water. 

Cells were incubated with a final concentration of lOmM LiCI for 15 minutes before 

stimulation with agonists to inhibit the breakdown of inositol phosphates (IPS14) 

(Oldham, 1990). The cells were incubated with appropriate agonist for 60 minutes; the 

cells were then washed twice in ice-cold PBS and removed by scraping into Iml of 

methanol. Choloform. (0.5ml) was added to each vial to give a 2: 1 methanol: chloroform. 
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4 Protein debris 

4 Empty capsids 

CsCl (p =1.34) 10 

4 Adenovirus 

CsCl (p =1.40) 0 

Figure 2.1. CsCI gradient for purification of recombinant adenovirus 
Schematic diagram showing a CsCI gradient after centrifugation. The adenovirus lies between 

the two different densities of CsCl layers as denoted by the arrow. Empty adenoviral, capsids are 

found above the CsCl (p = 1.34) whereas protein debris is deposited further above as indicated. 
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Figure 2.2. Layout of a 96-well plate for plaque purification and titration by end-point 

dilution 

Adenovirus was added to 
, 
the middle 10 wells on each row at the appropriate dilutions. In the 

bottom row medium without adenovirus, was added to serve as control (C). 
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Number of wells containing plaques: 

The proportionate distance = 

10-4 = 10/10 = 100% 

10-6 = 10/10 = 100% 

10-1 = 10/10 = 100% 

10-1 = 10/10 = 100% 

10-9 = 10/1o = ioo% 

10"()= 5110= M 

10-11 = 2/10 = 20% 

(% wells positive > 50%) - 50% 

(% wells positive > 50%)-(% wells positive < 50%) 

100-50 

100-50 

Log IDso = log dilution factor at % wells positive above 50% + (proportionate 

distance x -1) 

-9+ (-1) = -10 
ID50 10-10 

TOD (tissue culture infectivity dose)5o/100ýtl 1 1010 

10-10 

TCID5o /mI = 1010 x dilution factor 

= 1010 x lo 

=Ix loll 

I TCID5o = 0.7 plaque forming units (pfu), therefore the final titre of adenovirus is 

Ix 1011 x 0.7 =7x 1010 pfu/ml 

=7x 107 pfu/pl 

Figure 2.3. Example calculation to establish titre of adenovirus 
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The samples were then vortexed and incubated on ice for 90 minutes. Following this 

incubation, 0.8ml dH20 and 0.5n-d chloroform were added to the vials which were again 

vortexed and allowed to settle. When the organic phase had clearly separated, Iml of the 

upper aqueous phase was removed and added to the prepared DOWEX resin, and again 

the vials were vortexed and allowed to settle. The liquid was aspirated off and the vials 

were washed sequentially with 2.5ml of dH20,2.5ml of sodium tetraborate solution 
[5mM Na2B407-IOH20,60mM ammonium formate] and finally 2.5ml of dH20 again. 
Following these washes In-d of elution buffer [IM ammonium formate, O. IM formic 

acid in distilled water] was used to elute total phosphoinositides ([3 H]-IP14) from the 

resin (Berridge et aL, 1982). In-A of the aqueous phase was removed to a fresh 

scintillation vial and mixed with 4 ml of scintillant fluid (Optiphase Hi-safeTM). The 

vials were then read on liquid P-scintillation counter (Wallac, U. S. A. ), for 2 minutes 

each. 

2.6 WESTERN BLOTTING 

2.6.1 Preparation of Whole Cell Lysate 

Cells were gown to confluency in 6-well plates and quiesced for 18 hours in serum-free 

medium. After stimulation with appropriate agonists at indicated time-points, cells were 

washed twice in ice-cold PBS and lysed by adding 0.5ml of preheated (700C) 

Laemmli's sample buffer [63mM Tris-HCI (pH 6.8), 2mM Na4P207,5 mM EDTA, 10% 

glycerol, 2% SDS and 0.0007% (w/v) bromophenol blue, 5OmM DTT]. The cells were 
then scraped into Eppendorf tubes and lysates were drawn repeatedly through 16G 

syringe-needle to shear chromosomal DNA. The tubes were boiled for 5 minutes to 

denature proteins and samples were stored at -200C until use. 

2.6.2 SDS-polyacrylan-tide Gel Electrophoresis 

The resolving gel was prepared by using the appropriate amount of acrylamide: [N, N'- 

methylenebis-acylamide (37.5: 1), 0.375 M Tris (pH 8.8), 0.1% (w/v) SDS and 0.05% 

(w/v) ammonium persulfate]. The gel solution was prepared and polymerisation was 
initiated by the addition of 0.05% (v/v) N, N, N', N'-tetramethylethylenediamine 
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(TEMED). The gel solution was then poured into the assembled glass plates (Bio-Rad) 

according to the manufacturer's instructions. Gel was overlaid with 0.1% SDS solution 
to prevent drying. Once the gel was set, the 0.1% SDS solution was poured out and the 

stacking gel solution of the following composition: [5% (w/v) acrylamide, 125 mM Tris- 

HCI (pH 6.8), 0.1% (w/v) SDS, 0.05% (w/v) ammonium persulphate, 0.1% (v/v) 

TEMED] was made and poured directly on top of the resolving gel. A teflon comb was 
then inserted into the stacking gel solution. The gel was then allowed to polymerise for 

10 minutes before the comb was removed. Samples were then loaded into the wells, run 

concurrently with the pre-stained SDS protein markers of known molecular weights in 

the electrophoresis buffer [24.8mM Tris, 191.8mM glycine, 0.1% SDS] at 120V for 1 

hour 30 minutes. 

The resolved proteins on the gel were then transferred to nitrocellulose filters by 

electrophoretic blotting using a standard protocol (Towbin et aL, 1979). The gel was 

placed against a nitrocellulose membrane, sandwiched between two Whatmann 3MM 

paper porous pads. The cassette was then immersed in a BioRad Mini Trans-Blot 

electrophoresis tank containing transblotting buffer [25mm Tris, 192mm glycine, 20% 

(v/v) methanol] and was run for 2 hours at constant current, 250mA. 

Upon the transfer of protein to the nitrocellulose membrane, the membrane was trimmed 

to the size of the gel, blocked in a 2% BSA/NATT [150mM NaCl, 20mM Tris-HCI (pH 

7.4), 0.2% (v/v) Tween 20] solution for 2 hours, followed by probing overnight with a 

chosen antibody at an appropriate concentration in a 0.2% BSA/NATT solution. Equal 

protein loading was ensured by probing the membrane against total MAPK or p65 in 

parallel to the respective phospho-protein. On the following day, the membrane was 

washed every 15 minutes with NATT for one hour and further incubated with 
horseradish peroxidase (HRP)-conjugated secondary antibody. Again the membrane was 

washed every 15 minutes for one hour with NATT before being incubated in enhanced 

chemiluminescence (ECL) solution for 90 seconds. The membrane was mounted into an 
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exposure cassette and was exposed to X-ray film (Kodak X-OMAT LS) for the 

appropriate time and developed using a KODAK M35-M X-OMAT processor. 

Primary Antibody Dilution 

p42/44 1: 5000 

p-p42/44 1: 7500 

p38 1: 15000 

p-p38 1: 15000 

p46 1: 7500 

p-p46 1: 15000 

p65 1: 15000 

p-p65 1: 5000 

IKB(x 1: 15000 

Flag 1: 15000 

His 1: 15000 
G(Xq/1 1 1: 15000 

Secondary Antibody Dilution 

HRP-conjugated sheep anti mouse IgG 1: 7500 

HRP-conjugated donkey anti-rabbit IgG 1: 7500 

2.7 ELECTROPHORETIC MOBILITY SHIFT ASSAY (EMSA) 

2.7.1 Preparation of Nuclear Extracts 

Cells were grown in 6 well-plates to 100% confluency and rendered quiescent by 

replacing the growth medium with serum-free medium for 18 hours. The cells were 

stimulated with agonists for the appropriate durations before being washed twice in ice- 

cold PBS and scraped into 0.5ml PBS. The cells were harvested by centrifugation and 

the supernatant aspirated, followed by resuspension in 400ýtl of buffer I (I OmM HEPES 

pH 7.9, lOmM KCI, O. ImM EDTA, O. ImM EGTA, ImM DTT, 0.5mM PMSF, 
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0.5mg/ml leupeptin, 0.5mgln-A aprotinin, 0.5mg/n-A pepstatin). The cells were incubated 

on ice for 15 minutes, followed by addition of 25gl 10% (v/v) NP-40 and vortexed at 
full speed for 10s. Cells were then pelleted by centrifugation and the pellet resuspended 
in 20gl of buffer 2 (20mM HEPES pH 7.9,25% (v/v) glycerol, OAM NaCl, IMM 

EDTA, ImM DTT, 0.5mM PMSF, 0.5mg/ml leupeptin, 0.5mg/mI aprotinin, 0.5mg/ml 

pepstatin) at 40C on the shaking platform for 15 minutes. Cells were then sonicated in a 
bath-type sonicator for 2x 30 seconds and the final extract was recovered by 

centrifugation at 13000 r. p. m. for 15 minutes. The supernatants were removed to sterile 
Eppendorf tubes and stored at -800C until use. 

2.7.2 Determination of Protein Concentration by Bradford's Reaction 

IgI protein sample of unknown concentration was mixed with 199[d Bradford solution 

diluted 5 times in distilled water and incubated at room temperature for 15 minutes. The 

mixed solution was then transferred to a 96-well plate and the absorbance at 595nm was 

assessed using a microtitre plate reader (Dynex Technology, U. S. A. ). The protein 

concentration was calculated from a standard curve constructed using known 

concentrations of BSA (0 - 20gg). 

2.7.3 Labelling of Oligonucleotides with 32p_, Yý_ATp 

Oligonucleotides containing the consensus binding sequence for the NFKB transcription 

factor (5'-AGTTGAGGGGACTTTCCCAGGC-3') were labelled at the 5'-end by 

incubation with T4 polynucleotide kinase and 32 P-y-ATP at 370C for 30 minutes. The 

reaction was terminated by the addition of 0.5M EDTA and the labelled oligonucleotide 
diluted in TE buffer (10mM Tris base pH 8.0, ImM EDTA). The efficiency of 32p_ 

phosphate incorporation into the oligonucleotides was determined by spotting aliquots of 
labelled primer onto four separate DE81 circular filters. Two filters were used to 

determine the total label in each aliquot, whilst the two remaining filters were washed in 

0.5M Na2HP04 (pH 6.8) to remove unincorporated label. All filters were then subjected 
to scintillation counting and the percentage of label incorporation was. calculated. 
Labelled nucleotide was stored at 40C until use. 
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2.7.4 Transcription Factor Binding Assay 

An aliquot containing 7gg of protein from a nuclear extract was made up to 7 gl with 

distilled H20.2gl of 5X gel-shift binding buffer (2M Tris base pH 7.5,80% glycerol 

(V/V)g IM MgC12 
9 

0.5M EDTA, 5M NaCl. IM DTT, I mg/ml poly[dI: dC]) was added 

and the mixture was incubated at room temperature for 30 minutes. 1g]. of labelled 

oligonucleotide was then added and incubated for a further 30 minutes at room 

temperature. The reaction was tenninated by the adding lgl of lOx loading buffer 

(250mM Tris base pH 7.5,0.2% bromophenol blue [w/v], 40% glycerol [v/vl). The 

sample was then loaded onto pre-run non-denaturing 4% acrylamide (w/v) gels 

containing N, N' methylenebisacrylamide, glycerol in TBE buffer ( 45mM Tris base pH 

8.3,1 mM EDTA and 45mM boric acid) and resolved by electrophoresis at 100 V. The 

gels were then sandwiched between two cellophane sheets dried in the gel dryer (Hoefer 

Scientific Instruments, U. S. A. ). Binding of transcription factors to the consensus 

oligonucleotides was determined by autoradiography. 

2.8 LUCIFERASE REPORTER ACTIVITY ASSAY 

Luciferase reporter plasmids generated with enhancer element containing NFKB-element 

(0), AP-l-element (0) or CRE-element (x4) were kind gifts from D. MacEwan 

(University of East Anglia, U. K. ). NCTC-2544 cells stably expressing both PAR-2 and 

the respective reporter plasmid (reporter cells) were established by Toru Kanke (Kowa 

Ltd., Japan). The reporter cells were grown to confluency in 96-well plates (flat, white 

with clear bottom, Costa, Netherlands) and quiesced for 18 hours before stimulation 

with the appropriate agonists at the indicated time points. Stimulation was terminated by 

aspiration of the medium; followed by washing twice with ice-cold PBS. Subsequently, 

looptl of lysis buffer [25 mM Tris phosphate (pH 7.8), 8MM M902, ImM DTT, 1% 

Triton X 100,15% (v/v) glycerol] containing ImM ATP, 0.2 nim luciferin substrate and 

1% (w/v) BSA was added into each well; and the relative light units were measured 

using the luminometer Wallac Trilux 1450 microbeta counter (Wallac Oy, Finland). 
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2.9 SCANNING DENSITOMETRY 

Western blots and autoradiography from EMSA were scanned on a Hewlett Packard 

Scanjet using Hewlett Packard Scanjet Picture software. The captured images were then 

normalised to a control and quantified using Scion Image (Scion Corp., Maryland 

U. S. A. ). An example of densitometry quantification is shown below. 

Density Background Net density Fold stimulation % stimulated 

measured control of basal control control 
Unstimulated 0.93 0.5 0.93-0.5 0.43/0.43 =I 

control = 0.43 

Unstimulated 0.93 0.5 0.93-0.5 0.43/0.43 =1 - 
control + inhibitor = 0.43 

Stimulated 4.8 0.5 4.8-0.5 4.3/0.43 = 10 100% 

control = 4.3 

Stimulated sample 2 0.5 2-0.5 1.5/0.43 = 3.49 (3.49-1) x 100 

+ inhibitor 1.5 (10-1) 

= 27.67% 

Therefore, % inhibition = 100 - 27.67 = 72.33% 

2.10 STATISTICAL ANALYSIS 

All data shown were expressed as mean + s. e. m. Whenever applicable, statistical 

analysis was performed by one-way ANOVA with Dunnet's post-test or paired 
Student's West. Differences were considered significant at P<0.05. 
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CHAPTER 3 

CHARACTERISATION OF PAR-2-MEDIATED SIGNALLING IN 

NCTC-2544 CELLS STABLY EXPRESSING PAR-2 
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3.1 Introduction 

The expression of PAR-2 has been detected in a wide variety of tissues, signifying the 

vital roles of this receptor in several biological systems (discussed in Section 1.2.2.8). 

Amongst these, the skin which forms the largest organ of human body, has been found 

to highly express PAR-2 in three of the four layers in epidermis (D' Andrea et aL, 1998; 

Steinhoff et aL, 1999). Several studies have implicated that PAR-2 is in fact the key 

player in mediating skin inflammation, as PAR-2 activation causes the release of 

proinflammatory mediators such as IL-6, IL-8 and GM-CSF in cultured keratinocytes 

(Hou et aL, 1998; Wakita et aL, 1997). Moreover, further studies have pointed out that 

hyperactivation of this receptor could be the underlying cause of certain pathological 

responses in skin (Steinhoff et aL, 1999; Kawagoe et aL, 2002). 

The signal transduction mechanisms of PAR-2 in skin, however, are not well 

characterised and the identification of PAR-2 downstream signalling components could 

shed some light on how does this receptor exert its biological actions. Therefore this 

study focused on the regulation of PAR-2-mediated signalling in skin, by utilising 
NCTC-2544 skin cell line that stably expresses PAR-2 (clone G). The signalling 

pathways that are of interest included mitogen-activated protein kinases such as ERK, 

p38 MAPK and JNK; as they represent the key components in controlling cell 

proliferation and inflammatory responses (see Section 1.3). Also, NFY'B as one of the 

most important transcription factors in immune reactions and a major determinant of 
keratinocyte growth and differentiation, was investigated in relation to PAR-2 activation 

as well as activating protein-I (AP-1) and cAMP-responsive element (CRE), the 

downstream components of MAP kinase cascades (Kaufman & Fuchs, 2000). 

To date there has been no potent PAR-2 antagonist reported. Such compounds will serve 

as useful therapeutic agents given that this receptor has been implicated in various 

pathological conditions (see Section 1.2.2.8). This section has therefore included work 

on characterising potential novel PAR-2 antagonists, ENMD-1068 and K-14585, on 
PAR-2-induced signal transduction in keratinocytes. The effects of these compounds on 

76 



[3 H]-inositol phosphate accumulation, MAP kinases and NFYB activation were 

addressed. 

3.2 Characterisation of PAR-2-Mediated Signalling in NCTC-2544 Cells Stably 

Expressing PAR-2 (clone G) 

The kinetics of the aforementioned signalling components were assessed using the 

enzyme, trypsin; and the activating peptide (AP), 2f-LIGKV-OH (Ferrell et al., 2003). 

3.2.1 PAR-2 activation stimulated 13 HI-inositol phosphate accumulation 
The time course and concentration-dependency of [3 H]-inositol phosphate accumulation 
induced by PAR-2 were investigated in clone G cells. Figure 3.1 illustrates the kinetics 

of the response to the stimulation with trypsin and the AP, 2f-LIGKV-OH, over a period 

of 120 min. Trypsin (5OnM) stimulated a time-dependent accumulation of total [3 H]- 

inositol, which was evident at 5 min (4.3 + 0.6 fold of basal control), and observed to be 

approximately 43 fold by 90-120 min. Stimulation of clone G cells with 30ýIM of 2f- 

LIGKV-OH also resulted in similar kinetics of inositol phosphate accumulation, which 

was found to be 4.5 + 0.4 fold of basal control at 5 min and essentially linear over 120 

min, with the maximal response quantified at this time point as approximately 40 fold 

above basal. 

The effects of increasing agonist concentration in stimulating inositol phosphate 
formation were also assessed as depicted in Figure 3.2. Cells were stimulated with I- 

JOOnM of trypsin or 1-200ýM of 2f-LIGKV-OH and the response was determined 60 

min after stimulation. Both trypsin and AP induced a concentration-dependent increase 

in inositol phosphate accumulation in clone G cells, and the maximum responses for 

each agonist were found to be similar at 50.5 + 6.9 and 46.3 + 4.8 fold of basal control 

respectively. The EC50 values obtained were 46.4 + 2.5 nM and 23.5 + 5.3 [tM for 

trypsin and 2f-LIGKV-OH respectively. 
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0 Trypsin 5OnM 

--0-- 2f-LIGKV-OH 30ýtM 
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Figure 3.1. Time-course of trypsin and 2f-LIGKV-OH-mediated j3 HI-inositol 

phosphate accumulation in clone G cells 
Cells were prelabelled with [3 HI-myo-inositol for 18 hours and incubated with LiCI (I OmM) 

for 15 min. Cells were then stimulated with either trypsin (5OnM) or 2f-LIGKV-OH (30ýtm) 

for various time points up to 120 min. Accumulation of total [3 H]-inositol phosphate was 

measured as described (Section 2.5). Each value represents the mean + s. e. m. from three 

separate experiments performed in triplicate. 
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Figure 3.2. Concentration-dependent effects of trypsin and 2f-Ll(', KV-0t] on 

PAR-2 -mediated 13H 1-inositol phosphate accumulation in clone G cells 

Cells \\cre prelabelled mth ['11]-myo-inositol for 18 hours in scrum free media. LICI 

(101W) ýýas added to the cells prior to stimulation with increasitigcoiiceiiti-atioiisot'trypsilI 

and 2f-LIGKV-011 for 60 min. Accumulation of total [-HI-inositol phosphate was measured 

as described (Section 2.5). Each value represents the mean + s. e. m. from three separate 

experiments perl'ormed in triplicate. 
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3.2.2 PAR-2 induced the activation of the classical MAP kinase 

The effects of PAR-2 stimulation on the activation of the classical MAP kinase, the 

p42/44 isoforms known collectively as extracellular signal-regulated kinase (ERK), were 
investigated as shown in Figure 3.3. The kinetics of ERK activation was observed over a 

period of 120 min for trypsin (50W) and 2f-LIGKV-OH (30ýLM). Trypsin stimulated 

the phosphorylation of p42/44 MAP kinase, which peaked at 5 min at 9.8 + 0.7 fold of 
basal control before gradually returning to the basal levels by 120 min. Similarly, the AP 

also induced the activation of ERK, with maximal activity observed at 15 min (11.1 + 

0.7 fold of basal control), stimulated levels then decayed slowly and were evident at 120 

min post stimulation (3.9 + 1.2 fold of basal control). The direct PKC activator, PMA 

(100W), which was utilised as a positive control, stimulated the phosphorylation of 
ERK by 7.3 + 0.8 fold of basal control at 15 min. 

3.2.3 PAR-2-mediated activation of stress-activated protein kinases (SAPKs) 

3.2.3.1 p38 MAPK 

PAR-2 activation resulted in the phosphorylation of p38 MAP kinase as illustrated in 

Figure 3.4. Cells were treated with trypsin (5OnM) or 2f-LIGKV-OH (30ýM) for various 

times up to 120 min. Both trypsin and AP induced p38 MAP kinase phosphorylation 

with maximal activation at 5-15 min, observed as approximately 10 fold over basal 

control. The response mediated by trypsin decayed gradually thereafter and returned to 

almost near basal levels by 120 min. On the contrary, AP-induced p38 MAPK 

phosphorylation remained sustained and still apparent at the longest time point, 120 min 
(4.8 + 0.1 fold of basal control). 

3.2.3.2 JNK 

Figure 3.5 shows the effects of PAR-2 activation in stimulating phosphorylation of JNK- 

I (p46). Again, cells were stimulated with either 50nM of trypsin or 30gM of 2f- 

LIGKV-OH over a period of 120 min. Trypsin-stimulated the phosphorylation of JNK- 

1, with the response peaking at 5-15 min, observed as approximately 3 fold of basal 

control. This response then slowly decreased to near basal values by 120 min. The PAR- 

80 



2 AP also stimulated a response of JNK-I phosphorylation, evident at 5 min and peaking 

at a slightly later time point, 30 min, at 3.7 + 0.7 fold of basal control. This response was 

still evident by 120 rrýn (1.9 + 0.2 fold of basal control). 

3.2.4 Activation of the transcription factors, AP-1 and CRE, by PAR-2 

This study also looked at PAR-2-stimulated activation of the distal transcription factors, 

AP- I and CRE, in clone G cells. 

3.2.4.1 AP-I 

The time-dependent effects of various agonists on AP-1-driven gene transcription in 

clone G cells were assessed using trypsin (50nM), 2f-LIGKV-OH (100ýM), PMA 

(IOOnM) and TNFcc (20ngln-fl) over a duration of 8 hours (Figure 3.6). Trypsin 

stimulated a time-dependent increase in AP-I transcriptional activity, peaking at time 6- 

8 hours, with the maximal response quantified as 10.5 + 0.4 fold of basal control. The 

PAR-2 AP, 2f-LIGKV-OH, displayed a similar activation profile, with a maximal 

stimulation of 13.8 + 1.7 fold of basal control. PMA also induced AP-I transcriptional 

activity in clone G cells, with the response peaking at time 8 hours, approximately 2 fold 

higher than that of PAR-2 agonists (29.6 ± 2.5 fold of basal control). The cytokine, 

TNFa, stimulated minimal AP-I transcriptional activity in this assay system, with a 

consistently lower magnitude of response (up to 2 fold) observed throughout the time 

course tested. 

3.2.4.2 CRE 

Similarly, the time-dependent effects of CRE driven gene transcription in Clone G cells 

were investigated (Figure 3.7). Trypsin induced an increase in transcriptional activity 

over time, peaking at time 6 hours (8.5 +_ 0.7 fold of basal control) and decaying 

thereafter. The AP, 2f-LIGKV-OH, also stimulated reporter activity in a time-dependent 

manner, reaching maximal at 6-8 hours, with the response observed to be approximately 
4.6 +1 .1 fold of basal control. The PKC activator, PMA, also stimulated an increase 

81 



p-p42/44 

FAWMMOO p42/44 

30 60 90 120 PMA 
(rn i n) 

Trypsin -,; OnNl 

-ý iwý- ý- p-p42/44 

ý qý qmmmoo p42/44 
C, 1 30 60 90 120 

(111111) 

2f-Ll(', KN'-OH 30ýtM 

C) 
12- 0 Trypsin 50nM 

I ,, 
1, 

--0-- 2f-LIGKV-OH 30pM 
c 0 PMA lOOnM 

19 8 

E 
C/) 

4- 
U- 

i 

--------------- 

0 
0 20 40 60 80 100 120 

time (min) 

Figure 3.3. PAR-2-mediated phosphorylation of ERK in clone G cells 

CcIls ýýcrc rendered ClUlesCellt for 18 hours prior to stimulation with 50nM of trypsin or 30pM 

ofthe PAR-2 AP. 2t'-I-IGKV-0[1, forthe times indicated. PMA (I 00nM) was used as a positive 

control (t ý 15 min). Whole cell Iýsates were prepared and processed as previously described 

(Section 2.6.1 ). and resolvcd by Western blotting (Section 2.6.2). (a) and (b) Blots shown are 

representative of two others. I. qual protein loading \vas ensured by probing the membrane 

against total p4--',, '44 (IoNNer panel) in parallel to p-p42/44 (top panel). (c) Blots were 

qUantilied hý densitoinctrY and expressed as mean + s-e-111. (fold stimulation). 
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Figure 3.4. PAR-2-mediated phosphorylation of p38 MAPK in clone C. cells 

cells %\cre rendered quiescent l'or 18 hours prior to stimulation \\ith tr\psin (50nM) or 2t- 

IAGKV-01 I (30pIN/1) for the times indicated. PMA (I 00nM) was Litifised as a positive control (t 

- 15 min). 'vVhole cell lysates \\ere prepared and processed as previously described (Section 

2.6,1), and resolved b\ Western blotting (Secti a) and (b) Blots shown are ion 2.6.2). ( 

representative of 3 individual experiments. EqUal protein loading was ensured by probino 

tlic 111clijbi-ane against total p'18 (lo\\er panel) in parallel to p-p)8 (top pancl). (c) Blots 

N\erc cluantified b\ densitonietry and expressed as mean + s. e. m. (fold stimulation). 
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Figure 3.5. PAR-2-mediated phosphorylation of, INK in clone G cells 

Cells Ný ere rendered quiescent Im- 18 11OUrs prior to stimulation with 50nM of trypsin or 30pM 

of2f-LIGKV-01 I Ior the times indicated ýý ith 10011M PMA Litilised as a positive control (t = 15 

min). whole cell lysates \\ere prepared and processed as previOLISly described (Section 2.6.1). 

and resolved bý Western blotting (Section 2.6.2). (a) and (b) Blots shown are representative of 

two others. (c) Blots \\ere quantified by densitornetry and expressed as inean + s. e. m. (fold 

St i Ill LI I at i on ). 
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Figure 3.6. The effects of various agonists on AP-1-driven transcriptional activation in 

clone G cells 

Clone G cells having, a luciferasc gene in the AP-1 reporter region were Used in this experiment. 

Cells were grown to confluency and rendered quiescent for 18 hours before the addition of' 

variOLIs agomsts for the times indicated. Following temimation ot'stiniulation, cells lysates were 

then assayed for ILICIferase activi, ty as prevIOLISly described (Section 2-8). Data shown are 

expressed as I'old over Linstimulatcd basal and each value represents the mean + s. e. m. fi-om 

three separate cxpcrimcilts. 
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Figure 3.7. The effects of various agonists on CRE-driven transcriptional activation in 

clone G cells 

clone G cells Ila\ Inu, a lucilcrase oene in the CRL reporter region were used in this experiment. 

Cells \\cre gro\ýn to confluency and rendered quiescent for 18 hours before the addition of 

various agonists for various time points. After termination of stimulation, cells lysates were 

assessed for luciferase reporter activity as previously described (Section 2.8). Data shomi are 

expressed as t'Old over unstimulated basal and each value represents the mean ý- s. e. m. frorn 

three separate experiments. 
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in CRE driven gene transcription in clone G cells, approaching maximal at time 8 hours 

(11.0 + 1.2 fold of basal control). TNFa caused only minimal stimulation of the 

transcription factor CRE in this study, exhibiting a response of only up to 2 fold over 
basal values throughout the time course. 

3.2.5 The effects of NIAPK inhibitors on the activation of AP-1 and CRE 

mediated by PAR-2 

This study assessed the impact of various MAPK inhibitors on PAR-2-mediated 

activation of AP-1 and CRE using an ERK inhibitor PD 098059 (50ýtM), a p38 MAPK 

inhibitor SB 203580 (IOgM) and SP 600125 (20gM), a JNK inhibitor (Alessi et aL, 

1995; Cuenda et aL, 1995; Bennett et aL, 2001). 

3.2.5.1 AP-1 

The effects of various MAPK inhibitors on PAR-2-mediated activation of the 

transcription factor AP-1 is shown in Figure 3.8. Trypsin (5OnM) stimulated a 15.7 ±I 

fold of basal control increase in reporter activity, and this was minimally affected by 

both 50pM of PD 098059 and lOgM of SB 203580. Notably, SP 600125 (20gM) 

inhibited the response of trypsin to 9.7 + 1.1 fold of basal control (% inhibition = 41.3 + 

6.0, P<0.05). Similar results were obtained when the cells were stimulated with 100gM 

of 2f-LIGKV-OH (16.8 + 1.6 fold of basal control), in that PD 098059 and SB 203580 

had no effect whereas SP 600125 exhibited comparable extent of inhibition, suppressing 

the response to 10.6 + 1.9 fold of basal control (% inhibition = 40.4 + 5.7 , P<0.05). 

3.2.5.2 CRE 

Figure 3.9 illustrates the effects of PD 098059, SB 203580 and SP 600125 on trypsin 

and 2f-LIGKV-OH-stimulated CRE-driven transcriptional activation in clone G cells. 

Trypsin (5OnM) and 2f-LIGKV-OH (100ýM) induced the activation of this transcription 

factor, measured as 6.6 + 0.7 and 3.0 + 0.6 fold of basal control respectively at 6 hours 

post stimulation. These responses were significantly potentiated in the presence of PD 
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Figure 3.8. The effects of various MAPK inhibitors on PAR-2-stimulated All-1- 

induced transcriptional activation in clone G cells 

Clone G cells liming a luciterase gene in the AP-1 reporter region were Used III thIS eXperilllCilt. 

Cells were gomi to confluency and rendered quiescent for 18 hours and incubated with PD 

098059 (50l. M). SB 2033580 (10pM) or SP 600125 (-'O[LM) for 30 min betbre the addition of 

t, sill (50nM) or 2t'-[-IGKV-OH (100pM) for 6 11OUrs. Luciferase activity was determined as r-, p 

previously outlined (Section 2.8). Data shown are expressed as (a) fold over unstimulated basal 

and (b) % of' stimulated control xvith each value representing the mean + s. e. m. from diree 

separate experiments. *P<0.05 compared x\ Ith agonist-stim i ulated control. 
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Figure 3.9. The effects of various MAPK inhibitors on PAR-2-stimulated CRE- 

induced transcriptional activation in clone C cells 

Clone G cells having a lucitlerase oene in the CRE reporter region were Used in this experiment. 

Cells ýNere gromi to COMILIency and rendered quiescent for 18 11OUrs and incubated \\Itli PI) 

098059 (50pNI). SB '2033580 (10pM) or SP 600125 (20jLM) for 330 min bel'ore stimulating with 

trypsin (50W) or 21'-I. IGKV-011 (100ýLM) for 6 hours. Cells were then assayed for lucil'erase 

activity as previously outlined (Section 2.8). Data shown are expressed as (a) fold over 

unstimulated basal and (b) % Of StIMUlated control with each value representing the mean 
-+ 

s. e. m. froill three separate experiments. *P<0.05 compared with agonist-stimulated control. 17, 
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098059 (50gM) to 10.9 + 1.9 fold of basal control (% control = 193.5 + 12.7, P< 0.05) 

and 5.3 + 0.9 fold of basal control (% control = 219.4 ± 29.6, P<0.05) respectively. In 

contrast, lOpLM of SB 203580, when added to cells, significantly inhibited the responses 

induced by trypsin and the PAR-2 AP to 2.1 + 0.2 fold of basal control (% inhibition = 

78.0 + 2.1, P<0.05) and 1.4 + 0.2 fold (% inhibition = 72.8 + 17.6, P< 0.05). On the 

other hand, SP 600125 (20gM) also reduced the responses of trypsin and the AP to 3.5 + 

0.7 fold of basal control (% inhibition = 10.6 + 7.1) and 1.8 + 0.3 fold of basal control 

(% inhibition = 50.1 + 22.4), although the extent of reduction was not statistically 

significant. 

3.2.6 The activation of NFicB pathway by PAR-2 

This study investigated the activation of NFrB pathway by PAR-2 at the levels of p65 

NRB phosphorylation at Serine 536, IKBa loss, NFrB-DNA binding activity and 

NFr, B-mediated transcriptional activation. 

3.2.6.1 IKBa loss 

The effects of PAR-2 stimulation on IKB(x expression were also assessed as depicted in 

Figure 3.10. Trypsin (50nM) induced a time-dependent IKB(x loss which was apparent at 

5 min (% degradation = 20.6 + 7.6) and gradually decreasing to a minimum by 60 min 

after stimulation (% degradation = 62.9 + 9.1). The expression of IKBcc was slowly 

restored thereafter and back to near basal values by 120 min. The activating peptide, 2f- 

LIGKV-OH (30ýM), also induced a time-dependent IKBet loss in clone G cells with 

similar kinetics, with the maximum protein degradation observed at time 60 min (% 

degradation = 68.1 + 9.6). The PKC activator, PMA (IOOnM), when added to clone G, 

resulted in IKB(x loss detected as % degradation = 74.7 + 3.3 at 15 min post stimulation. 
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Figure 110. PAR-2-stimulated IKBa loss in clone G cells 

Cells ýýere rendered quiescent for IS hours prior to stimulation with 50nM of trypsin or 30I. LM 

of 2f-LIGKV-011 for the times indicated with 10011M PMA Litilised as a positive control 

(t=]ýIjiffl), Whole cell lysates were prepared and processed as previOLISly described (Section 

2.6.1), and v1suallsed by Western blotting, (Section 2.6.2). (a) and (b) Blots shown are 

representative of Mo others. (c) Blots were quantified by clensitometry and expressed as mean + 

s. c. m. (fold stimulation). 
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3.2.6.2 Phosphorylation of p65 NFKB 

Figure 3.11 shows the time-course of p65 NFKB phosphorylation in response to trypsin 

and 2f-LIGKV-OH stimulation in clone G cells. Both 50nM of trypsin and 30gM of 
PAR-2 AP stimulated the phosphorylation of p65 which peaked at 15-30 min, detected 

as approximately 6 fold of basal control. The responses degraded gradually and returned 

to near basal values by 120 min. PMA (I OOnM) also induced the phosphorylation of p65 

at time 15 min, giving a response of 8.2 + 0.6 fold of basal control. 

3.2.6.3 NFr. B-DNA binding activity 

Figure 3.12 illustrates the effects of PAR-2 activation on NFKB-DNA binding activity. 

Both trypsin (50nM) and 2f-LIGKV-OH (30ýtM) induced time-dependent increases in 

the binding of NRB to DNA, albeit with slightly different kinetics. Trypsin stimulated a 

response which can be observed at 30 n-dn (1.7 + 0.1 fold of basal control), reaching 

maximum at 60-90 min, with the magnitude of approximately 4 fold above basal (4.4 + 

0.3 and 4.3 + 0.4 fold of basal control for time 60 and 90 min respectively). This 

response still remained evident by 120 min (2.3 + 0.5 fold of basal control). On the other 

hand, the NFKB-DNA binding activity induced by the PAR-2 AP was apparent at an 

earlier time, 15 min (2.3 + 0.4 fold of basal control); and peaked at 60-90 min, at 

approximately 5 fold of basal control. This response, however, was observed to decay 

slowly and still persistent by 120 min (4.3 + 0.6 fold of basal control). 

3.2.6.4 NFKB-driven transcriptional activity 

The activation of NFKB-mediated transcriptional activation was also investigated in 

response to PAR-2 stimulation over a period of 8 hours as shown in Figure 3.13. Trypsin 

(50nM) stimulated a time-dependent increase in NFKB-driven gene transcription, 

reaching a maximum by 6-8 hours with the response observed to be approximately 23 

fold of basal control. Similar activation profile was observed with 100ýM of the PAR-2 

AP, 2f-LIGKV-OH, with the highest response detected as approximately 18 fold of 

92 



p-p65 

p65 

C1ý 1) 0 60 90 120 IIMA 
(111111) 

Trypsin -_SOnM 

p-p65 

c5 15 30 60 90 120 PMA 
(Illill) 

2f-Ll(; KV-OH 30ýiM 

10.0 0 Trypsin 50nM 

V-OH 30ytM 

c 
.27.5 

5.0 
, c3 

2.5 

0.04 
0 

time (min) 

Figure 3.11. PAR-2-niediated phosphorykition of p65 NFKB in clone C cells 

Cells \ýere rendered quiescent tbr 18 hours prior to stinjulatiol, with trypsin (50nM) or 211 

LIGKV-01 I (30pM) for the times indicated. PMA (I 00nM) was Litilised as a positive control (t 

= 15 min). \Vhole cell Iýsates %vere prepared and processed as previously described (Section 

2.6.1), and k\ere visualised by Western blotting (Section 2.6.2). (a) and (b) Blots shoýýn are 

representative of 3) individLial experiments. (c) Blots were quantified by densitometry and 

expressed as mean 4 s. e. ill. (t'old stimulation). 
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Figure 3.12. PAR-2 stimulated NF)cB-DNA binding 

Cells \wre gromi to confluent before being rendered queiscent in serum-free medium lor 18 

hours prior to stimulation \ýith trypsin (50nM) or 2f-LIGKV-OH (30l. LM) for the indicated 

time points. NUClear extracts \ýere prepared and the binding activity was measured by EMSA 

(Section 2.7). (a) & (b) Autoradiograrns Showi are representative of two others. (c) 

Autoradiogranis %ýere qUantified using densi 
z: l itometry and expressed as mean ± s. e. m. of' three 

separate experiments. 
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Figure 3.13. The effects of' various agonists on NFKB-driven transcriptional activation 

in clone G cells 

(Ione G cells having a lucit'crase gene in the NFK13 reporter region were used in this experiment. 

Cells were grONVII to COIAILICIICy and rendered quiescent for 18 hours before the addition ot, 

various agonists for various time points. Cell lysates were then assayed for lucifcrase activity as 

previously described (Scction 2.8). Data shown are expressed as fold over unstimulatcd basal 

and each value represents the mean + s. c. m. fi-om three scparate experiments. 
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basal control. As positive controls, the effects of PMA and TNFoc on this signalling 

parameter were also tested in clone G cells. The PKC activator, PMA (100nM), 

stimulated substantial NFrB transcriptional activity in a time-dependent manner, 2-3 

fold higher than that observed for trypsin (65.1 + 1.2 fold over basal control) at time 8 

hours. TNFoc (20ng/ml) also stimulated transcriptional activity, achieving a maximum 

response of 8.6 + 2.1 fold of basal control at 8 hours, much lower compared to PAR-2- 

mediated responses. 

3.2.6.5 The effects of the MAPK inhibitors on PAR-2-induced NFKB 

transcriptional activation 

Again, the MAPK inhibitors were used to investigate if any MAPK components might 

be involved in the regulation of NFKB activity. Figure 3.14 illustrates the effects of PD 

098025, SB 203580 and SP 600125 on PAR-2-mediated NFKB-, dfiven transcriptional 

activity. Trypsin (50nM) and 2f-LIGKV-OH (100ýM) activated NFKB transcriptional 

activation in clone G cells to 28.7 ± 0.8 and 28.5 ± 0.5 fold of basal control respectively 

at 6 hours post stimulation. When the cells were preincubated with 50PtM of PD 098059, 

these responses were significantly potentiated by 180.6 + 22.2 % (28.7 + 0.8 to 50.8 + 

4.5 fold of basal control, P<0.05) and 153.2 + 10.0% (28.5 + 0.5 to 42.9 + 1.9 fold of 
basal control, P<0.05). The p38 MAPK inhibitor, however, had no effect on PAR-2- 

induced NFKB transcriptional activation. The JNK inhibitor SP 600125 (20ýIM) 

significantly inhibited trypsin and 2f-LIGKV-OH-induced responses by 65.4 + 1.9% 

(28.7 + 0.8 to 10.6 + 0.8 fold of basal control, P<0.05) and 67.8 + 5.3% (28.5 + 0.5 to 

9.9 + 1.6 fold of basal control, P<0-05) respectively. 
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Figure 3.14. The effects of various MAPK inhibitors on PAR-2-stimulated Widi- 

induced transcriptional activation in clone G cells 

Clolie G cells having a luciferase gene in the NFKB reporter region were Lised this experiment. 

Cells were gromi to C011flUency and rendered quiescent for 18 IIOLIrs betore tile addition ol' 111) 

098059 (50[LM). SB 2033580 (1 OpM) or SP 600125 (20[tM) for 30 min belore stimulating \ý ith 

trypsm (50nM) or I-t'-L. IGKV-011 (100pM) for 6 hours. Cell lysates were then assayed Ior 

lucit'erase activity as previously described (Section 2.8). Data shown are expressed as (a) fold of 

unstillILIlated basal and (b) % of stimulated control with each value representing the mean + 

s. e. in. from three separate triplicate experiments. *P<0.05 compared with agonist-stimulated 

control. 
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3.3 Characterisation of ENMD-1068 and K-14585 as PAR-2 Antagonists 

3.3.1 The effects of ENMD-1068 on PAR-2-mediated [3 HI-inositol phosphate 

accumulation 

The compound ENMD-1068 has been recently reported to act as a novel PAR-2 

antagonist (Kelso et aL, 2006). This compound has been shown to selectively inhibit 

PAR-2-induced calcium mobilisation but not that of PAR-1. Therefore in order to 

further characterise ENMD-1068 as a potential PAR-2 antagonist, this study has 

investigated the effects of compound ENMD-1068 (5mM) on PAR-2-mediated inositol 

phosphate accumulation in clone G cells (Figure 3.15). Both trypsin (20nM) and the 

PAR-2 AP, 2f-LIGKV-OH (I OOpM), stimulated a response of 8.2 and 7.1 fold of basal 

control respectively. These responses, however, were not affected by the presence of 

ENMD-1068. 

3.3.2 The effects of compound K-14585 on PAR-2-mediated signalling in clone G 

cells 
The effects of compound K-14585 on PAR-2 -mediated signalling cascades in clone G 

cells were investigated. In this study, the PAR-2 human AP SLIGKV (30ptm) was used 

as the agonist; whereas compound K- 145 85 was utilised at 3 0,5 and I ýM respectively. 

3.3.2.1 The effects of K-14585 on PAR-2-stimulated 13 HI-inositol phosphate 

accumulation 
SLIGKV (30ýM) induced an increase in the accumulation of total [3 H]-inositol 

phosphate in clone G cells at 60 min, with the magnitude of response observed being 6.6 

+1.1 fold of basal control (Figure 3.16). Compound K-14585 at both 30 and 5ýLM 

significantly reduced this response to 2.8 + 0.6 fold (% inhibition = 68.4 + 10.4, P<0.05) 

and 2.9 + 0.6 fold (% inhibition = 67.6 + 4.6, P<0.05) respectively, whereas I ýM of K- 

14585 inhibited the response to 3.9 + 0.6 fold (% inhibition = 43.7 + 13.3). Notably, K- 

14585 at all the concentrations tested did not alter the basal of total [3 H]-inositol 

phosphate accumulation. 
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Figure 3.15. The effects of compound ENMD-1068 on PAR-2-mediated I'll'111-inositol 

phosphate accumulation in clone G cells 

Cells ýNcre pi-clabelled mth ['11]-myo- I nos itol for 18 hours in Sel-1.1111 free mediLlm. LICI (IOnIM) 

was added to the cells prior to incubation ýýith 51nM of' ENMD-1068 for 45 min. Subsequently 

tile cells were StillILIlated with trypsin (20nM) or 2f-LIGKV-011 (1100ýLM) tor 45 111111. 

Accl. 11111.1lation of total [HI-inositol phosphate was measured as 01-Itlined (Section 2.5). Each 

valt-le represents tile file, "' firorn mo separate experiments performed in triplicate. 
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Figure 3.16. The effects of compound K-14585 on SLIGKV-induced 13 HI-inositol 

phosphate accumulation 

Cells were prelabelled with [3 H]-myo-inositol for 18 hours in serum-free medium and 

incubated with various concentrations of compound K-14585 for 30 minutes prior to 

stimulation with 30[tM of SLIGKV for 60 min. Accumulation of total [3 HI-inositol 

phosphate was measured as described in Section 2.5. Each value represents the mean + 

s. e. m. from three separate experiments performed in triplicate. * P<0.05 compared with 

stimulated control (-). 
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3.3.2.2 The effects of compound K-14585 on PAR-2-mediated p42/44 MAP kinase 

activation 
Figure 3.17 shows the effects of K-14585 on PAR-2-stimulated p42/44 MAP kinase 

activation. SLIGKV (30ýN) increased the phosphorylation of p42/44 MAP kinase to 8.9 

+ 0.4 fold of basal control. This response, however, was not significantly altered upon 

pretreatment of the cells with 30,5, IgM of K-14585, with maximal inhibition observed 

at 30ýLM (5.9 + 1.6 fold of basal control, % inhibition = 39.7 + 18.0). Interestingly, 

30ýtM of K-14585 alone, when added to cells, was able to stimulate the activation of 

p42/44 MAP kinase to 2.8 + 1.1 fold of basal control. 

3.3.2.3 The effects of compound K-14585 on PAR-2-mediated p38 MAP kinase 

activation 

Figure 3.18 illustrates the effects of K-14585 on SLIGKV-induced p38 MAP kinase 

activation mediated via PAR-2 stimulation. SLIGKV (30ýtM) caused an increase in the 

phosphorylation of p38 MAP kinase. Significant inhibition of the response was observed 

when cells were preincubated with 5ýtM of K-14585 (6.3 + 0.8 to 3.0 + 0.6 fold of basal 

control, % inhibition = 63.0 + 8.5, P<0.05). However, at 30 and IýLM, K-14585 only 

slightly reduced the MAP kinase activity to 4.6 ± 1.1 fold (% inhibition = 32.9 + 19.0) 

and 4.6 + 1.2 fold (% inhibition = 31.3 + 16.0) respectively. Again, 30[LM of the 

inhibitor alone was observed to enhance p38 MAP kinase activity, with a response of 

3.1 + 1.0 fold of basal control. 
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Figure 3.17. The effects of compound K-14-558-5 on SLIGKV-induced p42/44 MAI' kinase 

activation in clone G. cells 

cei is \ý ere gro\\ n to conil Lience and rendered quiescent In serum-free medi uni lor 19 hours and 

preilICLibated mth increasing concentrations of K-14585 for 330 min prior to stimulation with 

30pM SLIGKV Cor a further 10 min. Whole cell lysates were prepared and processed as 

described (Section 2.6.1 ). and resolved by Western blotting (Section 2.6.2). (a) Blots shown are 

representative of three. (b) Blots were quantified by densitometry and expressed as nican -L 
s . e. m. 
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Figure 3.18. The effects of compound K-14'585 on SLIGKV-induced p38 MAP 

kinase activation 

Cells Nvere rendered quiescent in seruni-free medium for 18 hours and preincubated \\Itll 

increasing concentrations of compoUnd K-14585 for 30 minutes prior to stimulation with 

30pM SLIGKV for a I'Lirther 10 min. Whole cell lysates were prepared and processed as 

previously described (Section 2.6.1 ). and were resolved by Western blotting (Section 2.6.2). 

(a) Blots shown are representative of two others. (b) Blots were quantified by densitometry 

and expressed as mean + s. c. m. * P<0.05 compared with stimulated control (-). 
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3.3.2.4 The effects of compound K-14585 on PAR-2-mediated NFKB 

phosphorylation 
Figure 3.19 shows the effects of compound K-14585 on PAR-2-mediated activation of 

NFKB. SLIGKV (30gM) induced the phosphorylation of p65 NFKB, with the response 

observed as 3.2 + 0.1 fold of basal control. Pretreatment of the cells with compound K 

significantly attenuated the response produced, in that 30,5 and IgM of K-14585 

reduced NFYB activation mediated by PAR-2 to 1.7 + 0.1 fold (% inhibition = 70.0 + 

2.1, P<0.01), 1.3 + 0.2 fold (% inhibition = 87.5 + 10.5, P<0.01), and 1.9 + 0.3 fold (0/o 

inhibition = 59.4 + 12.1, P<0.01) respectively. K-14585 alone, however, did not alter the 

basal activation of NFYB. 

3.3.2.5 The effects of compound K-14585 on PAR-2-mediated NFKB-DNA binding 

activity 
The effects of compound K-14585 on PAR-2-mediated NFKB-DNA binding activity 

was also assessed as shown in Figure 3.20. The AP caused an increase in NFKB-DNA 

binding activity, detected as 38.2 + 5.5 fold of basal control. This was significantly 

inhibited by 30 and 5jiM of K-14585 to 6.6 + 1.0 fold (% inhibition = 83.4 + 5.7, 

P<0.05) and 18.9 + 4.5 fold (% inhibition = 52.5 + 7.6, P<0.05), with compound K 

(IttM) showing no effect in this context. Again, K-14585 (30ýM) alone was observed to 

enhance the basal PAR-2-mediated NFYB-DNA binding activity to 5.6 + 0.8 fold of 

basal control. TNFoc (20ng/n-fl) also enhanced the binding of NFkB to the nucleus, and 

this response remained unaffected in the presence of 30ýM K-14585. 
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Figure 3.19. The effects of K-114-58.5 oil SLICKV-mediated p65 NFKII phosphorylation ill 

clone G cells 

Cells ýýere rendered quiescent in serUni-free medium for 18 hours prior to sti mulat loll witil 

30pM of SLKjKV for a further 30 min I'Ollowing incubation oi- the cells with various 

-85 to[ -) l concentrati oils of K-14-5 -- 
30 min. Whole cell lysates were prepared and processed as 

previouslý described (Section 2.6.1), and resolved by Western blotting (Section 2.6.2). (a) Blots 

shomi are representative of two others. (b) Blots were qUantified by densitometry and expressed 

as nlean + s. e. "'. **I)<O. O I compared \N ith stimulated control (-). 
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Figure 3.20. The effects of K-14585 oil SLIGKV-niediated NFKB-DNA binding activity 

in clone G cells 

Cells were gromi to confluence betore being rendered quiescent in serurn-free medium for 18 

hours prior to 30 Min HICUbation \ýitli increasing concentrations of K-14585 . Cells were then 

, on s stimulated \011 the appropriate ag I ts for 60 min. Nuclear extracts were prepared and binding 

activity was meaSUred bv EMSA (Section 2.7). (a) The aUtOradiooranj sljo\Vn is tile 

representative ofthree. (b) Blots \\ere quantified using densitornetry and expressed as nican + 

s. e. m. *P<0.05 compared \\ ith stimulated control (-). 
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3.3.2.6 The effects of compound K-14585 on PAR-2-mediated NFKB-induced 

transcriptional activity 
Figure 3.21 illustrates the effects of compound K-14585 on PAR-2-mediated NFKB- 

induced transcriptional activity. SLIGKV (30ýM) caused a substantial increase in the 

transcriptional activity, with the response observed as 10.7 + 1.2 fold of basal control. 
This response was significantly attenuated by 5gM K-14585 to 3.6 + 1.1 fold (% 

inhibition = 70.0 + 14.3, P<0.05), with no significant alteration observed following 

pretreatment of the cells with 30 and IgM K-14585. Strikingly, compound K (30gM) 

alone also induced a marked response, the magnitude of which was relatively 

comparable to that induced by the PAR-2 AP (11.7 + 2.8 fold of basal control). 

3.3.2.7 The effects of compound K-14585 in NCTC-2544 cell line 

The effects of compound K-14585 in the parental cell line of clone G, NCTC-2544, 

were assessed (Figure 3.22). Stimulation of the cells with SLIGKV (30ýM) did not 

cause the activation of ERK (panel(a)), p38 MAPK (panel (b)) or p65 (panel(c)). 

Compound K-14585 at all concentrations tested also did not elicit any effects on the 

parameters measured. 
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Figure 3.21. The effects of K-14585 on SLIGKV-mediated NFKB-induced 

transcriptional activation in clone G 

Clone G cells having a luciferase gene in the NFKB reporter region were used in this experiment. 

Cells were grown to confluency and rendered quiescent for 18 hours before being pretreated 

with various concentrations of K-14585 for 30 min. Cells were then stimulated with 30[IM of 

SLIGKV for 6 hours and luciferase activity was determined as previously described (Section 

2.8). Data shown are expressed as fold over unstimulated basal and each value represents the 

mean + s. e. m. from three separate experiments. *P<O-05 compared with stimulated control (-). 
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Figure 3.22. The effects of compound K-14558-5 in NCTC-2-5544 cells 

Cells ýýere gromi to C011flUence before being rendered quiescent with SCIIIIII-free medium for 18 

hours before 330 min incubation \ýith various concentrations of K-14585. Cells NNere then 

stimulated mth '30pM SLIGKV for 10 min (a & b) or 330 min (c). Whole cell l"'sates were 

prepared and processed as previously described (Section 2.6.1), and resolved by Western 

blotting (Section 2.6.2) using specific antibodies for (a) p-p42/44 MAP kinase, (b) p-p38 MAP 

kinase and (c) p-p65. Blots sho\\ n are the representative of two others. 
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3.3 Discussion 

This study has assessed the activation kinetics of inositol phosphate accumulation, MAP 

kinases, NFKB, AP-1 and CRE mediated by PAR-2 in NCTC-2544 skin cell line stably 

expressing PAR-2 (clone G). Furthermore, the effects of various MAP kinase inhibitors 

on the transcriptional activation induced by AP-1, CRE and NFKB were investigated. In 

addition, this chapter has also included the work on characterising the compounds 
ENMD-1068 and K-14585 as potential PAR-2 antagonists by looking into the effects of 
these compounds on several PAR-2-stimulated signalling parameters in clone G cells. 

Measurement of total inositol phosphate accumulation provides an index of GPCR- 

induced PLC activity. In this project, PAR-2 activation in clone G cells stimulated both 

a time and concentration-dependent accumulation of inositol phosphate, indicating the 

activation of PLC activity modulated by this receptor. This is consistent with previous 

studies in that PAR-2 agonists have been shown to be able to induce labelled inositol 

phosphate accumulation in several cell lines including KNRK, COS-1 and keratinocytes 

(Kong et A, 1997; Molino et aL, 1997a; Santulli et A, 1995). 

Classically, activation of PLC is also associated with an increase in intracellular calcium 
level as a result of inositol phosphate formation (discussed in Section 1.1). In fact, 

calcium mobilisation has been detected in multiple cell types such as CHO, KNRK and 

colonic myocytes following PAR-2 stimulation, suggesting that PAR-2 couples to 

IP31Ca2' axis (Nystedt et al., 1995a; B6hrn et al., 1996b; Corvera et al., 1997). Although 

it was not assessed in this project, NCTC-2544 cells transfected with PAR-2 have been 

shown to result in calcium mobilisation in response to PAR-2 agonists (Seatter et al., 
2004). Thus as with previous studies, these results suggest the coupling of PAR-2 to 

G(Xq/1 1 to result in IP3/Ca2+ responses (Nystedt et al., 1994, Santulli et al., 1995, B6hrn et 

al., 1996b) 

The data presented here clearly illustrates the activation of ERK, p38 MAP kinase and 
JNK by PAR-2. The stimulation of the classical MAP kinase, ERK, through GPCRs 
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such as PAR-1, P-adrenergic receptor and muscarinic receptors has been well 

documented (Vouret-Craviari et A, 1993; Maudsley et A, 2000; Mochizuki et A, 

1999). PAR-2-mediated phoshorylation of ERK, on the other hand, has been reported in 

several cell types including rat aortic smooth muscle cells (RASMCs), human umbilical 

vein endothelial cells (HUVECs), astrocytes, intestinal epithelial cells and human colon 

cancer cells (Belharn et aL, 1996; Woolkalis et A, 1996; Ge et A, 2003; Fyfe et A, 

2005; Nishibori et A, 2005). In clone G cells, PAR-2 activation induced by trypsin led 

to rapid and transient activation of ERK. This is consistent with previous findings 

(Belharn et A, 1996; Jin et aL, 2005; Kawao et A, 2005; Koo et A, 2002) but not 

others which have implied either sustained or biphasic kinetics (Ge et A, 2003; Chokki 

et A, 2005). Similarly, PAR-1-induced phosphorylation of p42/44 MAP kinase has also 

been shown to exhibit distinct kinetics in various studies (Kahan et A, 1992; Wang et 

al., 2002). Such phenomenon points to the fact that as with other GPCRs, PAR-1 and 

PAR-2-induced ERK activation might involve distinct mechanisms in different cell 

models (Luttrell, 2005). Notably, the phosphorylation of ERK induced by the PAR-2 

AP, 2f-LIGKV-OH, exhibited a more sustained profile compared to that of trypsin. 

Various studies have identified the roles of ERK in linking PAR-2 activation to several 

downstream effects. For example, in human airway epithelial cells, PAR-2 is found to 

mediate prostaglandin E2 formation, IL-8 secretion and the release of an autocrine 

factor, amphiregulin; through the p42/44 MAPK pathway (Kawao et al., 2005; Page et 

al., 2003; Page et al., 2005; Chokki et al., 2005). Also, PAR-2-induced TNFa and 

pepsinogen secretions are thought to be modulated via this MAPK pathway in human 

leukemic mast cell line and gastric chief cells respectively (Kang et al., 2003; Fiorucci et 

al., 2003). In addition, PAR-2-stimulated cell riýiitogenesis has been well described in 

several instances including smooth muscle and endothelial cells as well as human lung 

fibroblasts (Bono et al., 1997; Mirza et al., 1996; Akers et al., 2000). As ERK is a well- 

known signalling pathway that mediates nýiitogenic signals induced by GPCRs, it is very 

likely PAR-2 utilises this axis to exert mitogenic effects. 
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As with EM PAR-2 activation has been shown to result in p38 MAP kinase 

stimulation in a large number of cells such as smooth muscle cells, epithelial cells, 
keratinocytes, endothelial cells, pancreatic stellate cells and cultured human pulp cells 
(Belham et aL, 1996; Kawao et aL, 2005; Kanke et aL, 2001; Ma et aL, 2006; 

Masamune et aL, 2005; Tancharoen et aL, 2005). The kinetics of p38 MAP kinase 

phosphorylation stimulated by trypsin in this study is slightly more sustained than that of 

p42/44 MAP kinase, and is consistent with Kawao et aL (2005) and Tancharoen et aL 
(2005) but not other studies which reported only transient activation of this MAP kinase 

(Masamune et aL, 2005; Ma et aL, 2006). Again, the PAR-2 AP has been observed to 

induce a more persistent signal than the enzyme in this context. 

The ability of PAR-2 to signal to p38 MAPK might have important implications in 

mediating cellular stress responses. A recent study has proposed the role of this MAPK 

along with other signalling components such as NFKB in mediating the release of COX- 

2 and 6-keto-PGF (I alpha), a stable product of prostacyclin; in human endothelial cells 
(Syeda el A, 2006). The roles of p38 MAPK in modulating prostaglandin and 

neuropeptide release have also been implicated in lung epithelial and human pulp cells 

(Kawao et A, 2005; Tancharoen et A, 2005). In keratinocytes, p38 MAPK has been 

identified as the important mediator for ultraviolet and reactive oxygen-induced 
inflammation and apoptosis (Maytin et al., 2001; Chouinard et A, 2002; Hildesheim. et 
A, 2004). Therefore, although the significance of p38 MAPK activation by PAR-2 in 

keratinocytes has yet to be elucidated, it is possible that this signalling component n-tight 

underlie stress-induced cellular responses which could be mediated through PAR-2. 

The stress-activated protein kinase, JNK, on the other hand, appeared to be weakly 

stimulated by PAR-2 in clone G cells compared to the two aforementioned MAP 

kinases. Studies using smooth muscle cells and culture human pulp cells have provided 

evidence of PAR-2 coupling to p42/44 and p38 MAPK more cfficicntly than that of JNK 

in these models (Belharn et aL, 1996; Tancharoen et al., 2005). In contrast, by using 

another methodological approach to assess the kinase activity of this signalling 
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component, Kanke et aL (2001) reported a more substantial magnitude of JNK 

activation in the same cell line as reported herein. The contradicting results might reflect 

the difference in the sensitivity of the experimental techniques involved. As with the 

case of ERK and p38 MAP kinase, stimulation of PAR-2 by 2f-LIGKV-OH resulted in a 

more sustained JNK phosphorylation compared to that of trypsin. 

Unlike p42/44 and p38 MAPK, the significance of JNK activation by PAR-2 remains 
largely unexplored, except for a recent study which described the role of this MAPK in 

pancreatic fibrosis (Masamune et A, 2005). The authors concluded that JNK together 

with p38 MAPK serve as the predominant players in mediating trypsin, tryptase and 
SLIGRL-induced pancreatic stellate cell proliferation and collagen synthesis. 
Nevertheless, as JNK activation can lead to stimulation of transcription factors such as 
AP-1, as well as inhibition of cell growth and apoptosis, the role of PAR-2 in this 

context is anticipated (Xia et al., 1995). 

Thus far this report has shown that in clone G cells, PAR-2 stimulation leads to 

activation of the MAP kinases. This project has then extended to look at the potential 

roles of PAR-2 in the stimulation of ERK and SAPK downstream components, namely 

AP- I and CRE-driven transcriptional activation. Transcription factors that preferentially 
bind to AP-1 reporter site are homodimers of Jun (v-Jun, c-Jun, Jun B and Jun D) or 
heterodimers of Jun and fos (v-Fos, c-Fos, Fos B, Fra-I and Fra-2) (Karin et al., 1997). 

Alternatively, heterodimers formed from Jun and ATF family members (ATF-2, ATF- 

3/LRF-I and B-ATF) bind to CRE site which has the base sequence of TGACCGTCA 

(Karin et al., 1997). 

The results presented here indicate that PAR-2 couples to both AP- I and CRE-mediated 

transcription. The response obtained for AP-1-modulated protein expression appeared to 

be slightly higher than that of CRE, suggesting that PAR-2 links to AP-I more 

efficiently than CRE. The direct PKC activator, PMA, activates both AM and CRE- 

dependent transcription in clone G cells with much higher magnitude of responses 
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compared to PAR-2 agonists and TNF(x. In contrast, TNF(x stimulates minimal 

activation of AM and CRE-driven protein expression, indicating that, amongst the 

agonists tested, this cytokine couples least effectively to these pathways in clone G cells. 
Stimulation of AP-1-induced transcriptional activation by PAR-2 has been reported by 

other studies (Tancharoen et al., 2005; Luo et al., 2006). Tancharoen et al. (2005) 

reported the role of PAR-2/AP-1 transcription activation in mediating neuropeptide 

release in dental pulp tissue, whereas Luo et al. (2006) provided the novel evidence of 

the involvement of Jab-1 protein in modulating the PAR-2/AP-1 pathway. PAR-2- 

mediated CRE-driven transcription activation, however, has yet to be reported. 

The roles of MAPK in the signalling axis linking PAR-2 to the AP-I/CRE pathway were 

then investigated using PD 098059, a MEK/ERK inhibitor (Alessi et al., 1995); SB 

203580, a p38 MAPK inhibitor (Cuenda et al., 1995); and SP 600125, a JNK inhibitor 

(Bennett el al., 2001). 

Of all the inhibitors tested, only the JNK inhibitor, SP 600125, significantly inhibited 

PAR-2-induced AM transcription, whereas both PD 098059 and SB 203580 had no 

effect. This indicates that both ERK and p38 MAPK are not involved in the axis of 

PAR-2/AP- I and JNK might play a partial role in this context. This is because the extent 

of inhibition imposed by SP 600125 was only approximately 40%, and it is likely the 

residual response could be modulated by other as yet unidentified signalling 

components. 

These results are in line with other studies which supported the notion that JNK is a well 

known activator of AP-1 transcription (Schwabe et aL, 2003; Zhang et A, 2004). In 

contrast, the data obtained here is inconsistent with a recent report which described the 

coupling of PAR-2 to AP- I through p38 MAP kinase pathway and not JNK (Tancharoen 

et A, 2005). This implies that PAR-2 might utilise distinct mechanisms to regulate gene 

expression in different models. 
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CRE-driven transcriptional activation mediated by PAR-2, on the other hand, was 

significantly affected by PD 098059 and SB 203580, in which potentiation and 

inhibition of response were observed respectively. This implies that the ERK pathway 

may exert a negative regulatory role in PAR-2/CRE axis. This is in concert with the 

findings in the literature suggesting that CRE appears to be regulated by ERK (reviewed 

in Shaywitz & Greenberg, 1999). In fact a recent study supported such a notion by 

providing evidence for ERK-mediated inhibition of CRE-modulated transcription 

through its action on the ribosomal kinase, Pp90RSK in a human hepatoma cell line 

(Wang et aL, 2003). However the exact mechanism underlying PAR-2/ERK/CRE axis 

awaits further investigation. Both p38 MAPK and JNK have been reported to activate 

Jun and ATF proteins, thus serve as stimulant for inducing CRE activity (reviewed in 

Treisman, 1996; Whitmarsh & Davis, 1996). However in this study it appears that p38 

MAPK might have a more prominent role than JNK to mediate the signalling of PAR-2 

to CRE transcriptional activation, although inhibition of JNK activity did reduce the 

response to a certain extent but it was not statistically significant. 

NFKB represents the major transcription factor in inflammation, however, its activation 

paradigm is less well characterised in GPCRs compared to cytokine receptors (discussed 

in Section 1.4.6). This study has clearly demonstrated the activation of NFKB by PAR-2 

as exemplified at the levels of p65 phosphorylation, IYB(x loss, NFKB-DNA binding and 

NFKB-induced transcriptional activation. Other studies have reported the activation of 

NFKB by PAR-2 in several cells lines such as keratinocytes, endothelial cells and 

smooth muscle cells (Buddenkotte et aL, 2005; Macfarlane et al., 2005; Syeda et A, 

2006; Shpacovitch et A, 2002; Bretschneider et aL, 1999). 

The loss in Ir-Ba expression is often used as an initial indicator for the activation of 

NFr, B. The maximum extent of IKBa loss in clone G cells modulated by PAR-2 was far 

less than that observed for PMA. Perhaps the population of NFKB being activated by 
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PAR-2 is not as abundant as in the case of PMA, as PMA-induced NFicB-DNA binding 

activity and transcriptional activation exhibited a higher magnitude than that of PAR-2. 

Phosphorylation of NFKB is a mode of post-translational modification that is imposed 

on this signalling component to secondarily regulate its activity (reviewed in Viatour et 
A, 2005). That are at least nine inducible phosphorylation sites in p65, most of which 
have been shown to be important in regulating transcriptional activity. This study 
focused on the phosphorylation of p65 at Ser-536, which is known to be one of the most 
important phosphorylation sites of this component (Viatour et al., 2005). The data 

presented here indicates that in clone G cells, PAR-2 is able to phosphorylate p65 at Ser- 

536, with similar kinetics observed in both trypsin and 2f-LIGKV-OH-induced 

responses. Relatively little information has been reported on PAR-2-induced NFKB 

phosphorylation in other experimental models, until a recent study provided evidence of 

NFKB phosphorylation induced by PAR-2 in endothelial cells (Syeda et A, 2006). 

interestingly, the results obtained herein indicate that phosphorylation of p65 precedes 

IKBa loss, suggesting that the phosphorylation process might have taken place while 

p65 is still physically associated with its inhibitory molecules. Several studies have 

provided evidence that phosphorylation of p65 in fact occurs while NFKB is still intact 

with IKBa (Mattioli et aL, 2004; Schwabe & Sakurai, 2005); whereas another study 

proposed the prior degradation of the inhibitory molecule (Wang et aL, 2000). 

Removal of IKBet enables the translocation of NFKB into the nucleus to bind to DNA. 

The kinetics of NFKB-DNA binding induced by PAR-2 reported in this study is similar 

to that reported in primary keratinocytes in that the maximal binding occurs at 1 hour 

(Buddenkotte et A, 2005). Notably, TNFcc when added to clone G cells also stimulated 

NFKB-driven transcriptional activation, albeit with a much lower magnitude of 

response. Ibis observation indicates that TNF(x might not couple to NFKB pathway as 

effectively as PMA or PAR-2 does in clone G cells. 
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The roles of PAR-2-induced NFYB activation have yet to be elucidated except in 

mediating ICAM-1 and COX-2 secretion in primary keratinocytes and endothelial cells 

respectively (Buddenkotte et aL, 2005; Syeda et aL, 2006). Given the fact that NFY'B is 

a major determinant of the switch between proliferation and differentiation of 
keratinocytes as well as an inducer of various inflammatory mediators, coupling of 
PAR-2 to this signalling component indicates the possible roles of PAR-2 in this context 

and more investigation is needed. 

PAR-2-stimulated NFKB-driven protein expression was also investigated using the 

aforementioned MAP kinase inhibitors to examine if there is any potential cross talk 

between this pathway and the MAPK cascades. Interestingly, the results showed that in 

the presence of the MEK inhibitor, PD 098059, both trypsin and PAR-2 AP-stimulated 

responses were significantly potentiated. Again, this implies that ERK pathway might 

negatively regulate NFKB activation, although this is not consistent with previous 
literature which supported the positive role of ERK in this context (Dhawan & 

Richmond, 2002; Jiang et aL, 2001; Chen et aL, 2004; Chang et aL, 2005). In contrast, 

JNK seems to mediate about 60% of PAR-2/NFKB pathway, suggesting a crosstalk 

between these two cascades, highlighting an interesting phenomenon thus urging more 

studies. 

The concentrations of trypsin and PAR-2 AP used in this study lies in the range of 

nanomolar and micromolar respectively, indicating that the enzyme is near 1000 times 

more potent than the synthetic ligand. The same phenomenon has also been reported in 

PAR-I (discussed in Sections 1.2.1.2 and 1.2.2.2). There could be a few explanations for 

this. One postulation is that a single molecule of trypsin is able to cleave multiple 

receptors; whereas one molecule of AP is only able to bind and activate one receptor. 

Also, there might be conformational differences between the endogenous ligand and the 

synthetic peptide, which could possibly lead to a lower binding affinity of the AP for the 

receptor compared to trypsin. Another plausible explanation is that trypsin might 

activate receptor(s) other than PAR-2 in clone G cells. However, this remains unlikely as 
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stimulation of clone G parental cell line, NCTC-2544, with trypsin did not exhibit any 
detectable responses (Kanke et A, 2001). 

The PAR-2 AP utilised in this project, 2f-LIGKV-OH, is derived from the native human 

PAR-2 tethered ligand, SLIGKV, and having a furoyl group in place of serine residue 
(Kawabata et al., 2004). Incorporation of the furoyl group has been proposed to enhance 
the potency of the AP by preventing aminopeptidase degradation. This peptide has been 

utilised in various studies to confirm PAR-2-mediated responses (Ferrell et al., 2003; 

Johansson et al., 2005; Ikawa et al., 2005). Interestingly, on various occasions, the 

kinetics of signalling components activation were observed to differ in the case of 

trypsin and 2f-LIGKV-OH-induced responses. For example, the PAR-2 AP induced a 

more persistent phosphorylation of ERK, p38 MAPK and JNK compared to that of 

trypsin. In addition, the PAR-2 AP stimulated NFY. B-DNA binding appeared to be 

stronger than that of trypsin at earlier time points. All these phenomenon point to the 

fact that there might be a difference between endogenous ligand and synthetic peptide- 
induced PAR-2 activation. 

The underlying mechanism for the observed differential responses induced by trypsin 

and PAR-2 AP, however, has yet to be elucidated. It is possible that the enzyme and the 

synthetic ligand might interact with the receptor differentially, thus giving rise to distinct 

kinetics of responses. For example, previous literature has reported that the ligand- 

binding sites of a tethered ligand and a soluble ligand could be different on PAR-2 (Al- 

Ani el aL, 1999b; Al-Ani et A, 2002a). The same phenomenon has also been described 

for PAR-1 (Blackhart et A, 2000; McLaughlin et aL, 2005). Such discrepancy between 

the putative tethered ligand and synthetic APs for PARs might also fit into the model of 

signalling selective-agonism, which is also referred to as 'agonist-specific trafficking of 

receptor signalling' (Kenakin et A, 1995a & b). The concept of this model is that 

structural modifications of peptide agonists might result in differential activation of the 

signalling components mediated by the respective GPCRs. This concept has been 

demonstrated in several GPCRs, including adrenergic, dopamine, serotonin and 
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tachykinin receptors (reviewed in Hermans, 2003). For example, Palanche et A (2001) 

has shown that activation of the tachykinin receptor by its natural agonist resulted in 

only calcium mobilisation; whereas the synthetic ligand stimulated both calcium 

mobilisation and cAMP responses. The authors concluded that the receptor can adopt 

several active states, as opposed to the classical idea of having only either active or 
inactive state. Distinct receptor conformations would then lead to differential activation 

of the signalling cascades. 

Similarly, such a paradigm has also been demonstrated in the antagonism of certain 
GPCRs such as cholecytokinin B and tachykinin receptor (Pommier et aL, 1999; Sagan 

et aL, 1996). This possibility for PAR-2 can be exemplified by K-14585, which is a 

novel peptide synthesized based on the PAR-2 tethered ligand sequence as a potential 

receptor antagonist (see Figure 3.23). The effects of compound K-14585 on PAR-2- 

mediated inositol phosphate production, MAP kinases activation and NFKB signalling 

were examined in clone G cells, and the data presented here show that different 

concentrations of compound K-14585 were required to inhibit different signalling 

targets. Not only that, K-14585 alone was able to induce the activation of certain 

signalling mediators within different assays, indicating that it might possess some 

agonistic activity on PAR-2. Notably, studies using the parental cell line of clone G, 

NCTC-2544, confirmed that the effects of K-14585 in clone G cells were specific to 

PAR-2. Thus, it is possible that compound K-14585 at a given concentration might 

selectively antagonise and/or modulate distinct signalling pathways affected by PAR-2 

agonists. Due to limited availability of K-14585, the effects of this compound on 

trypsin-induced responses in clone G were not pursued. More investigations such as 

ligand-binding assay and competition studies as well as stability profile of the compound 

in the solution might provide useful information on the characteristics of K-14585. 

Another potential PAR-2 antagonist that has been examined in this project is the 

compound ENMD-1068. ENMD-1068 is a small molecule of M-3-methylbutyryl-A74-6- 

anýiinohexanoyl-piperazine which has been shown to act specifically on PAR-2 to 
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antagonise the pro-arthritic effects of this receptor, thus represents a novel therapeutic 

agent (Kelso et al., 2006). However, ENMD-1068 at 5mM had no effect on both trypsin 

and AP-induced responses as reported herein. One possible explanation to account for 

the observed difference is that the level of PAR-2 expression in clone G cells was much 

higher than that of cells employed in the reported study and thus 5MM of ENMD-1068 

was not sufficient to antagonise PAR-2-induced activity. Thus, the potential role of 

ENMD-1068 as a PAR-2 antagonist was not justified in this study. 

Collectively, the results presented here indicate that PAR-2 is able to couple to IP3lC2+, 

EM p38 MAP kinase, JNK, the distal transcription factors AP-1 and CRE as well as 

NFKB activation in PAR-2 transfected NCTC-2544 skin cell line. PAR-2 might utilise 

all these signalling components to exert various cellular effects such as proliferation, 

differentiation and inflammation in keratinocytes. Nevertheless, the mechanisms of 

activation and the biological roles of these signalling parameters remain largely 

undefined, in addition to the discrepancy observed between endogenous ligand and 

synthetic AP for PAR-2. Thus, more investigation is needed in order to provide a clearer 

picture in these contexts and it remains to be determined if ENMD-1068 and K-14585 

would serve as useful therapeutic agents targeting PAR-2. 
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4.1 Introduction 

Nuclear factor kappa B (NFKB) is a ubiquitously expressed transcription factor and has 

been implied as the principal mediator of immunity and inflammation (reviewed in 

Baldwin, 2001). The activation of NFKB involves a series of sequential events and 

several signalling components which would eventually lead to the translocation of this 

transcription factor from the cytoplasm into the nucleus to modulate target genes 

expression (discussed in Section 1.4). 

However, the signalling paradigm of NFKB pathway modulated by GPCRs, unlike 

cytokine receptors, still remains largely undefined. As with other GPCRs such as 

bradykinin and PAF receptor, PAR-2 has been shown to associate with NFiCB activation 

in various studies (Ye, 2001; Bretschneider et aL, 1999; Kanke et aL, 2001; Shpacovitch 

et aL, 2002). In skin, PAR-2 is involved in mediating synthesis and release of several 

inflammatory mediators such as GM-CSF, IL-6 and IL-8 (Wakita et al., 1997; Hou et 

al., 1998). Such effects exerted by PAR-2 could be mediated via the NFKB pathway. 

Nevertheless, little is known regarding the mechanisms involved in linking PAR-2 to the 

stimulation of NFrB. A good understanding of PAR-2/NFKB axis is vital for identifying 

potential new therapies. Therefore this study sought to address the mechanisms and the 

intermediary components involved in PAR-2-stimulated NFKB activation in PAR-2 

stable cell line (clone G) which has been previously characterised in Chapter 3. Several 

approaches including transgene delivery using adenoviral constructs, small interfering 

RNA (siRNA) technology and pharmacological tools were employed to look at the 

possible roles of IKKoc, IKKP, PKC, intracellular calcium and Gocq/1 1 in this signalling 

paradigm. In addition, the roles of these signalling components in PAR-2/NFKB were 

also confirmed using normal human epidermal keratinocytes (NHEK), the primary cells 

that endogenously express PAR-2. 
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4.2 The Roles of IKKcc and IKKP 

The ability of PAR-2 agonists to induce cellular degradation Of IKB(x indicates that 

PAR-2 may utilise the IKK complex as an upstream mediator of the NFKB pathway (see 

Chapter 3, discussed in Section 1.4). In order to investigate the roles of IKK(x and IKKP 

which serve as catalytic subunits in the regulation of PAR-2/NFicB activation, 

adenoviral constructs encoding dominant negative IKKcc (Adv. IKKcc+/) or IKKP+/- 

were employed as experimental tools in this study. These dominant negative constructs 
have an alanine residue in place of Lysine-44 of the kinase domain thus rendering them 

catalytically inactive (Regnier et A, 1997; Oitzinger et A, 2001). The effects of these 

adenoviral constructs in clone G cells and NHEK on PAR-2-mediated NFr'B activation 

were then assessed at the levels Of IKBct expression, phosphorylation of p65 NFKB, 

NFr, B-DNA binding and transcriptional activation. 

4.2.1 The effects of Adv. IKKa+'- and IKKP+l- on cellular degradation Of 1KBa in 

clone G cells 

Figure 4.1 shows the effects of Adv. IKKcC"' and Adv. IKKP+'- on PAR-2-induced 

IKBcc loss in clone G cells. Infection of cells with 300 pfu/cell of either construct for 48 

hours had no effect on the basal expression Of IKBa. When the cells were exposed to 

50nM of trypsin for 30 min, a substantial loss of IKBcc expression was detected (% 

inhibition = 52.0 + 1.3). The extent of IKBct degradation, however, was not altered in the 

presence of Adv- IKKcc+/- at this time point. In contrast, infection of cells with Adv. 

IKKP"- significantly reversed the degradation of IKB(x induced by trypsin to a level 

which was comparable to that of unstimulated control (P<0.05 compared to agonist- 

stimulated control). In this experiment, TNF(x which was used as a positive control, also 

induced significant IKB(x loss at this time point; the extent of degradation being much 

greater than that observed for trypsin (% degradation = 87.2 ± 5.4). Again, Adv. IKK(x+/- 

appeared to have no impact on the response produced. On the contrary, Adv. IKKP+/- 
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significantly restored cellular degradation of IKBa induced by TNFcc (P<0.05 compared 

to agonist- stimulated control). 

4.2.2 The effects of Adv. IKKcý" and IKKP"- on phosphorylation of p65 in clone 

G cells 

The effects of the dominant negative IKK proteins were then investigated at the level of 

p65 NRB phosphorylation in clone G cells, as shown in Figure 4.2. Again, infection of 

the cells with the adenoviral constructs did not change the basal level of p65 

phosphorylation. Upon stimulation by trypsin (50nM) for 30 min, a response of 5.8 + 0.3 

fold of basal control was detected. This response, however, was not modified with the 

infection of cells with Adv. IKKaý'-. In contrast, Adv. IKKP+l- significantly inhibited 

trypsin-stimulated p65 phosphorylation, a residual response of 1.7 + 0.4 fold of basal 

control was recorded (% inhibition = 76.5 + 10.7, P<0.05). TNFa also induced the 

phosphorylation of p65 (5.0 + 0.2 fold of basal control). Similarly, this response was not 

altered by Adv. IKK6+1- but Adv. IKKP+l- significantly reduced the magnitude of p65 

phosphorylation to 1.7 + 0.5 fold of basal control (% inhibition = 74.7 + 13.3, P<0.05). 

4.2.3 The effects of Adv. IKK(x+/- and IKKp+/- on NFKB-DNA binding activity in 

clone G cells 

As Adv. IKKP+/- has been shown to inhibit PAR-2-induced IO(x loss and p65 

phosphorylation, this adenoviral construct was then employed to look at the role of 

IKKP on NFKB-DNA binding activity. Figure 4.3 shows the effects of Adv. IKKP+/- on 

NFKB-DNA binding induced by trypsin and TNFcc. Infection of clone G cells with the 

adenoviral construct did not alter the basal activity of this signalling parameter. Trypsin 

(50nM) stimulated an increase in NFKB-DNA binding at 60 min (4.8 + 0.2 fold of basal 

control). This activity was significantly reduced by Adv. IKKp+/- to 1.3 + 0.3 fold of 

basal control, giving an inhibition of 91.9 + 8.9% (P<0.05). A similar inhibition profile 

was also observed when the cells were treated with 15ng/ml of TNF(x. A response of 6.2 

+ 0.9 fold of basal control was detected with TNFcc stimulation, the magnitude of which 
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was significantly inhibited in the presence of Adv. IKKP"- to 1.5 + 0.4 fold of basal 

control (% inhibition = 91.8 + 8.0, P<0.05). 

4.2.4 The effects of Adv. I KKaý and IKKP"- on NFKB-driven transcriptional 

activation in clone G cells 

The adenoviral dominant negative IKK constructs were then used to investigate a 

possible role for the kinases on NFY. B-induced luciferase expression via PAR-2 

stimulation as illustrated in Figure 4.4. Post-infected clone G cells were treated with 

trypsin, 2f-LIGKV-OH or TNFcc for up to 6 hours. Trypsin (50nM) induced a response 

of 17.1 + 2.7 fold of basal control which remained unaffected in the presence of Adv. 

IKKcc'-. In contrast, Adv. IKKP"- significantly reduced this activity to only 3.1 + 0.7 

fold of basal control (% inhibition = 86.7 + 4.7, P<0.05). A similar profile was also 

obtained in the case of 2f-LIGKV-OH (30ýtM), in that the magnitude of response 

stimulated by this PAR-2 AP was significantly inhibited by Adv. IKKP+l- (12.5 ± 2.5 to 

2.4 + 0.5 fold of basal control, % inhibition = 88.0 + 2.7, P <0.05) but not affected by 

Adv. IKKdl-. TNFa (15ng/n-d) also induced NFKB-driven transcriptional activation in 

clone G cells (10.0 + 2.1 fold of basal control). Similarly, Adv. IKKP"- but not Adv. 

IKKcc+'- appeared to significantly suppress this response to 1.2 + 0.2 fold of basal 

control (% inhibition = 98.9 + 2.2, P<0.05). 
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Figure 4.1. The effects of Adv. IKK(x+"- and IKKP"- on trypsin and TNF(x-stimulated 

bcBa loss in clonc G cells 

Cells ýýere intectcd \ýith the respective adenoviral constructs for 48 hours and rendered 

quiescent for 18 hours prior to st I mulati on ýNith 50nM of trypsm or l5ng/m I of TNFu for 30 

IT, *, %sates \\ere prepared and processed as previously descil I 11. Whole cell 1. -ibed (Section 2.6,1 

and were resolved bý Western blotting (Section 2.6.2). (a) The blot shown is the representative 

of two others. (b) Blots \ýere quantified by dens itornet ry and expressed as mean + s. c. m. (% 

unstiniulated control). *11<0.05 compared with agonist-stimulated control. 
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Figure 4.2. The effects of Adv. IKK(x"- and IKKP"- on trypsin and TNF(x-stimulated 

phosphorylation of p65 in clone G cells 

Cells Nýere m6ected \\ith the respective adenoviral constructs for 48 hours and rendered 

qUieSCeritfOr 1811OLirspi-iortostliilLilatioii\\itlitrý'psiii(50iiM)orTNIý'oc(15iig/iiii) for'30mm. 

Whole cell 1ý sates \\ ere prepared and processed as previously outlined (Section 2.6.1 ), and were 

resolved by Western blotting (Section 2.6.2). (a) The blot shown Is the representative of three. 

equal protein loading \\as ensured by probing the membrane against total p65 (lo\\er 
I-I 

panel) in parallel to p-p65 (top panel). (b) Blots were quantified by densitometry and 

expressed as mean + s. e. m. (fold stimulation). *P<0.05 compared with agonlSt-StirnLilated 

control. 
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hilldill", ill cl()Ilc (' C01%. 

(": 11" ltlf'cý.: Icd %\1111 the adenox1ral construct encoding Adv. IKKýI' - for 48 hours and 

rendered quiescent for 18 hours. Cells \ýere then exposed to either trypsin (5011M) or 

I-N Fu. (I Sng, ml) for 60 min. Crude nLIClear 1ý sates \\ ere prepared and processed as previousk 

outlined (Sections 2.7.1 and 2.7.2). and the binding was measured by EMSA (Section 2.7.4). (a) 

The autoradiogram showl is the representative of three. (b) Autoradiograms were quantified by 

clcnsitoinetrý and e\pressed as inean s. e. m. (fold imulation). *P<0.05 compared with sti 

agonist-stimulated control. 
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Houre 4.4. The effect% of. Ad%. IKK(x* and IKKP' on PAR-2 and TNFa-induced 

NE-KII-dri%vii transcription in clone G cells 

('C11" \%CIC 1111O.: ICd %ýIth the ldcI10\1ral constructs for 48 hOUrs and rendered 

quiescent for 18 hours prior to StI1111.1lation with trypsin (50nM), 2t-L. IGKV-011 (30ýM) or 

_x (I 
5ng, 'rnh t'()r 6 hours. ranscriptional acti ion \%as measul -1-N I. -( TI vati -ed as previously described 

(Section 2.8). Data sho\%n are expressed as mean + s. e. m. (a) fold stimulation and (b) % 

stimulated control. *P- 0. ()5 compared wth agonist-stimulated control. 

129 

411111. ''1 *1' 1-ý p" In 2f-1.1(; K\'- TN Fct 
ý; IIIINI Oll 10ýAl 15ng/nil 



4.2.5 PAR-2 activation in normal human epidermal keratinocytes (NHEK-) 

induces cellular degradation of Ir. Bcx 

In order to investigate the regulation of PAR-2/NFicB axis in a physiological condition, 
the primary cells known as normal human epidermal keratinocytes (NHEK) which 

cndogenously express PAR-2 were used as another experimental model along with clone 
G in this study. Initially studies were carried out to determine if PAR-2 activation in 

NHEK would lead to NRB activation through cellular IKBot degradation, 

Figure 4.5 shows the kinetics of hcBa loss in NHEK in response to the stimulation 

induced by trypsin (5OnNI) and the PAR-2 AP, 2f-LIGKV-OH (30PM). Trypsin 

stimulated the reduction in IKBcc expression over time, with maximal loss observed at 30 

min (% degradation = 53.2 + 0.5). The expression of this inhibitory protein reappeared 

thereafter, and was restored to its basal level by 120 min. Similarly, the PAR-2 AP also 
induced a similar pattern of IKBa loss, albeit with a slightly different profile. 2f- 

LIGKV-OH induced a time-depcndcnt decrease in IKB(x expression, which was detected 

to be the greatest at 60 min, a delayed time point compared to that of trypsin with % 

degradation = 69.7+ 7.8. Again, the degradation of the protein was restored to a level 

which was comparable to a basal value by 120 min. 

4.2.6 PAR-2 activation in NIIEK leads to Phosphorylation of p65 NFKB 

Another level of NFKB activation assessed in NHEK in response to PAR-2 agonists was 

phosphorylation of p65 NFrB on Ser-536 as illustrated in Figure 4.6. Trypsin (50nM) 

stimulated a response which was evident and maximal at 15-30 min (5-6 fold of basal 

control). I'llis response slowly degraded thereafter and remained slightly above basal by 

120 min. Again, 2f-LIGKV-OH was used to confirm the response of PAR-2 activation 

in this experiment. Cells treated with the AP at 30ýM also produced the response of p65 

NFKB phosphorylation with kinetics similar to that of trypsin; peaking at 15-30 n-dn (-5 

fold above basal). This response decayed gradually and returned near to basal values at 

the end of experiment. 
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Figure 4.6. PAR-2-Ntimulated phosphorylation of p65 NF)CB in NHEK 

C'ejjýý', ýýCrc relldcl-cd quic"Ceill 1'01- 18 11OLirs prior to Stimulation mth trypsin (50nM) or 2f- 

LIGKV-0 I I( 10p% I) Cor t tic times indicated. Who Ie ce I11 ysates N% ere prepared and processed as 

prcVIOLISIý described (Section 2.6.1). and x%ere \isualised by Western blotting (Section 2.6.2). 

(a) and (b) 13 1 ots shomi are representative of 31 iidi\ idua I experiments. (c) BI ots were quantified 
b\ densitometrý and e\prcsýscd as mean - s. e. m. (fold stimulation). 
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4.2.7 The effects of Adv- IKKd'ý- and IKKP"- on cellular degradation Of IKBoC in 

NHEK 

After having established that the stimulation of PAR-2 in NEEK would lead to IKB(x 

loss, the roles of IKK(x and IKKP were investigated in this model using the respective 

dominant negative adenoviral constructs. Figure 4.7 shows the effects of Adv. IKKa"- 

and IKKP*l- on PAR-2 induced licBct expression in NEEK. Infection of cells with the 

adenoviral constructs did not alter the basal expression of lic]Bcc, although a slight 

enhancement was observed in cells infected with Adv. IKKP'/-. Trypsin (50nM) induced 

a significant degradation of IKBcc, with the extent of % inhibition = 77.9 + 3.2. Similar 

to that of clone G cells, this response was not altered by Adv. IKK6+/- whereas Adv. 

IKKP'/- significantly reversed this phenomenon (P<0.05). The addition of TNFa 

(15ng/n-J) to NHEK also produced cellular IKBa loss albeit with a greater extent 

compared to that of trypsin (% inhibition = 96.3 + 1.0). Similarly, this was not affected 

by Adv. IKKd"ý- but Adv. IKKP+l- prevented the degradation of this inhibitory molecule 

induced by TNFcc (P<0.0 1). 

4.2.8 The effects of Adv. IKKd"- and IKKD+/- on phosphorylation of p65 NFY-B in 

NIIEK 

Figure 4.8 shows the cffects of the dominant negative IKK proteins on p65 NFrB 

phosphorylation in NHEK. Infection of the cells with Adv. IKK6ý did not alter the 

basal p65 phosphorylation but Adv. IKKP' appeared to decrease this basal activity. 

Addition of trypsin (5OnNI) induced a response of 6.9 + 0.4 fold of basal control in 

NHEK. Similar to that of clone G cells, this response was not affected by the presence of 

Adv. IKKd"- whereas Adv. IKKP+'-, on the contrary, reduced the magnitude of 

activation significantly to 1.5 + 0.3 fold of basal control (% inhibition = 91.3 + 4.5, P< 

o. 01). Similarly, TNFcc (15ng/ml)-induced p65 phosphorylation. in NHEK was 

significantly reduced by Adv. IKKP +/- (8.3 + 0.2 to 1.2 + 0.2 fold of basal control, % 

inhibition = 99.0 ± 3.3, P< 0.01) but remained unaffected in the presence of Adv. 

IKKd+'-. 
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Figure 4.9.1 1 lit, effects of. kd%. IKK(x* and IKKP+ - on trypsin and TNFCC-stimulated 

phosphor%lation (if 1)05 in NIIEK 

Cells ýýCrc lilt I cdcd ýWll tile I-C,, pCcIl\C adellowal constructs for 48 11101.11-s and rendered 

lescent llor 19 hours prior to stimulation N%'tli trýpsin 00nM) or TNFcc (15m4/nil) for ) qui II- 30 min. 

Wholc cell I)sates ý%ere prepared and processed as preNiOLISIý outlined (Section 2.6.1 ). and were 

rc,, ol\ed bý Western blotting (Section 2.6.2). (a) The blot sjjoý\jj is the representative of three. 

(b) Iflots %%ere quantitied Lising densitonietir, and e\pressed as mean + s. e. m. (fold stimulation). 

**[)--o. 01 compared \\lth agorilst-stimulated control. 
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4.3 The Roles of PKC 

It has been well-documented that PAR-2 stimulation leads to IP3/DAG production and 

calcium mobilisation in various cell lines (see Chapter 1.2.2.4). Notably, DAG and 

intracellular calcium serve as a prerequisite for the activation of several PKC isoforms, 

thus it is likely PAR-2 activation could result in the stimulation of this group of kinases 

(Liu & Heckman, 1998). PKC is known to effect a wide range of intracellular signalling, 

amongst these include its ability to induce IKK activity in response to a wide range of 

stimuli (Sanz et al., 1999; Lallena et al., 1999; Tojima. et al., 2000). In fact previous 

work in the lab has proposed the involvement of PKC isoforms in mediating IKK 

complex stimulation and NFKB-DNA binding activity induced by PAR-2 (Kanke el al., 

2001; Macfarlane et aL, 2005). Therefore, in order to reconfirm the roles of PKC in the 

regulation of PAR-2/NFKB including p65 phosphorylation, this study has utilised the 

broad range PKC inhibitor, GF 109203X (Toullec et A, 1991); and the selective PKC 

inhibitor for PKC8, rottlerin (Gschwendt et aL, 1994). 

4.3.1 The effects of GF 109203X on phosphorylation of p65 NFKB in clone G cells 

Figure 4.9 shows the effects of GF 109203X on PAR-2-mediated p65 phosphorylation 
in clone G cells. At time 15 min (panels (a) & (b)), trypsin (50nM) stimulated a response 

of 5.4 + 0.6 fold of basal control which was significantly reduced by GF 109203X 

(I OýM) to 2.1 + 0.2 fold of basal control (% inhibition = 73.2 + 3.9, P<0.05). The PAR- 

2 AP, 2f-LIGKV-OH at 30pM also induced an activity of similar magnitude (6.5 + 0.6 

fold of basal control) and GF 109203X (10ýM) again significantly inhibited this 

response to 2.4 + 0.1 fold of basal control (% inhibition = 64.6 + 2.3, P<0.05). The PKC 

activator, PMA, has been utilised in this experiment as a control. Treatment of cells with 

iOOnM of PMA resulted in a response of 6.4 + 0.8 fold of basal control which was 

reduced significantly by GF 109203X to 1.4 + 0.1 fold of basal control (% inhibition 

91.4 + 1.5, P<0.05). 
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Interestingly, when the experiment was performed for a longer period of time, it was 
found that the inhibitory effect of GF 109203X (I-IOgM) on PAR-2-induced 

phosphorylation of p65 was only observed at the earlier (15 min) but not the later time 
(30 min) (panel (c)). 

4.3.2 The effects of GF 109203X on phosphorylation of p65 NFKB in NHEK 

The role of PKC on phosphorylation of p65 NFKB mediated by PAR-2 in NHEK was 

also investigated in parallel to clone G cells using GF 109203X (10ýM) as shown in 

Figure 4.10. GF 109203X significantly reduced the responses induced by trypsin (3.6 + 

0.5 to 1.6 + 0.4 fold of basal control, % inhibition = 80.1 + 13.9, P<0.05) and 2f- 

LIGKV-OH (3.5 + 0.4 to 1.5 + 0.3 fold of basal control, % inhibition = 80.1 + 12.2ý 

P<0.05) at time 15 min. Similarly, p65 phosphorylation stimulated by the agonists at 

time 30 min were also significantly suppressed by GF 109203X (trypsin: 3.7 + 0.6 to 2.1 

+ 0.4 fold of basal control, % inhibition = 60.8 + 16.0, P<0.05; AP: 4.5 + 0.9 to 1.2 + 0.6 

fold of basal control, % inhibition = 78.9 + 12.1, P<0.05). 

4.3.3 The effects of rottlerin on phosphorylation of p65 NFiCB in clone G cells 

The effects of rottlerin, a selective PKC inhibitor for the novel PKC isoform, PKC5; was 

employed to investigate the possible role of this PKC isoform. in this signalling paradigm 
for two time points, 15 and 30 min post stimulation as illustrated in Figure 4.11. In the 

presence of rottlerin (10ýLNý, the basal activity of p65 phosphorylation remained 

unchanged compared to the unstimulated control. The addition of trypsin (50nM) 

stimulated responses of 5.7 and 6.7 fold of basal control at 15 and 30 min, both of which 

were markedly reduced by rottlerin to 1.1 and 1.5 fold of basal control respectively. 
Similarly, the response stimulated by lOOnM of PMA (6.4 fold of basal control) was 

also largely abolished by rottlerin. However, in this experiment the statistical 

significance of the extent of reduction by rottlerin could not be justified due to 
insufficient n numbers (n=2). 
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Figure 4.9. The effects of GF 109203X on PAR-2-mediated phosphorylation of p6.5 

NFKB in clone G cells 

Cells \\ere rendered quiescent for 18 hours and preincubated with the respective concentrations 

of GF 10920-3)X for 45 min prior to stimulation with trypsin (50nM), 2f-1.1(,, KV-01 I (30[tM) or 

PMA (I OOnM) t, or (a) 15 inin (c) 15 and 330min. Whole cell lysates were prepared and processed 

as previously described (Section 2.6.1), and resolved bv Western blotting (Section 2.6.2). Blots 

shoNw are representative of (a) 3) and (c) 2 individual experiments. (b) Blots of (a) were 

N, and expressed as mean + s. e. rn. (fold StiMUlation). *11<0.05 quantified using densitornetr. I 

compared %ýitli agonist-stimulated control. 
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4.3.4 The effects of GF 109203X on NFrB-DNA binding in clone G cells 

The effects of GF 109203X on the regulation of PAR-2/NFKB was then assessed at the 

level of NFKB-DNA binding activity. Figure 4.12 shows the effects of GF 109203X 

(I OpM) on PAR-2 and PMA-stimulated activation of this signalling parameter. Trypsin 

(5OnM) and 2f-LIGKV-OH (30pM) induced an increase in NFKB-DNA binding activity 

which was detected as 5.7 + 0.7 and 6.8 + 1.4 fold of basal control respectively. GF 

109203X significantly reduced the trypsin-stimulated response to 2.9 + 0.6 fold of basal 

control (% inhibition-- 61.3 + 4.1, P<0.01) and that of AP to 3.2 + 0.9 fold of basal 

control (% inhibition-- 64.2 + 6.5, P<0.05). PMA (I OOnM), on the other hand, stimulated 

a response of 10.7 + 2.3 fold of basal control which was essentially abolished by GF 

109203X (% inhibition = 100.7 + 2.3, P<0.05). 

4.3.5 The effects of rottlerin on NFKB-DNA binding in clone G cells 

Figure 4.13 shows the effects of rottlerin (10ýM) on NFKB-DNA binding mediated by 

PAR-2 and the PKC activator, PMA, in clone G cells. Trypsin (50nM)-stimulated 

response was significantly reduced by rottlerin from 5.7 + 0.6 to 1.1 + 0.2 fold of basal 

control (% inhibition = 98.2 + 4.8, P<0.05). Similarly, the response mediated by 2f- 

LlGKV-OH (30pM) was also inhibited by this PKC8 inhibitor from 7.0 + 1.3 to 1.1 + 

0.3 fold of basal control (% inhibition = 96.1 + 4.2, P<0.05). The activity induced by 

I 00nM of PMA (7.3 + 1.3 fold of basal control) was also largely reduced to 2.3 + 0.7 

fold of basal control with % inhibition = 82.1 + 6.4 (P<0.05). 

141 



NFKI3-DNA 
Complex 

+ GF 109203X (10[tM) 

Trypsin 2f-LIGKV- PMA 
Control 501INI OH 30ýiM IOOnM 

15 

c 
0 

10 

E 
4ý U) 

LL 

0 

Control 
GIF 1 09203X 1 OpM 

Figure 4.12. The effects of GIF 109203X on PAR-2-stimulated NFKB-DNA binding 

Cells ý\ere _, romi to confluence before being rendered quiescent with serUrn-Free IIICCIILI111 1`01' 

IS hours before prenICUbated \\ith IOýLM of GF 109203X for 45 min. Following this, cells 

were treated ýkitli trýpsin (50W). 2f-LIGKV-OH (30[LM) or PMA (100W) Ilor 60 min. 

Nuclear extracts \\ere prepared and the activity was measured by EMSA (Section 2.7). (a) The 

autoradiograrn shomi is the representative of two others. (b) Autoradiograrns were quantified 

usim, densitonictry and expressed as mean + s. e. m. (fold stimulation). *P<0.05. **P<0.01 

compared \\ ith 12011ISt-StIMUlated control. Z71 
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Figure 4.13. The effects of rottlerin on PAR-2-stimulated NFKB-DNA binding 

Cells \\C, -C groý\11 to C0111luence bef'Ore being rendered CjLIIeSCCIIt with serUrn-free medium t'or 

18 hours and premcubated with rottierin (I O[M) for 45 min prior to StIMUlation with trý psm 

(50W). 2t'-I-lGKV-0l-1 (30pM) or PMA (100ilM) for 60 min. Nuclear extracts were prepared 

and the NFKB-DNA binding, was assessed by EMSA as outlined in Section 2.7. (a) The 

aUtOradiogani shomi is the representative of two others. (b) Autoradiograms were quantilied 

using densitometry and expressed as mean + s. e. m. (fold stimulation). *P<0,05 compared with 

agoniSt-StIMUlatcd control. 
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4.4 The Roles of Intracellular Calcium 

The upstream regulator of calcium-dependent PKC isoforms, intracellular calcium, has 

also been implicated in mediating PAR-2/NFic1B activation at the level of IKK complex 

activation and NFYB-DNA binding (Macfarlane et A, 2005). However, there is no 
direct evidence to show that calcium mobilisation has a role in mediating 

phosphorylation of p65 induced by PAR-2. Therefore experiments employing the 

intracellular calcium chelator, BAPTA-AM, have been performed to investigate if 

intracellular calcium has any role in this context in addition to NFrB-DNA binding. 

4.4.1 The effects of intracellular calcium chelation on phosphorylation of p65 

NFKB in clone G 

Figure 4.14 shows the effects of BAPTA-AM on PAR-2-induced phosphorylation of 

p65 in clone G cells. Preincubation of the cells with the calcium chelator reduced the 

basal activity of this signalling component. Stimulation of cells with trypsin (50nM) and 

2f-LIGKV-OH (30ýM) resulted in a response of 4.8 + 0.5 and 6.3 + 0.5 fold of basal 

control respectively. BAPTA-AM (50gM) totally abolished these responses, giving 

essentially 100% inhibition. As a control, the inhibitor had minimal effect on the activity 

induced by TNFa (20ng/ml) (5.8 ± 0.4 fold of basal control). 

4.4.2 The effects of intracellular calcium chelation on NFicB-DNA binding activity 

in clone G 

The role of intracellular calcium was then investigated at the level of NFYB-DNA 

binding induced by PAR-2 as illustrated in Figure 4.15. An activity of 5.1 ± 0.2 fold of 

basal control was detected upon stimulation of clone G cells with 50nM of trypsin, and 

this response was again suppressed in the presence of BAPTA-AM (50gM) to 1.9 ± 0.2 

fold of basal control (% inhibition = 79.4 ± 4.1, P<0.05). Similar inhibition profile was 

also observed in the case of 2f-LIGKV-OH (30gM), in that the response was observed 

to be reduced significantly from 5.7 + 0.2 fold of basal control to 2.2 + 0.2 fold of basal 

144 



a) 
p-p65 

-p65 

++++ BAPTA-AM 50jiM 

Control Trypsin 2f-LIGKV TN Fa 
ýOI1N1 -OH 10pM 20iiiz/iiil 

h) 

c 
0 

75 
E 
14-0 cn 

LL 

7.5 

5.0 

2.5 

0.0 

E: ý: ý Control 
ý BAPTA-AM -50 [M 

Figure 4.14 The effects of BAPTA-AM on PAR-2 and TNFa-mediated 

phosphor) lation of 1)65 N FKB in clone C cells. 

Cells %ýere rendered qLIieSCCI1t t'or 18 hours prior to preincubation with 50pM of' BAPTA-AM 

for 30 min. Follm6ig. this. the cells were exposed to trypsin (50W), 21'-LIGKV-01 I (30l, LM) Or 

TNF(x (20mr/ml) for a further 30 min. Whole cell lysates were prepared and processed as 

previously described (Section 2.6.1 ). and resolved by Western blotting (Section 2.6.2). (a) The 

blot shoM, is the representative of 3 individual experiments. (b) Blots were quantified using 

densitornetry and expressed as mean + s. e. rn. (fold StilnUlation). *P<0.05 compared ýNitli 

agonist-stillnUlated control. 
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Figure 4.15, The effects of BAPTA-AM on PAR-2 and TNFa-mediatcd NFKB-DNA 

binding ill clolle G Cells 

Cells \\ere rendered quiescent for 18 hours and preincubated with 50ltM ot'BAPTA-AM for 30 

min before stimulation x\itli trypsin (50W), 2t'-LIGKV-OH (30[LM) or TNFot (20ng/ml) t'or a 

further 60 min. Crude FILIClear lysates were prepared and processed as previously described 

(Sections 2.7.1 & 2.7.2), and the binding x\as assessed by using EMSA (Section 2.7.4). (a) The 

autoradio, gram shoml is the representative of 3 individUal experiments. (b) Autoradiograms 

were qUantified LISIm, densitometry and expressed as mean + s. e. m. (fold stimulation). *11<0.05 

compared \ý'tlj a"Orl'St-StilflUlated control. I Z7 I 
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control (% inhibition = 74.3 + 3.8, P<0.05) by the inhibitor. Again, BAPTA-AM did 

not alter TNFoc-mediated NFKB-DNA activity (7.8 + 0.4 fold of basal control). 

4.5 The Roles of G protein 

The findings presented so far indicate that both intracellular calcium and PKC play 

significant roles in coupling PAR-2 to the NFKB pathway. Calcium mobilisation and 

PKC activation represent the classical downstream effectors of PLC, an enzyme that can 

be stimulated upon GCCq/11 or G(xi/,, activation (discussed in Section 1.1.3). A large body 

of evidence has suggested the coupling of PAR-2 to G0Cq/1 I but relatively little 

information is available regarding the association of this receptor with G(Xi/,, (discussed 

in Section 1.2.2.4). Thus it is very likely that Gaq/1 1 represents the potential candidate in 

linking PAR-2 to NFrB activation. 

In order to rule out the involvement of Gai/,,, clone G cells were pretreated with pertussis 

toxin (PTX) (100ng/ml) and PAR-2-stimulated [3 H]-inositol phosphate was assessed as 

shown in Figure 4.16. Trypsin (30nM) induced a 6.6 fold of basal control increase in 

inositol phosphate accumulation at time 60 min which remained unaltered in the 

presence of PTX (100ng/ml). These findings suggest that PAR-2-stimulated inositol 

phosphate formation is mediated via the PTX-insensitive G protein, Gaq/1 1. Therefore in 

order to pursue the postulation that Gccq/1 1 is the key player in PAR-2/NFYB signalling 

cascade, several approaches including overexpressing regulators of G protein signalling 

proteins (RGS), small interfering RNA (siRNA) technology and pharmacological 

inhibition of Gctq/i i using compound YM 254890 were employed to test this hypothesis. 
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Figure 4.16. The effects of VIA pretreatment on PAR-2-mediated I'HI-inositol phosphate 

accumulation in clone G 

C, Clls NNere gromi to 80"", conflucricy, prelabellcd witil ['H]-myo-1nos1toI In addition to PTX prc- 

treatment for IS hours before stimulation with agonist for 60 min. Accumulation of total III- 

illositol phosphate was measured as described (Section 2.5). Each value represents the mcan + 

S. C.,,,. trom two separate experiments performed in triplicate. 
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4.5.1 Regulators of G protein signalling (RGS) proteins 

The extent of G protein activation will dictate the magnitude and kinetics of the 

downstream effectors stimulation. RGS proteins are key elements that negatively 

regulate G protein activation and are important for signal termination (reviewed in 

Hollinger & Hepler, 2002). RGS4 as one of the earliest RGS proteins identified, has 

received extensive biochemical characterisation, and is known to exhibit GTPase- 

activating protein (GAP) activity on both Gai and G(Xq (Berman et aL, 1996). Therefore 

in this study the adenoviral construct encoding RGS4 has been employed as the GAP to 

attenuate PAR-2-mediated Gaq activity in order to address if this G protein has a role in 

PAR-2/NFicB activation. To date, no evidence has suggested the association of PAR-2 

with G(X12/13, therefore the adenoviral construct encoding the murine homolog of pl 15 

RhoGEF, Lsc (Adv- Lsc), that exhibits GAP activity for G(xl2/13 was also utilised as a 

control (Kozasa et aL, 1998). 

4.5.1.1 Overexpression of RGS4 and Lse in clone G cells 

The initial work included characterising the expression of these RGS proteins in clone 

G. Cells were infected with the adenoviral constructs encoding RGS4 and Lsc in the 

order of increasing concentration to ascertain the levels of protein expression. As RGS4 

and Lsc have been expressed as Flag-tagged and His-tagged proteins respectively, 

protein expression levels can be identified using immunoblotting with specific 

antibodies. Figure 4.17(a) shows the levels of RGS4 expression for cells with infections 

up to 1000 pfu/cell. No apparent protein expression was detected in the control or 

infection at 200 pfu/cell, whereas infection of 500-1000 pfu/cell produced considerable 

RGS4 expression. The levels of Lsc expression with infection up to 500 pfu/cell is 

shown in Figure 4.17(b). Low levels of protein expression were obtained in the control 

and infection at 30 pfu/cell, whereas apparent Lsc expression levels could be detected at 

infection 100-500 pfu/cell. 
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4.5.1.2 The effects of RGS4 and Lsc overexpression on PAR-2-induced [3HI_ 

inositol phosphate accumulation 
Having confirmed the expression of RGS4 and Lsc in clone G cells using the respective 

adenoviral constructs, the effects of overexpressing these RGS proteins on PAR-2- 

stimulated inositol phosphate accumulation were investigated as shown in Figure 4.18. 

Trypsin (30nM) stimulated a 4.5 + 0.6 fold of basal control increase in response 

compared to the basal values. Overexpression of RGS4 with infection of the adenovirus 

up to 1000 pfu/cell, however, did not alter trypsin-induced accumulation of [3 H]-inositol 

phosphate (panel (a)). The effects of Lsc on PAR-2-mediated [3 H]-inositol phosphate 

accumulation is shown in panel (b). Interestingly, overexpressing Lsc with infection at 
MOI of 200,500 and 1000 pfu/cell significantly potentiated the response induced by 

trypsin (30nM) from 4.6 + 1.0 to 9.7 + 0.9,8.4 + 1.7 and 9.6 + 2.0 fold of basal control 

respectively (P<0.05 in all cases). 

4.5.1.3 The effects of RGS4 overexpression on PAR-2-induced p42/44, p38 MAPK 

and p65 phosphorylation in clone G cells 
The effects of Adv. RGS4 on other PAR-2-mediated signalling cascades were also 
investigated. Figure 4.19 shows the effects of Adv. RGS4 on PAR-2 -mediated MAP 

kinases and NFrB phosphorylation. Trypsin (30nM) stimulated the activation of p42/44 
MAP kinase, and overexpression of this RGS protein, however, did not alter the 

response mediated by trypsin (panel (a)). Trypsin also induced the phosphorylation of 

p38 MAPK, RGS4 overexpression slightly potentiated the response of trypsin (panel 

(b)). In addition, infection of the cells with 1000 pfu/cell of Adv. RGS4 also enhanced 

the basal activity of this MAP kinase. The phosphorylation of NFkB was detected when 

the cells were treated with 30nM trypsin (panel (c)) and by overexpressing RGS4 with 
MOI from 200 to 1000 pfu/cell, the responses mediated by trypsin were slightly 

potentiated. Again, Adv. RGS4 (200-1000 pfu/cell) did enhance the basal of NFKB 

activity. 
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Figure 4.17. Overexpression of RGS4 and Lsc in clone (, cells with recombinant 

adenoviral constructs 

Cells \\cre to 8()0'(, cOnfluency and infected \\ith increasing concentrations ofadenoviral 

constructs encoding RGS4 and Lsc genes respectively for 48 hours as described (Section 2.4.5). 

w1jole cell lysatcs \\ere prepared and processed as previously described (Section 2.6.1), and 

resolved by Western blotting (Section 2.6.2). The expression of (a) RGS4 was verillied with an 

anti-FLAG antibodý \\11ereas (b) the level of Lsc expression was ascertained with an anti-Ilis 

antibody. Blots sho\\n are representative of-3 experiments. 
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Figure 4.18. The effects of RGS4 and Lse overexpression on 11"AR-2-niediated 13tj I _i noSito, 

phosphate accumulation in clone G, cells 

Cells \wre oromi to 80% confluency and int'ected with Increasing, concentrations oI- ýIdcjjo\ ii-, Il 

constructs encoding genes tor (a) RGS4 and (b) Lsc respectively for 48 hours as descrihed 

(Section 2.4-5). Cells \ýere then prelabelled with ['1-11-myo-mositol tor 18 hours bel'orc 

stimulation mth agonist for 60 min. Accumulation of total 11-Inositol phosphate was 

measured as descrihed (Section 2.5). Fach value represents the inean + s. C. 111. from three 

separate experiments performed in triplicate. * P<0-05 compared with trypsin-stimulated control 
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Figure 4.19. The effects of overexpressing R(,, S4 on PAR-2-mediated MAI' kinases and 

NFKB activation in clone G cells 

Cells \ýerc gromi to 80"o confluency and intlected with increasing concentrations ofAdv. RGS4 

as described (Section 2.4.5). Cells \\ere then rendered quiescent t1or 18 1101.11-S prior to stimulation 

mth trypsin (3)OnM) flor 10 min (a & b) or '30 min (c & d). Whole cell lysates were prepared and 

processed as previously described (Section 2.6.1 ), and resolved by Western blotting (Section 

2.6.2) using specific antibodies against (a) p-p42/44, (b) p-p3)8, (c) p-p65 and (d) p65. Blots 

shomi are representative of mo. 
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4.5.1.4 The effects of Lsc overexpression on PAR-2-induced p42/44, p38 MAPK 

and p65 phosphorylation in clone G cells 

The effects of overexpressing Lsc on PAR-2-mediated ERK, p38 MAPK and NFKB 

phosphorylation were assessed (Figure 4.20). Trypsin (30nM) induced the 

phosphorylation of ERK, and this response was not affected by the overexpression of 

Lsc from MOI of 30 to 200 pfulcell (panel (a)). Similar results were obtained with p38 

MAP kinase and p65 NFKB in that Lsc, was without effect on trypsin-mediated 

activation of these signalling mediators (panel (b) and (c)). 

4.5.2 Small interfering RNA (siRNA) targeting Gq/11 

Another approach that had been taken to look at the role of G(Xq/11 in PAR-2/NFYB 

signalling axis was small interfering RNA (siRNA). The siRNA targeting the 

overlapping regions of Gq and G11 with the sequence of 5'- 

AAGATGTTCGTGGACCTGAAC-3' was utilised as a tool to knock down the 

expression of these G proteins (Barnes et al., 2005). The initial attempt of transiently 

transfecting clone G cells with siRNA using oligofectarnine was not successful as the 

transfection efficiency appeared to be too low for any functional experiments (data not 

shown). In order to resolve this issue, an adenoviral construct encoding the respective 

SiRNA sequence tagged with GFP was generated and the effects of Adv. siRNA upon 

PAR-2 signalling were determined. 

4.5.2.1 Adenoviral construct encoding siRNA sequence targeting Gaq/11 

Figure 4.21 shows the results of infecting clone G cells with an increasing MOI of Adv. 

SiRNA. Cells were infected with 1-100 pfu/cell of the adenoviral construct. Following 

this, the infection efficiency and functional expression of siRNA were ascertained by 

examining the levels of GFP (panel (a)) and Gaq/11 (panel (b)) expression. It is clearly 

shown that there was increasing expression of GFP in a concentration-dependent 

manner. However, the endogenous levels of Gccq/1, remained unaltered in the range of 

MOI tested. Similarly, PAR-2-induced phosphorylation of p65 NFKB was not affected 

even with infection of the Adv. siRNA up to 200 pfu/cell. 
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Figure 4.20. The effects of overexpressing Lsc on PAR-2-niediated MAI' kinases and 

NFKB activation in clone G cells 

Cells ýýere gromi to 80% confluency and infected with increasing concentrations of Adv. Lsc as 

described (Section 2.2.2). Cells \\ere rendered quiescent for 18 hours prior to stimulation \\ith 

agonist for 10 min (a & b) and 30 min (c) respectively. Whole cell IN, sates were prepared and 

processed as previously described (Section 2.6.1), and resolved by Western blotting (Section 

2.6.2) Lising specific antibodies aoainst (a) p-p42/44, (b) p-p38, and (c) p-p65. Blots shown are 

representative of t\w- 
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Figure 4.2 1. The effects of Adv. siRNA targeting Gcc, m in clone G cells 

Cel is ýýere InI Cc ted ýý I th increasing concentrations of the Adv. siRN A targeting Gct,, 11 I'm 48 

hours prior to quiescence and StirnUlation xvith 50nM of trypsin for 15 min. Whole cell lysates 

kýere prepared and processed as previOLISly described (Section 2.6.1) and resolved by Western 

blotting (Section 2.6.2) Lising specific antibodies against (a) GFP, (b) G(x,, and (c) p-p65. Blots 

shown are representative of Mo. 
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4.5.2.2 Transient transfection of siRNA targeting GCCq/11 in NHEK 

Transient transfection of siRNA targeting Go: q/11 was also tested in the primary cells, 

NHEK. Figure 4.22 illustrates the effects of siRNA transfection in NHEK using lipid- 

based vector as the means of gene delivery. NHEK were transfected with increasing 

concentrations of the siRNA targeting G(Xq/1, and the levels of G(Xq/1, expression were 

then examined. The result indicates that there was a concentration-dependent inhibition 

of G(Xq/1, expression in transfected cells, and maximal suppression of the protein level 

was observed to be at 30-5OnM of siRNA, giving approximately 80% inhibition. No 

further reduction in terms of protein expression could be detected even at up to IOOnM 

of siRNA. The cells were also transfected with non-specific siRNA (50nM) as a 

negative control and as expected, the endogenous levels of G(xq/1, remained unchanged 

in this case. Notably, the levels of p65 NFKB used as a control remained unaffected in 

all cases. 

4.5.2.3 The effects of transiently transfected siRNA targeting Gaq/11 on PAR- 

2-induced p65 phosphorylation in NHEK 

After acquiring information regarding the optimal concentration of siRNA required to 

produce maximal knock-down of G(Xq/1, expression, Figure 4.23 shows the effects of 

SiRNA transfection on PAR-2-stimulated phosphorylation of p65. Transfection of 

NHEK with 50nM of either siRNA targeting G(Xq/1 I or non-specific siRNA which serves 

as a control did not affect the basal activity of this signalling component. Upon 

stimulation with 50nM of trypsin for 15 or 30 min, responses of approximately 4 fold of 

basal control were obtained. Surprisingly, these responses remained unchanged in the 

presence of both types of siRNA. 
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Figure 4.22. The effects of siRNA on the expression of G(x,, Il I in NIIEK 

NIIL'K were transientl\ trans1'ected \\ith increasing concentrations of siRNA targetin" Ot,, 

and non-specific siRNA (n. s. ) t1or 72 hours. Whole cells lysates were then prepared as outlined 

(Section 2.6.1 ) and resolved bý Western blotting (Section 2.6.2). Blots shown are representative 

of two. 
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Figure 4.23. The effects of siRNA targeting G(x,, /,, oil PAII-2-induced p6 

pliosphoryllation in NHEK 

\ýcj-c transiciltl) transtected \ýith 50nM of the respective siRNAs for 48 hours prior to 

quiescence (n. s. = non-specific). Following this, cells Nvere StinlUlated with trypsin (50nM) I'm, 

the indicated times. Whole cell lysates \\ere then processed as outlined (Section 2.6.1) and 

resolved b\ Western blotting (Section 2.6.2). Blots shown are representative ot'txvo experiments. 
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4.5.3 Pharmacological inhibition Of Caq/11 activity using YM 254890 

Another approach that has been employed in this study to investigate the role of GCCq/1 I 
in linking PAR-2 to NFKB cascade is the pharmacological tool, compound YM 254890, 

which exhibits inhibitory action on this particular G protein subtype. YM 254890 is a 

novel and first Gccq/ii inhibitor identified to date (Taniguchi et aL, 2003). It has been 

shown to selectively block the exchange of GDP for GTP in G(Xq/1, activation and 

minimally affect the activity of other G proteins subtypes such as Gai and G(x, 5 thus 

serves as a useful tool to study G(Xq/1 -mediated signal transduction (Takasaki et aL, 
2004). 

4.5.3.1 YAI 254890 inhibits PAR-2-stimulated [3 HI-inositol phosphate 

accumulation in clone G cells 

The initial characterisation of the effects of YM 254890 in clone G cells involved 

assessing the effects of this inhibitor on PAR-2-induced [3H]-inositol phosphate 

production. Figure 4.24 shows the effects of YM 254890 over a range of 0.1 - 300nM on 

trypsin (50nM) and 2f-LIGKV-OH (30ýtM)-stimulated [3 H]-inositol phosphate 

production in clone G cells. Exposure of cells to either trypsin or the PAR-2 AP resulted 
in approximately a 22 fold increase in response. The magnitude of this response 
decreased with increasing concentrations of YM 254890, with maximal inhibition 

observed at -lOOnM of the inhibitor, observed as approximately 95% inhibition or 

suppression of the response to -2 fold of basal control. Notably, the ICSO exhibited by 

YM is 3.2 + 0.6 nM and 2.6 + 0.3 nM for the case of trypsin and AP respectively. 

160 



0 Trypsin 50nM 

150 

-6 
L- 
0 100 

m 
m E 
-;: 5C 
cn 

a 

--0-- 2f-LIGKV-OH 30ýtM 

10 100 1000 

YM 254890(nM) 

Figure 4.24. The effects of YM 254890 on PAR-2-mediated [3 HI-inositol phosphate 

accumulation in clone G cells 

Cells were prelabelled with ['H]-myo-inositol for 18 hours and incubated with lOrnM of LiCl 

(I OmM) for 15 min. Cells were then preincubated with increasing concentrations of YM 254890 

for 15 min prior to stimulation with either trypsin (50nM) or 2f-LIGKV. OH (30PM) for a 

further 60 min. Accumulation of total [3 H]-inositol phosphate was measured as described 

(Section 2.5). Each value represents the mean + s. e. m. (% stimulated control) from three 

separate experiments performed in triplicate. 
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4.5.3.2 The effects of YNI 254890 on PAR-2-induced p65 phosphorylation in clone 

G cells 
The role of Gccq/1 1 in PAR-2/NFKB axis was then investigated using YM 254890 (1 ýtM) 

at the level of p65 phosphorylation as illustrated in Figure 4.25. At time 15 min, the 

responses induced by trypsin (50n-M) and 2f-LIGKV-OH (30ýtM) were significantly 

inhibited by YM 254890 (trypsin: 3.8 + 0.3 to 1.6 + 0.5 fold of basal control, % 

inhibition = 82.4 + 16.8; AP: 4.0 + 0.1 to 2.1 + 0.5 fold of basal control, % inhibition = 

63.7 + 14.5, P<0.05 in both cases). Similar magnitude of responses were obtained when 

the cells were treated with the agonists for 30 min (-4 fold of basal control). These 

responses, however, were reduced only to a minor extent but not significantly (-20% 

inhibition) in both trypsin and AP-stimulated cells. PMA (IOOnM)-stimulated 

phosphorylation of p65 (4.1 + 0.6 fold of basal control) remained unaltered by YM 

254890. 

4.5.3.3 The effects of Yrvl 254890 on PAR-2-stimulated NFKB-DNA binding in 

clone G cells 

YM 254890 was then utilised to elucidate the role of Gccq/1 1 in PAR-2-stimulated NFKB- 

DNA binding in clone G cells as shown in Figure 4.26. Trypsin (50nM)-stimulated a 

response of 3.7 + 0.3 fold of basal control which appeared to be minimally affected by 

I IN of YM 254890. A similar profile was also observed in the case of PAR-2 AP in 

that the G(Xq/11 inhibitor had no effect on 2f-LIGKV-OH (30ýIM)-induced NFY'B-DNA 

binding. PMA (100riM) or TNFa (20ng/ml) which have been employed as positive 

controls in this study, when added to cells, produced a response of approximately 7 fold 

of basal control which again remained unaltered by YM 254890. 

4.5.3.4 The effects of YAI 254890 on PAR-2-induced NFKB-driven transcription 

PAR-2-stimulated transcription mediated via NFKB was then assessed in the presence of 

YM 254890 (1 pM) as indicated in Figure 4.27. Addition of trypsin (50nM) to the cells 
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resulted in an increase of NFKB-driven transcription (23.6 + 1.1 fold of basal control). 

The Gaq/11 inhibitor significantly reduced the magnitude of this response to 12.9 ± 0.7 

fold of basal control (% inhibition-- 46.8 + 5.1, P<0.01). Similarly, the NFKB-mediated 

luciferase expression stimulated by 2f-LIGKV-OH (30ýtM) (18.5 + 1.2 fold of basal 

control) was also significantly suppressed by YM 254890 to 10.2 + 1.0 fold of basal 

control (% inhibition = 47.6 + 2.2, P<0.01). As expected, YM 254890 had no effect on 
both TNFa (20ng/ml) and PMA (IOOnM)-stimulated responses (7.0 ± 0.3 and 68.0 

1.4 fold of basal control respectively) in this context. 

4.5.3.5 The effects of YM 254890 on PAR-2-mediated p65 phosphorylation in 

NHEK 

The role of G(Xq/11 in coupling PAR-2 to p65 NFKB phosphorylation was also 

investigated in the primary cells, NHEK, in parallel with clone G using YM 254890. 

Figure 4.28 shows the effects of YM 254890 (IgM) on PAR-2-stimulated p65 

phosphorylation at both 15 and 30 min post stimulation. Trypsin (50nM) and 2f-LIGKV- 

OH (30ýN) induced the phosphorylation of p65 with similar magnitudes of response at 

time 15 min (5.0 + 0.2 and 5.4 + 0.2 fold of basal control respectively). These responses 

were significantly inhibited by YM 254890 (trypsin: 3.3 + 0.3 fold of basal control, % 

inhibition = 41.3 + 6.8; AP: 3.3 + 0.5 fold of basal control, % inhibition = 47.0 + 8.8, 

P<0.05 in both cases). At 30 min, phosphorylation of p65 stimulated by trypsin was also 

significantly reduced by YM 254890 (4.6 + 0.4 to 3.0 + 0.4 fold of basal control, % 

inhibition = 43.9 + 7.1, P<0.05), whereas the response induced by PAR-2 AP at this time 

point although largely inhibited by YM 254890 did not reach statistical significance (6.0 

+ 1.5 to 2.3 + 0.3 fold of basal control, % inhibition = 66.6 + 15.1). Again, YM 254890 

did not affect the response stimulated by PMA (I OOnM) (8.3 ± 0.3 fold of basal control). 
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Figure 4.25. The effects of YM 254890 on PAR-2-mediated phosphorylation of 1)6., -N in 

clone G cell% 

Cells ýýere rendered quiescent for 18 hours and preincubated with YM 254890 (I pM) For 15 min 

prior to StiIIII. Ilation mth trypsin (50nM), 2f-LlGKV-OH (2f-KV) (30ýLM) or I'MA (100ilM) I, or 

the indicated times. Whole cell lysates were prepared and processed as previously described 

(Section 2.6-1). and visualised bv Western blotting (Section 2.6.2). (a) Blots shomi are 

representative of 3 individual experiments. (b) Blots were quantified by c1ciisitorrictry and 

expressed as inean -, s. c. m. (fold stimulation). *13<0.05 compared with agonist-stimulated 

control. 
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Figure 4.26. The effects of YM 254890 on PAR-2-stimullated NFKB-DNA binding 

Cells ýwre gromi to COMILIence before being rendered quiescent With SCIIIIII-Iree mediL1111 1`61' 

18 hours and premcubated with I ýM of YM 254890 for 15 min. Following this. cells N\ere 

treated mth trypsin (50W). 21'-LIGKV-OH (2f-KV) (30lLM). TNF(x (20m, '/1111) or PMA 

(10011m) t, or 60 min. NLIClear extracts were prepared and the Nl`KI3-DNA hinding NNas 

investigated by FMSA (Section 2-7). (a) The autoradiogram shown is the representative oftwo 

others. (b) Autoradiograrns were quantified by densitometry and expressed as mean + s. e. m. 

(t*old stimulation). 
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Figure 4.27. The effects of YM 254890 on PAR-2-induced NFKB-driven transcriptional 
f-1 

activation in clone G cells 

Cells ýýere oromi to confluency and rendered quiescent for 19 hours prior to preincubation mth 

YM 2-54890 (I[IM) I-or 15 min and Still11.1lation with various agonists for 6 hours (2t-KV-21 

LIGKV-OH). Cells \\ere then assayed as previously described (Section 2.8). Data shown are 

expressed as (a) I'old over unstimulated basal, (b) % stimulated control, with each value 

represents tile mean + s. e. m. from four separate experiments. **I"<0.01 compared \011 agonist- 

stimulated control. 
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Figure 4.28. The effects of YM 254890 on PAR-2-mediated phosphorylation of p6.5 

NFY, B in NHEK 

Cells were rendered quiescent for 18 hours and preirICUbated with YM 254890 (1 ýM) t'or 15 nim 

prior to stimulation ýNith trypsin (50W). 2f-LIGKV-011 (2t-KV) (30l. LM) Or I'MA (100W) I, or 

the indicated times. Whole cell ]ysates were prepared and processed as previousl\ described 

(Section 2.6.1). and resolved by Western blotting (Section 2.6.2). Blots shown are representative 

ot") individual experiments. (b) Blots were quantified by densitometry and expressed as meall 

s. e. m. (fold stimulation). *P<0.05 compared with agonist-stimulated control. 
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4.6 Discussion 

By employing various approaches such as gene delivery using adenoviral vectors, 

siRNA technology and pharmacological inhibitors, this study has addressed the 

involvement of IKKoc, IKKP, PKC, Ca2+ and Gq/1 I in linking PAR-2 to the activation of 

NFKB pathway in NCTC-2544 stably expressing PAR-2 (clone G) and the primary cells, 

NHEK. 

This study has focussed on the regulation of NFrB activation particularly at the level of 

p65 phosphorylation at Ser-536. Phosphorylation of NFrB has been regarded as a mode 

of post-translational modification that can modulate the activity of this transcription 

factor (reviewed in Viatour et aL, 2005). In p65 alone there are at least nine inducible 

phosphorylation sites identified, amongst which Ser-536 represents one of the most 

important residues that is known to positively regulate NFr. B -transcriptional activation. 

Ser-536 has been shown to be phosphorylated in response to a wide range of 

proinflammatory stimuli including TNFcc, LPS, lymphotoxin and T-cell costimulation 

(Sakurai et al., 1999; Yang et aL, 2003; Jiang et aL, 2003; Mattioli et aL, 2004). To date 

relatively little is known regarding the regulation of PAR-2/NFr'B activation especially 

at the level of p65 phosphorylation, therefore this study sought to identify the upstream 

mediators involved in this context and thus NFKB -transcriptional activity. 

In both clone G and NHEK, Adv. IKKP+/- significantly reduced PAR-2-mediated IKBcC 

loss and p65 phosphorylation whilst Adv. IKKcý"- appeared to play minimal role in this 

context. In addition, PAR-2-stimulated NFKB-DNA binding and transcriptional 

activation were markedly inhibited only by Adv. IKKP+'-. These data clearly indicate 

that IKKP plays a selective role in the PAR-2/NFYB signalling axis in keratinocytes 

whereas IKKa seems dispensable in this context. 

In the NFrB pathway, almost all known inducers of NFKB such as cytokines cause the 

cellular degradation IrBcc (reviewed in Ghosh & Karin, 2002). The results obtained in 
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this study indicate that PAR-2 stimulates the classical NFYB pathway by removing IKBct 

to permit liberation of this transcription factor via the action of IKKP and not IKKa, 

which is consistent with the literature as biological and genetic studies have indicated 

that IKKP is the dominant kinase involved in inducing cellular degradation of IrBct 

(Ghosh & Karin, 2002). 

Similarly, this study has also provided evidence that IKKP plays a selective role in 

mediating PAR-2-induced p65 phosphorylation on Ser-536 whereas IKK(x has no 

apparent role in this context. Previous literature has documented the ability of both 

catalytic subunits in phosphorylating Ser-536 of p65 in different experimental models 

(Jiang et aL, 2003; Sakurai et aL, 2003; Jeong et al., 2005; Mattioli et aL, 2004). 

Notably, some other studies have implicated the distinct roles of these kinases in that 

IKKP is involved in mediating IKB(x degradation whereas IKKOL regulates 

phosphorylation of p65 (0' Mahony et aL, 2004). The results presented here fit into the 

model suggested by other groups in that IKKP, being the best characterised kinase for 

Ser-536 of p65, plays dual roles in the NFYB cascade by mediating IKB(x degradation 

and phosphorylation of p65 whereas IKK(x is not essential in this context (Sakurai et aL, 

1999; Schwabe et al., 2001). Such effects by IKKP could be modulated directly by this 

kinase subunit or via other kinases which are under the regulation of IKKP and certainly 

more investigation is needed to shed light on this matter. Another important implication 

from this study is that as the IKKot mutant did not affect NFYB-DNA binding and 

transcriptional activation stimulated by PAR-2 in clone G, this receptor does not utilise 

the non-canonical, IKK(x-dependent pathway to signal to NFY'B cascade via processing 

of the precursor protein plOO. Thus far, this is the first report describing the selective 

role of IKKP in mediating PAR-2-induced IKB(x loss and phosphorylation of p65 in 

keratinocytes. 

Notably, previous findings have proposed the activation of both IKK(x and IKKP in 

response to PAR-2 stimulation in clone G cells (Kanke et A, 2001; Macfarlane et aL, 
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2005). Although findings from the present study have ruled out the role of IKKa in the 

PAR-2/NFKB pathway, IKKa has been shown to mediate epidermal differentiation 

independent of NFKB pathway (Hu et aL, 2001). Thus it remains to be determined if 

PAR-2-stimulated IKK(x activation has any functional significance in skin biology 

and/or other downstream signalling cascade(s). 

The upstream activators of the IKK complex activation and p65 phosphorylation in 

PAR-2/NFKB signalling remain largely unknown. As previous reports have supported 

the profound roles of PKC and intracellular calcium in PAR-2-stimulated IKK complex 

activation and NFYB-DNA binding, this study then investigated the effects of these 

signalling components on the phosphorylation of p65 (Kanke et aL, 2001, Macfarlane et 

aL, 2005). 

The PKC isoforms are classified into three groups, namely the conventional (PKCcc, 

PKCP and PKCy), novel (PKC5, PKCE, PKCq, PKCg and PKCO) and atypical (PKCý, 

PKCt and PKCX). The conventional isoforrns are both calcium and DAG-responsive; 

the novel group is only DAG-dependent whereas the atypical class is not regulated by 

either calcium or DAG (reviewed in Liu & Heckman, 1998). A large body of evidence 
has indicated the involvement of PKC isofon-ns in response to a wide range of stimuli in 

regulating NFKB activation, and members from each class have been implicated 

(Folgueira et al., 1996; Anrather et al., 1999; Lallena et al., 1999; Vancurova et al., 

2001; Asehnoune et al., 2005). Several PKC isotypes have been identified in the skin, 

including the conventional PKCa and PKCP; the novel PKC8, PKCc, PKCij and 

PKCýt; as well as the atypical PKCý (Dlugosz el al., 1992; Fisher et al., 1993; Rennecke 

et al., 1999). It has been postulated that PKC isofon-ns can directly activate IKK 

complex by inducing phosphorylation of the catalytic subunits, as exemplified by PKCot 

and PKCý (Lallena et al., 1999), thus it is rational to investigate if PKC lies upstream of 

the IKK complex in the PAR-2/NFKB cascade. In order to do this, GF 109203X and 

170 



rottlerin which are broad range and selective PKC inhibitors respectively have been 

utilised in this study. 

GF 109203X is a potent compound that inhibits several Ca2+-dcpendent and independent 

PKC isoforms including PKCa, PKCP, PKCy, PKC8 and PKCe (Toullec et A, 1991). 

Interestingly, GF 109203X only partially inhibited p65 phosphorylation induced by 

PAR-2 at 15 min but exerted minimal effect at 30 min in clone G. This indicates that 

those conventional and novel PKC isoforms present in keratinocytes which are under the 

regulation of GF 109203X such as PKCoc, PKCP, PKC8 and PKCc might regulate p65 

phosphorylation in a cooperative manner with other as yet unidentified components. The 

inhibitory effect of GF 109203X on PAR-2-mediated NFicB-DNA binding was also 

incomplete, again suggesting the existence of other regulatory mechanisms. A slightly 

different profile was obtained in NHEK in that p65 phosphorylation at both time points 

was sensitive to GF 109203X, indicating that the phosphorylation of p65 in the primary 

cells is relatively more PKC-dependent than that of clone G. In order to further elucidate 

if PKC8 is the key player in this case, rottlerin which is a selective PKC8 inhibitor has 

been utilised (Gschwendt el A, 1994). Notably, rottlerin inhibited PAR-2-stimulated 

p65 phosphorylation and NFYB-DNA binding, strongly suggesting the involvement of 

this PKC isotype. 

On the other hand, intracellular calcium which serves as an activator for selective PKC 

isoforms has previously been shown to mediate PAR-2-induced NFYB-DNA binding 

(Macfarlane et aL, 2005). This study presented the novel evidence that in addition to 

inhibiting the binding of NFKB to DNA, intracellular calcium chelation also abrogated 

phosphorylation of p65 stimulated by PAR-2 agonists, indicating the involvement of a 

highly calcium-responsive element in this case. However, this does not agree with the 

observation of PKC8 which is a calcium-independent component in having a role in the 

PAR-2/NFKB signalling, but in fact points to other calcium-dependent PKC isoforms 

such as PKCot and PKCP. This remains difficult to explain. One possible explanation is 
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that rottlerin may inhibit other components such as CaMKIII which has been reportcd 

elsewhere (Parmer et al., 1997). In fact calcium/calmodulin-dependent kinase (CaMK) 

such as CaMKIII could possibly lie in the axis linking PAR-2 to the NFY'B cascade as 

other CaMK isoforms such as CaMKII and CaMKIV have been shown to phosphorylate 

p65 (Nairn & Picciotto, 1994; Bird et al., 1997; Bae et al., 2003). However, this might 

not seem very likely as previous work in the lab has proposed that the PAR-2/NFicB 

pathway appeared to be calcineurin and CaMKII-independcnt (Macfarlane et al., 2005). 

Taken together, the identity of the PKC isotypes involved remains to be investigated and 

perhaps dominant negative proteins or RNAi technology to specifically knock-down the 

respective components would help to clarify this matter. 

Following the establishment of the roles of intracellular calcium and PKC in linking 

PAR-2 to NFKB signalling, several approaches were taken in order to investigate the 

possible upstream mediators. It is a well-known fact that calcium mobilisation and PKC 

activation serve as the downstream effectors of PLCP. In fact, previous findings have 

reported that inhibition of PLCP activity abrogated PAR-2/NFicB activation (Macfarlane 

et al., 2005). Therefore the further upstream key player in coupling PAR-2 to NFKB 

cascade would be the G protein that can effect PLCP activation. Consistent with 

previous studies, the results obtained indicate that PAR-2-stimulated [3H]-inositol 

phosphate accumulation is PTX-insensitive, implying the contribution of Gaq/11 in this 

context (Nystedt et A, 1994, Santulli et A, 1995, B6hrn et A, 1996b). In order to 

investigate the role of Gaq/11 in the regulation of PAR-2/NFKB signalling, this project 
has utilised adenovirus encoding RGS proteins, siRNA technology and the 

pharmacological tool, YM 254890, to modulate G(Xq/1 I activity. 

RGS4 which is a well-known GAP for GCCq/j I and G(xi has been employed to modulate 
PAR-2-associated G(xq/1, activity (Berman el al., 1996). To date no evidence has 

suggested the coupling of PAR-2 to G(x12/13, thus the GAP protein for G(xl2/13, Lsc, has 

been utilised as a control in the absence of an equivalent control (Kozasa et al., 1998). 
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Surprisingly, infection of the cells with Adv. RGS4 up to 1000 pfu/cell did not alter the 

accumulation of inositol phosphate stimulated by PAR-2 agonists. These data 

highlighted that RGS4 did not serve as the GAP protein for PAR-2 associated G(Xq/11. 

Adv. Lsc also did not affect the activity of the signalling components measured, except 
in increasing PAR-2-induced inositol phosphate accumulation through its non-specific 

action(s). 

RGS4 has been shown to inhibit G(Xq/1, activation associated with multiple GPCRs 

including muscarinic M3, bombesin and cholecystokinin receptor (Rumenapp et al., 
2001; Xu et aL, 1999; Tovey & Willars, 2004). However, recent studies have 

highlighted the possibility that RGS proteins could be selective in modulating different 

types of GOtq/1 -coupled receptors (Zeng et aL, 1998; Xu et al., 1999, Tovey & Willars, 

2004). For example, in a study which utilised RGS2, RGS3 and RGS4 which were all 

GAP proteins against GCCq/11, only RGS2 and RGS3 showed inhibitory effects on 

signalling transduced by G(xq/11-coupled-muscarinic M3 receptor, but not RGS4 (Tovey 

& Willars, 2004). Zeng et aL (1998) reported that the amino-terminal of RGS4 is critical 

in conveying selective G(Xq/11-coupled receptor inhibition. A later study proposed that 

selective-receptor inhibition of the RGS proteins could be a direct consequence of the 

physical interactions between the receptor and the RGS protein (Bernstein el A, 2004). 

The authors reported that RGS2 was selectively recruited to M, but not M2 muscarinic 

receptors via its amino terminal to exert a negative regulatory effect on G protein 

coupling. This paradigm could be extended to other GPCRs, for example PAR-2, as the 

data reported here implies that RGS4 played no role in modulating signals transduced by 

Gaq/11-coupled PAR-2. Nevertheless, the identity(ies) of the RGS protein(s) that can 

selectively interact with PAR-2 require further investigation. Got12/13 has always been 

implied in cell morphology and actin cytoskeleton changes (Riobo & Manning, 2005). 

The lack of effect of Adv. Lsc on PAR-2-mediated signalling indicates that unlike PAR- 

I (Section 1.2-1.3), PAR-2 does not signal through Gccl2/13 thus consistent with the fact 

that limited evidence has supported the role of QxI2113 in governing PAR-2 signalling. 
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Since utilising RGS4 as an inhibitory tool to modulate PAR-2-mediated responses was 

unsuccessful, an alternative approach is to employ siRNA targeting Gaq/1 I. Messenger 

RNA (mRNA) transcribed from DNA will serve as the template for protein synthesis 

during the process of translation. RNA interference (RNAi) is a post-transcriptional, 

specific gene-silencing technique achieved via the degradation of the target mRNA and 
is now recognised as a novel tool to inhibit the protein expression of a targeted gene 
(reviewed in Stanislawska & Olszewski, 2005). In this study, the siRNA with the 

sequence 5'-AAGATGTTCGTGGACCTGAAC-3' targeting the overlapping regions of 

Gaq and Gall between nucleotides 931 and 951 was utilised (Barnes et aL, 2005). 

Transient transfection of this siRNA has been previously shown to effectively knock- 

down Gaq/11 expression and inhibited both angiotensin and muscarinic receptor- 

stimulated signal transduction (Bames et aL, 2005; Atkinson et aL, 2006). 

The initial characterisation involved transfecting the cells with increasing concentrations 

of G(Xq/11 siRNA in clone G cells to ascertain the down-regulation of protein expression 
(data not shown). Even at the concentration of lOOnN4, the endogenous expression of 

G(Xq/11 was only partially inhibited (-20%) compared to control. This is possibly due to 

poor transfection efficiency in clone G cells. In order to solve this problem, adenoviral 

construct encoding G(Xq/1 I siRNA tagged with GFP was established. 

Clone G cells were then infected with increasing concentrations of Adv. siRNA 

targeting Gaq/1 1 and the levels of protein expression were determined. The results clearly 

show increasing GFP expression with increasing concentrations of Adv. siMA. 

However, the expression of Gaq/11 remained unchanged over the range of Adv. siRNA 

tested. This indicates that the infection has taken place but somehow siRNA did not act 

to reduce the protein level of GCCq/1 1, an unexplained experimental defect. Therefore the 

attempt to deliver siRNA targeting G(Xq/1 I in clone G cells using the adenoviral construct 

was not successful. 
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Transient transfection of G(Xq/1 I siRNA was also tested in the primary keratinocytes, 

NIHEK, to assess the transfection efficiency. The data obtained indicates substantial 

inhibition of Gaq/11 expression with -30nM of siRNA. As expected, the non-spccific 

siRNA that has been employed as a positive control did not alter G(Xq/jj expression. 

When examined at the level of p65 phosphorylation, however, both G(Xq/11 and non- 

specific siRNA had no effect on the responses induced by trypsin. This implies that 

G(xq/1 1 might not lie in the axis of PAR-2/NFKB. Another possibility is that the silencing 

effect of siRNA was not complete and the residual G(Xq/1 I was sufficient to transmit the 

signal stimulated by PAR-2. Thus further studies using functional adenoviral constructs 

encoding siMA targeting G(Xq/11 or cells derived from transgenic mice lacking Gaq/11 

would be useful to shed some light on this matter. 

Another approach that has been employed to modulate Gq/1 1 activity is by using the 

pharmacological tool, YM 254890. YM 254890 is a cyclic depsipeptide isolated from 

the culture broth of Chromobacterium sp. QS3666 (Taniguchi et aL, 2003). Initial 

characterisation of this compound provided evidence of its inhibitory effect on ADP- 

induced platelet aggregation with an IC5o value of less than 0.4[tM. Further investigation 

demonstrated that YM 254890 acts specifically on G(Xq/1 I to block the exchange of GDP 

for GTP and had minimal effect on calcium mobilisation stimulated by Goci or GaJ5 

(Takasaki et aL, 2004). These results highlight the fact that YM 254890 is a novel, 

selective and first-of-its kind inhibitor for GCCq/1 I thus serves as a useful tool in assessing 

the signalling paradigm mediated by this G protein subtype. 

The effects of YM 254890 on PAR-2 induced signalling were first tested at the level of 

total inositol phosphate accumulation. As production Of IP3 is the classical downstream 

component of G(xq/i I activation, inhibition of this G protein can be reflected at the level 

of inositol phosphate accumulation. YM 254890 showed an inhibitory effect in a 

concentration-dependent manner with the IC50 value observed to be - 3nM, indicating 

that YM 254890 indeed serves as a potent inhibitor for PAR-2-associated G(Xq/11 
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activity. Also, the IC50 reported herein is about 50 times higher than the effects of YM 

254890 on calcium mobilisation mediated by muscarinic and leukotricne receptors 
(Takasaki et al., 2004). 

Following this, PAR-2-stimulated NFKB activation at the levels of p6s phosphorylation, 
NFKB-DNA binding and transcriptional activation were assessed in the presence of I ýIM 
YM 254890. Notably, PAR-2-stimulated phosphorylation of p65 was only partially 

abolished by YM 254890 at time 15 min, and the responses at 30 min were only 

marginally reduced. These results suggest that GOCq/1 I plays only a partial role in the early 

phase of p65 phosphorylation mediated by PAR-2, proposing that possibly only a sub 

population of p65 phosphorylation at Ser-536 is governed by Gq/11 and other yet to be 

identified regulatory mechanism(s) might be involved in this context. Unexpectedly, 

YM 254890 had no effect at all on NFKB-DNA binding in response to PAR-2 agonists, 

denoting that PAR-2-associated G(xq/1 1 had no role in governing the binding of NFKB to 

DNA, and presumably to have no impact on the degradation Of IKBCC protein and 

translocation of this transcription factor into the nucleus. 

Although YM 254890 did not affect NFKB-DNA binding, it clearly reduced PAR-2- 

stimulated NFK8 -transcriptional activation. This could be explained by its effect on 
NFKB phosphorylation as post-translational modifications of NFKB such as 

phosphorylation or acetylation have been shown to secondarily mediate the 

transactivation ability of this transcription factor (Yang et aL, 2003; Doyle et aL, 2005). 

However, relatively little information is known regarding how phosphorylation at Ser- 

536 increases the transactivation ability of p65; possibilities such as interaction with 

other transcription factord and/or conformational change remain to be investigated. 

This project has thus assessed the functional importance of GCCq/1 1. calcium mobilisation, 

PKC and IKKP on linking PAR-2, which is a GPCR, to the NFKB pathway. A large 

number of GPCRs have been shown to signal to NFrB cascade (discussed in Section 
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1.4.6). The general signalling paradigm that has been proposed for NFKB activation 

induced by GPCRs involves initiation of the signal through heterotrimeric G proteins 

which will then lead to distinct signalling pathways that will converge at the level of 

cellular IrBoc degradation (reviewed in Ye, 2001). Unlike cytokine receptors, the precise 

regulation of GPCRs-mediated NFYB activation remains largely undefined. For 

example, the IKK complex which represents the key player for most cytokine-induced 
NFr, B activation regime has only been implicated in a number of GPCRs such as PAR- 

1, M3-muscarinic and bradykinin receptors (Rahman et aL, 2002, Todisco et aL, 1999; 

Me et aL, 2000). Also, relatively little is known regarding phosphorylation of p65 
induced by GPCRs. Thus this study has provided the direct evidence of IKKP having a 

selective role in mediating PAR-2-stimulated NFKB activation including at the level of 

p65 phosphorylation. 

In terms of heterotrimeric G proteins, almost each member from each class has been 

implicated in the regulation of NFrB activation (Ye, 2001). Several GPCRs have been 

shown to activate NFrB via Gccq/11, for example PAR-I and bradykinin receptor have 

been reported to stimulate NFKB-driven transcriptional activation through this G protein 

subtype (Rahman et al., 2002, Me et al., 2000). Notably, the classical effectors of 
G(Xq/1 I PKC and calcium mobilisation, have also been strongly implicated in stimulating 
NFKB activation at NFKB-DNA binding level and/or transcriptional activation for 

several other GPCRs including lysophosphatidic acid and neurotensin receptor, although 
the role of GCCq/1 Iwas not assessed in these studies (Shahrcstanifar et al., 1999; Zhao et 

al., 2005). Therefore the signalling paradigm of PAR-2/NFKB reported herein shows a 
large degree of overlapping with those reported in the literature. 

The GOCq/ I, /Ca2+/PKC/IKKP axis delineated in this study, however, does not appear to be 

a linear signalling paradigm. This is because C2+/PKC/IKKP seem to have an impact on 
both p65 phosphorylation and NFicB-DNA binding; whereas G(xq/1 I activation has a role 
only on the fonner but not the latter. 
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One critical question arises as to whether or not Gaq/11 is the sole source of PAR-2- 

induced calcium mobilisation. If calcium is the principal downstream component of 

Gaq/11, both calcium and GCCq/1 I should share a similar functional profile in this context. 
However, in this case it appears that PAR-2 might utilise other ion channels to result in 

calcium mobilisation. For example, novel evidence has suggested the interaction 

between GPCRs and calcium channel, in that the P2--adrencrgic receptor was found to 

form a macrocomplex with the L-type calcium channel (Davarc et al., 2001). The 

multiprotein complex detected was found to consist of G protein, adenylyl cyclase and 
PKA; and the authors concluded that GPCRs such as P2-adrenergic receptor is able to 

act as a scaffold protein to assemble the signalling molecules to achieve signal 

transduction rapidity as supported by later findings (Liu et aL, 2004). Thus it is possible 

that PAR-2 might directly associate with calcium channels in the presence or absence of 

other downstream effectors to induce calcium signalling. 

One plausible explanation is that PAR-2 might signal to other G proteins to elevate 

intracellular calcium level, for example, GocM. G(x16 is a family member of GCCq/1j, and 

previous literature has proposed that it is able to stimulate PLCP activity through non- 

selective association with a wide range of G(Xq/11, Ga, or Gai-coupled receptors 
(Offermanns & Simon, 1995). However, this remains less likely as the expression of 
Ga16 has only been detected in the cells of haernatopoietic origin thus far. In addition, 

the total inositol phosphate accumulation induced by PAR-2 was almost completely 

abolished by YM 254890, highlighting that G(xq/1, is the predominant player in 

activating PLCP. 

Phospholipase D (PLD) is a signalling molecule that is involved in hydrolysing 

phospbatidylcholine to phosphatidic acid (Waite, 1999). Phosphatidic acid can then act 

to release calcium from intracellular stores or serves as a source of DAG for PKC 

activation (English, 1996). It remains a possibility that PAR-2 might utilise this pathway 

as an additional regulatory feature to PLCP to elevate the intracellular calcium level. 
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This n-ýight also explain the effects of PKC on PAR-2-induccd NFicB-DNA binding that 

appeared to be independent of G(x, /l I 

Another possibility is that the concentration of YM 254890 employed in this project was 

not sufficient to totally abolish G(Xq/1 -stimulated calcium mobilisation. In fact 

preliminary results of YM 254890 on PAR-2-mediated calcium signalling revealed an 

approximate 75% inhibition of trypsin-induced responses (Trevor Bushell, personal 

communication). The residual calcium mobilisation might be sufficient to exert 
functional roles on PAR-2/NFKB signalling paradigm. 

If G(Xq/1 I is not the only upstream regulatory component involved in PAR-2/NFKB 

signalling paradigm, there must exist other yet to be identified mechanisms in this 

context. Notably, several lines of evidence have suggested the involvement of more than 

one G protein in linking GPCRs to the NFrB pathway, for example SIP has been shown 

to employ GCCq/11, G(xi and G(xl3, whereas muscarinic receptors have been reported to 

utilise both G(Xq and Ga13 to achieve such signal transmission (Siehler et A, 2001; Shi 

& Kehrl, 2001). Nevertheless, by using PTX-pretreatment and Adv. Lsc in this project, 

the role of G(xi and Goc12/13 in PAR-2 signalling has been excluded. Interestingly, in 

addition to G(Xq/1 1, PAR- 1 has been shown to utilise GPy subunits to signal to the NFKB 

pathway (Rahman et al., 2002). The authors postulated that in endothelial cells, PAR-1 

stimulation leads to G(Xq/11 and the subsequent PKC8 activation in parallel to GPy- 

induced P13 kinase pathway, both of which then converge at Akt to stimulate NFr'B 

activation. The functional role of PAR-2-associated GPy has not been investigated in 

this study, thus it remains to be elucidated if PAR-2 would resemble its close relative, 

PAR-1, in utilising a similar mechanism in activating NFkB. 

In conclusion, this study provides insights into the regulation of PAR-2-mediated NFKB 

activation which involves GOCq/11, intracellular calcium, PKC and IKKP (see Figure 
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CHAPTER5 

GENERAL DISCUSSION 
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In the skin, PAR-2 is present in the basal, spinous and granular layers of the epidermis 

and has been shown to exert several patho-physiological roles in this system (see Section 

1.2.2.8). However, how PAR-2 exerts its effects in skin remains largely undefined. 
Therefore this study has investigated the kinetics of PAR-2-mcdiatcd signalling 

components including inositol phosphate accumulation, MAP kinases activation as well 

as the NFKB pathway in NCTC-2544 cells stably expressing PAR-2 or clone G (see 

Chapter 3). Furthermore, the regulation of NFKB cascade mediated by PAR-2 and the 

intermediary components involved were assessed in both transfected model system and 
the primary cells, normal human epidermal kcratinocytes (NHEK) (see Chapter 4). 

The results reported herein support the notion that PAR-2 is able to signal to a diverse 

array of signalling effectors, denoting that this receptor may utilise the discrete and 

complex signal transduction network to bring about its cellular effects. The ERK 

pathway represents the key modulator of cell proliferation; coupling of PAR-2 to this 

MAP kinase indicates that the receptor may employ this signalling cascade to effect 

mitogenic responses (Roux & Blenis, 2004). SAPKs, on the other hand, have been 

regarded as the important regulators in mediating cellular responses induced by 

extracellular stresses such as UV, y-iffadiation and reactive oxygen, to result in cell 

proliferation, transformation and apoptosis (Roux & Blenis, 2004; Nishina et al., 2004). 

This study has also provided evidence that PAR-2 can signal to the SAPKs in 

keratinocytes, albeit a much lower magnitude of JNK activation was observed compared 
to that of p38 MAPK in clone G cells (see Chapter 3). In fact in NHEK, PAR-2 

activation led to a more substantial phosphorylation of JNK than that in clone G along 

with p38 MAPK activation (unpublished data). The coupling of PAR-2 to SAPKs in a 

physiological environment indicates that PAR-2 can utilise these signalling components 
to mediate stress-induced cellular responses. Although several reports have described the 

roles of ERK and SAPKs in modulating different cellular aspects (see Section 3.4), 

relatively little is known about the direct roles of PAR-2-induced MAPK pathways in 

skin. Therefore further experiments are required to fully assess the biological importance 

of PAR-2/MAPKs in skin homeostasis. 
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The mechanisms of activation of ERK, p38 MAPK and JNK, however, were not 

investigated in this project. Despite the identification of a large number of upstream 

mediators for the MAPK pathways (see Section 1.3.1), the mechanism by which PAR-2 

utilise to signal to MAPKs remain largely undefined (discussed in Section 1.3.2). 

Additionally, the activation kinetics of ERK, p38 MAPK and JNK reported herein and 

along with other studies point to the fact that in different models, PAR-2 might utilisc 
distinct mechanisms to finely regulate signal transduction in order to achieve specific 

cellular responses (discussed in Section 3.4). For example, P-arrestins have been 

implicated in PAR-2-stimulated ERK activity (DeFea ct al., 2000, Stalheirn ct al., 2005). 

These studies have suggested that P-arrcstin as a scaffold protein is important in 

governing the subcellular compartmental isation of ERK upon activation. DeFca ct al. 

(2000) provided evidence that a PAR-2 mutant that was unable to interact with P- 

arrestin stimulated ERK activity through a distinct mechanism which led to nuclear 

translocation of this MAPK to effect cell proliferation. On the contrary, stimulation of 

wild type PAR-2 resulted in cytosolic retention of ERK through the formation of a 

macrocomplex containing the receptor, raf-1, P-arrestin and the activated ERK. 

Similarly, PAR-2 activation in Varrestin deficient cells stimulated only transient 

phosphorylation of ERK as opposed to the prolonged activation profile observed in wild 

type cells (Stalheirn ct al., 2005). These findings suggest that specific regulatory 

mechanisms of ERK will have impact on the spatiotemporal control of this signalling 

component thus directly affecting the cellular outcome (Torii ct al., 2004). Such a 

paradigm could be extended to other family members of MAPK; thus the delineation of 

the mechanisms and intermediary components involved is vital to understand the role of 

PAR-2 in human biological systems and certainly more work is needed to shed light on 

this matter. 

This study has also looked into the regulation of the transcription factors, AP-I and 
CRE, stimulated by PAR-2. The results presented herein demonstrate that PAR-2 is able 

to signal to these regulators of gene expression in clone G cells thus contributing to skin 
homcostasis. For example, AP-1 is the major transcription factor in epidermis and its 
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target genes include those affecting keratinocyte proliferation and differentiation (Eckert 

et al., 1997; Eckert & Welter, 1996). By using the pharmacological tools which serve as 
inhibitors for the individual MAP kinase, this study has tried to ascertain the 

contribution of each pathway in the activation of AP-1 and CRE (see Chapter 3). 

Nevertheless more work is required to provide a clearer picture in this context. In 

addition, the elucidation of the composition of the transcriptional dimers activated and 

the targeted genes will shed light on how PAR-2 utilises AM and CRE to modulate the 

physiology of skin. 

NFKB is an ubiquitously expressed, rapid response transcription factor that is involved 

in immune and inflammatory reactions by inducing the expression of chemokines, 

cytokines, cell adhesion molecules, growth factors, and immunorcceptors (see Section 

1.4.5). The coupling of PAR-2 to p65 NFKB in clone G and NHEK as shown in this 

study suggests that this receptor may have an impact on skin homeostasis via the NFKB 

cascade, as a large body of evidence has indicated the role of this transcription factor in 

balancing the proliferation and the differentiation of keratinocytes (reviewed in 

Kaufman & Fuchs, 2000). Moreover, various studies have supported the involvement of 

NFKB in skin pathology such as psoriasis, contact dermatilis and skin carcinogenesis 
(reviewed in Bell et al., 2003). As PAR-2 has been implicated in such inflammatory skin 
disorders (see Chapter 1.2.2.8), it is likely that NFKB serves as one of the possible 

signalling candidates that PAR-2 utilises to exert pathological phenotype in epidermis. 
Notably, the activity of ERK and p38 MAPK has recently been shown to be uprcgulated 
in lesional psoriatic skin, indicating that these two components, as with NFKB, might 

represent the key mediators of skin pathological conditions (Johansen et al., 2005). As 

PAR-2 can signal to all these signalling mediators in skin, it therefore represents a good 

candidate for therapeutic intervention in this context. Thus rigorous examination of how 

PAR-2 links to its diverging effector systems is eagerly awaited. 
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One of the most remarkable findings in this study is that PAR-2-stimulatcd NFKB 

activation appears to be only partially regulated by its respective G protein, GCCq/1 1, and 

the involvement of other Ga proteins was not likely (see Chapter 4). One postulation for 

the observed phenomenon is the possibility of a G-protein-indepcndent signalling 

paradigm. Classically, G proteins serve as the principal downstream effector system for 

GPCRs to permit signal transduction (see Chapter 1.1). However there is increasing 

evidence suggesting G-protein-independency in this context (Hall et al., 1999; Hur & 

Kim, 2002). For example, the prototypical G%, -coupled receptor, adenosine A2A receptor 

has been shown to activate MAP kinases in neither a Ga, nor Gai dependent manner 

(Sexl et al., 1997). A recent study has proposed the involvement of a novel protein 

called Arf nucleotide site opener/cytohesin-2 in linking the adcnosine A2A receptor to 

MAP kinase independently of G-protein (Gsandtner et al., 2005). Other novel proteins 

that have been found to directly associate with various GPCRs to transmit signals 

include small G proteins such as Arf and RhoA (Mitchell et al., 1998), Na+/H+ 

exchanger regulatory factor (Hall et al., 1999), Homer (Xiao et al., 2000) and Shank 

proteins (Tu et al., 1999), all of which have been shown to mediate hcterotrimeric G 

protein-independent signalling. In fact, along with NFYB activation, PAR-2-induccd 

ERK and p38 MAPK phosphorylation in clone G and NHEK have been observed to be 

only partially dependent on G(Xq/1, and independent of Geti and G(X, 2/13 (unpublished 

data, see Chapter 4). Therefore PAR-2 might utilise other novel upstream components in 

addition to G proteins to effect its diverse signal transduction and this might represent a 

new area of investigation for GPCR signalling. 

There is emerging evidence supporting the notion of GPCRs forming dimers or 

oligomers in a fashion similar to the non-GPCR fan-dlies such as the growth-hormone 

receptor family as opposed to the classical assumption that GPCRs exist as monomeric 

component (reviewed in Hansen & Sheikh, 2004). It is now widely accepted that 

dimerisation/oligomerisation may have important implications in ligand binding, signal 

transduction and receptor trafficking. Some of the fascinating examples of GPCR 
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dimerisation include GABAB receptor, ic and 8 opioid receptor, angiotensin and 

bradykinin receptor (reviewed in Hansen & Sheikh, 2004). GABA13 receptor has been 

shown to require dimerisation of two receptor subtypes, RI and R2, to confcr receptor 

function (White et al., 1998). On the other hand, a hetcrodimcr can be formed from two 

fully functional ic and 8 opioid receptors, and the resultant hcterodimcric receptor 

exhibits distinct signalling profile compared to individual receptor (Jordan & Devi, 

1999). Alternatively, heterodimerisation also seems possible between receptors of 

different subtypes. For example, bradykinin receptor has been found to physically 

associate with angiotensin receptor to fortri stable heterodimer that enhances the signal 

transduction of the latter receptor (AbdAlla et al., 2000). 

Although previous findings have indicated intermolecular signalling between PARs (see 

Section 1.2.2.6), there has been no direct evidence supporting the formation of PARs 

dimers. Only until recently some novel findings have suggested that PAR-I and PAR-4 

are able to forin heterodimers in human platelets and fibroblasts, resulting in accelerated 

receptor cleavage and initiation of PAR-4 signalling (Leger et al., 2006). As PARs have 

been found to be present in the same cell/tissue system in several instances, it is likely 

that these receptors might physically associate with each other to effect distinct receptor 

pharmacology and/or function, urging more intensive investigation into the aspect of 

dimerisation/oligomerisation, which signifies a novel mechanism of cross-talk between 

GPCRs. 

PARs represent a novel group of cell-surface receptors by which the proteases utilise to 

mediate a wide range of physiological processes and inflammatory responses (see 

Section 1.2.1.5 and 1.2.2.8). The list of ligands for PARs is still growing, so is the 

biological significance of these receptors (see Sections 1.2.2.7,1.2.1.5 and 1.2.2.8). 

PAR-2 has been strongly implicated in several pathological conditions including 

psoriasis and arthritis, thus representing a potential therapeutic target. However, unlike 
PAR-I in which the antagonists of the receptor have entered clinical trails as potential 

therapeutic tools, no potent PAR-2 antagonist has been reported so far (Chackalamannil 
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& Xia, 2006). The effort to synthesise potent agonists and antagonists for PARs has 

proved difficult and there is a great deal of analysis to be performed in order to rule out 

ligand cross-reactivity and non-specific agonism/antagonism (see Chapter 1.2.2.2). 

In conclusion, this study has shown that PAR-2 is able to signal to a diverse array of 

signalling molecules in keratinocytes. In addition, the regulation of NFY'B mediated by 

PAR-2 has been delineated to consist of G(Xq/11, Ca2+, PKC and IKKP. Nevertheless, 

there are still missing links between PAR-2 and its downstream effectors that remain 

undefined. It appears that the classical linear signalling for a GPCR such as PAR-2 

seems to be much more complex than initially anticipated and might involve both G 

protein-dependent and independent mechanisms, urging more intensive investigation in 

this area. 
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