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Cytokine upregulation of proteinase-activated-
receptors 2 and 4 expression mediated by p38 MAP
kinase and inhibitory kappa B kinase b in human
endothelial cells
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Background and purpose: Up-regulation of proteinase-activated receptor-2 (PAR2) is a factor in a number of disease states
and we have therefore examined the signalling pathways involved in the expression of the receptor.
Experimental approach: We investigated the effects of tumour necrosis factor-a (TNF-a), interleukin-1b (IL-1b), trypsin and
the PAR2 activating peptide, 2-furoyl(2f)-LIGKV-OH on both mRNA and functional expression of PAR2 in human umbilical vein
endothelial cells (HUVECs). The effect of specific chemical inhibitors and dominant negative adenovirus constructs of the
mitogen-activated protein kinase (MAPK) cascade and the nuclear factor kappa B (NF-kB) signalling pathway was assessed.
Methods included semi-quantitative and quantitative RT-PCR, [3H]inositol phosphate (IP) accumulation and Ca2þ -dependent
fluorescence.
Key results: The above agonists induced both mRNA and functional expression of PAR2; PAR4 mRNA, but not that for PAR1 or
PAR-3, also increased following TNFa treatment. Inhibition of p38 MAP kinase reduced PAR2 and PAR4 expression, whilst
inhibition of MEK1/ERK/JNK was without effect. A similar dependency upon p38 MAP kinase was observed for the expression
of PAR4. TNFa -induced enhancement of PAR2 stimulated [3H]-inositol phosphate accumulation (IP) and Ca2þ signalling was
abolished following SB203580 pre-treatment. Infection with adenovirus encoding dominant-negative IKKb (Ad.IKKbþ /�) and
to a lesser extent dominant-negative IKKa (Ad.IKKaþ /�), substantially reduced both control and IL-1b- induced expression of
both PAR2 and PAR4 mRNA and enhancement of PAR2-stimulated IP accumulation and Ca2þ mobilisation.
Conclusions and implications: These data reveal for the first time the signalling events involved in the upregulation of both
PAR2 and PAR4 during pro-inflammatory challenge.
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Introduction

The protease-activated receptors (PARs) are a family of

G-protein coupled receptors (GPCRs) activated by a unique

proteolytic mechanism, whereby the N-terminus is cleaved

by a serine protease and activation of the receptor is achieved

intramolecularly (Vu et al., 1991; Coughlin, 2002). Of the

four members currently identified (PARs 1–4) (Macfarlane
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et al., 2001; Hollenberg and Compton, 2002), PAR2 has been

the subject of considerable recent attention (Nystedt et al.,

1995). It is believed to play important roles in the regulation

of skin development and pigmentation (Derian et al., 1997;

Seiberg et al., 2000), intestinal function (Kawabata et al.,

1999, 2000a, b) and angiogenesis, and is implicated in a

number of inflammatory conditions including inflammatory

pain (Steinhoff et al., 2000), arthritis (Ferrell et al., 2003) and

type IV dermatitis (Kawagoe et al., 2002).

A consistent and striking feature of PAR2 within disease

models within the vasculature and elsewhere is the marked

increase in receptor expression. Inflammatory agents such

as lipopolysaccharide (LPS) and TNFa have been shown

previously to increase mRNA for the receptor in HUVECs

(Nystedt et al., 1996), whereas in rats LPS pretreatment in vivo

enhances PAR2-mediated endothelium-dependent vasodila-

tion in vitro (Cicala et al., 1999). PAR2 expression is also

upregulated in malignant tissue (D’Andrea et al., 2001),

following radiation injury (Wang et al., 2003) or exposure to

ultraviolet light (Scott et al., 2001) in asthma (Knight et al.,

2001), following viral lung infection (Lan et al., 2004) or as

a result of smoking (Miotto et al., 2002). These data suggest

a mechanism whereby, during inflammation, enhanced

release of PAR2 activator, coupled with increased receptor

expression increases PAR2-mediated pro-inflammatory res-

ponses. To date, no information is available regarding the

mechanism(s), which regulate the induction of the receptor

and this may be an important site for inhibition of the

pro-inflammatory actions of PAR2. A similar paucity of

information exists regarding the other novel PARs, in

particular PAR4, which is also activated by PAR2 effectors

such as trypsin (Xu et al., 1998) and is also upregulated

following inflammatory challenge (Hamilton et al., 2001).

In this study, we addressed the role of a number of

candidate signalling events which may regulate cytokine-

induced upregulation of PAR2 expression and to a lesser

extent PAR4. This includes the major mitogen-activated

protein (MAP) kinases (ERK, p38 and JNK), known to be

intracellular effectors of cytokine receptor stimulation and

the NFkB signalling pathway, including the potentially

divergent roles of the upstream kinases inhibitory kappa B

kinases (IKK)-a and -b. Our results reveal a crucial role for p38

MAP kinase in the expression of PAR2 and PAR4, and the

NFkB pathway principally through the activation of IKKb.

Materials and methods

Cell culture

HUVECs were grown in endothelial basal media, supple-

mented with endothelial growth media (EGM-2) containing

single aliquots (2% foetal bovine serum, 0.2 ml hydro-

cortisone, 2 ml hFGF-B, 0.5 ml VEGF, 0.5 ml R3-insulin like

growth factor-1, 0.5 ml ascorbic acid, 0.5 ml hEGF, 0.5 ml GA

1000, 0.5 ml heparin) purchased from Cambrex. All experi-

ments were performed between passages 3 and 10. Clone G

cells (NCTC-2544 expressing PAR2) were maintained in

M199 media supplemented with 10% FCS, L-glutamine

(27 mg ml�1), penicillin (250 units ml�1), streptomycin

(25 mg ml�1) and geneticin (400 mg ml�1). Cells were incu-

bated at 371C in humidified air with 5% CO2.

Generation of recombinant dominant-negative adenoviral

constructs

Recombinant replication-deficient adenoviral vectors encod-

ing dominant-negative (DN) p38b (Ad.p38bþ /�), IKKb(K44A)

(Ad.IKKbþ /�) (Oitzinger et al., 2001) and wild-type IkBa
(Ad.IkBa) were a generous gift from Rainer de Martin

(University of Vienna, Vienna, Austria). An adenoviral vector

encoding DN IKKa (K44A) (Ad.IKKaþ /�) was created

in-house using the Adeno-X system from Clontech (CA,

USA). The IKKaþ /� plasmid (24) was originally a gift from Dr

D Goeddel (Tularik Inc., CA, USA). Large-scale production

of high-titre recombinant adenovirus was performed as

described by Nicklin and Baker (1999).

Infection of HUVECs

HUVECs, when approximately 70% confluent, were incu-

bated with Ad.p38bþ /�. Ad.IKKaþ /�, Ad.IKKbþ /� or

Ad.IkBaþ /� at a multiplicity of infection (m.o.i.) of 300 for

16 h in endothelial growth media after which the medium

was replaced. Cells were stimulated with agonist 40 h after

infection and changes in PAR2 gene expression were

determined by semi-quantitative and quantitative reverse

transcription-polymerase chain reaction (RT-PCR).

RNA extraction and RT-PCR

Total RNA was extracted from cells using the QIAGEN

RNeasy minikit (Qiagen, Crawley, West Sussex, UK) as per

manufacturers instruction. About 4–5 mg of total RNA

was reverse transcribed into cDNA in a total volume of

20 ml using the Superscript first-strand synthesis system for

RT-PCR (Invitrogen, San Diego, CA, USA) using 1 ml of oligo

(dT) primers (0.5 mg ml�1). About 1 ml of resulting cDNA was

subjected to 35 cycles of PCR for amplification of PAR2 and

cytoplasmic b-actin. PCR was performed in a 50 ml reaction

volume containing 1 mM of each primer, 0.2 mM dNTP and

2.5 U Klentaq DNA polymerase (Clontech Laboratories Ltd.,

Mountain View, CA, USA). The PCR conditions for both

primers sets were 941C for 2 min followed by 35 cycles of

941C for 45 s, 601C for 1 min, 681C for 2 min and a final

extension of 681C for 10 min. The nucleotide sequence of the

primers used were 50-AAC CAA GCT TTC TCG GTG CGT

CCA GT-30 (Forward) 50-GCT CTA GAC TGC AAT TCC CAT

CTG AGG-30 (Reverse) for PAR2 and 50-CGT GGG GCG CCC

CAG GCA CCA-30 (Forward), 50-CCC CCT GAA CCC CAA

GGC CAA-30 (Reverse) for cytoplasmic b-actin, both primer

sets were purchased from Invitrogen Ltd. (Renfrew, UK).

DNA samples were run on a 0.8% agarose gel with a 1 kB

DNA hyperladder to determine the size of PCR products. The

DNA bands were visualized on a transilluminator and a

digital image captured.

TaqMan RT-PCR (quantitative RT-PCR)

Reverse transcription was performed using a GeneAmp RNA

PCR kit (Applied Biosystems, Foster City, CA, USA) as

recommended by the manufacturer’s instructions. TaqMan
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RT-PCR was also performed according to the manufacturer’s

instructions (Applied Biosystems). Oligonucleotide primers

and probes for human PARs were designed using the Primer

Express program and were synthesized by Applied Bio-

systems. Primers and probes used for TaqMan RT-PCR were:

the following for PAR1 50-TTG CTT CGG ACC CAC AAA C-30

(Forward) 50-CCT CTG TGG TGG AAG TGT GAG A-30

(Reverse) 50-TCC TCC TGA TTG CGC ATT ACT CAT TCC

T-30 (Probe). For PAR2: 50-GGC AAC ATG TAC TGT TCC ATT

CTC-30 (Forward) 50-GGT TCA CGA TGA CCC AAT ACC T-30

(Reverse) 50-TCA TGA CCT GCC TCA GTG TGC A-30 (Probe).

For PAR3: 50-GGC CAC CAC AGT CAT CTT CTA TG-30

(Forward) 50-GCG GTT GAT GCT GAT GCA-30 (Reverse)

50-CAA CAT GTA CTG CTC CAT TCT GCT C-30 (Probe).

For PAR4 50-CTG CGT GGA TCC CTT CAT CT-30 (Forward)

50-CCT GCC CGC ACC TTG TC-30 (Reverse) 50 TAC TAC GTG

TCG GCC GAG TTC AG-30 (Probe). Sequence-specific ampli-

fication was detected with an increased fluorescent signal of

6-carboxy fluorescein (6-FAM) during the amplification

cycles. Amplification of human rRNA (ribosomal RNA) was

used in the same reaction of all samples as an internal

control. Gene-specific mRNA was subsequently normalized

to rRNA. Primers and probe for rRNA were purchased from

Applied Biosystems.

Indirect Immunofluorescent microscopy

HUVECs were grown to 50% confluency on No. 0 glass

coverslips (Merck Biosciences, Nottingham, England) before

the experiments. Cells were washed �3 with ice-cold

phosphate-buffered saline (PBS) and fixed with ice-cold

methanol for 20 min at room temperature. Methanol was

washed off, and the coverslips were incubated with PBS

containing 1% (w/v) bovine serum albumin for 30 min at

room temperature. Primary PAR-2 antibody B5 (Seatter et al.,

2004), 1:400, was added for 60 min and then following three

washes in PBS incubated with secondary antibody for 60 min

in the dark at room temperature. The coverslips were washed

and mounted in Moviol onto slides and analysed using a

Nikon Eclipse E600 fluorescent microscope (Sloss et al.,

2005).

Measurement of inositol phosphate accumulation

The cellular accumulation of total [3H]inositol phosphates

1–4 ([3H]IP) was assessed in cells prelabelled with 1–3mCi ml�1

of [3H]2-myo-inositol for 24 h and preincubated with 10mM

LiCl for 30 min before stimulation. Cells were washed in PBS,

and inositol phosphates were extracted by partition in 2:1

methanol/chloroform. After further addition of deionized

water and chloroform, the inositol phosphate-containing

aqueous phase was loaded onto prewashed Dowex formate

(AG 1-X8 resin, 200–400 mesh formate) anion-exchange resin,

and [3H]IP were eluted using anion-exchange chromato-

graphy as outlined previously (Plevin et al., 1994).

Calcium signalling assay

HUVECs were grown to confluency on 13 mm circular glass

cover slips. On the day of the experiment, growth mediim

was replaced with 1 ml of bath solution (NaCl 150 mM, KCl

5.4 mM, MgCl2 1.2 mM, CaCl 1.8 mM, glucose 10 mM, HEPES

10 mM, pH 7.4 (NaOH)), containing 5mM Fura-2(AM) and

incubated for 60 min at 371C in humidified air with 5% CO2.

Fluorescence measurements were performed on a Perkin

Elmer LS50B spectrophotometer with an excitation wave-

length of 360 and 380 nm and emission recorded at 510 nm;

results are expressed as a ratio of 360/380 nm.

Western blotting

Proteins were fractionated by SDS-polyacrylamide gel elec-

trophoresis and electrophoretically transferred onto nitro-

cellulose membrane (Protran, Whatman, GmbH, Germany).

Membranes were probed with antibodies raised against

phospho-ERK, phospho-38 MAP kinase, IkBa, total p38

and total ERK, and protein expression determined by

chemiluminescence.

Data analysis

Results are expressed as means7s.e.m. from the number

of experiments shown. Statistical analysis was by analysis

of variance followed by Dunnett’s test for multiple com-

parisons. P values o0.05 were taken to show significant

differences between means.

Reagents

All materials used were of the highest commercial grade

available and were purchased from Sigma (Dorset, UK) unless

otherwise stated. The p38 MAP kinase inhibitor, SB203580,

JNK inhibitor, SP600125 and MEK inhibitors, PD98059 and

U0126, were obtained from Calbiochem (San Diego, CA,

USA). Antibodies raised against phosphorylated forms of ERK

and p38 MAP kinase were purchased from Biosource (CA,

USA), anti-IkBa, anti-ERK1/2 and p38 MAP kinase antibodies

were purchased from Santa Cruz Biotechnology (CA, USA),

interleukin-1b (IL-1b) and tumour necrosis factor-a (TNFa)

were purchased from Insight Biotechnology (Middlesex, UK).

The PAR2 activating peptide 2f-LIGKV-OH was a kind gift

of the Kowa Company Ltd. (Tokyo, Japan).

Results

Cytokine-mediated upregulation of PAR2 and PAR4 mRNA and

functional responses in HUVECs

In initial experiments, a number of endothelial cell agonists

were assessed for their ability to increase PAR2 mRNA

expression using semi-quantitative PCR (Figure 1). TNFa
(10ng ml�1) stimulated a significant increase in PAR2

expression which peaked between 8 and 12 h (data not

shown) and stayed elevated for 24 h, the time point is

represented in panels a and b. IL-1b and PMA, but not

uridine triphosphate (UTP), also stimulated a strong increase

in the expression of PAR2, approximately three-fold of basal

values. In addition, activation of PAR2 itself either using

trypsin or the selective PAR2-activating peptide (AP),

2f-LIGKV-OH (Kawabata et al., 2004), also significantly

enhanced the expression of PAR2 mRNA. Quantitative PCR

confirmed that TNFa increased PAR2 expression over a 24 h

time course (Figure 1c). No change in PAR1 and 3 was

detected; however, PAR4 mRNA was also enhanced by TNFa
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pre-treatment, albeit with somewhat slower kinetics than

PAR2. Nevertheless, levels of both PAR2 and PAR4 mRNA

were similar by 24 h after stimulation.

The cytokine-mediated increase in PAR2 expression was

further examined using immunofluorescence (Figure 2a). In

non-stimulated cells there was considerable staining with

a substantial amount within the cytosol, presumably in

the Golgi. However, following TNFa treatment there was

a marked increased in staining at the plasma membrane

confirming increased PAR2 expression. However, Western

blotting of PAR2 in either whole-cell extracts or purified

plasma membranes generated multiple non-specific bands

with no observed increase in any relevant bands following

cytokine pre-treatment (data not shown). Thus, to confirm

that TNFa and also other agents increased functional PAR2

receptor expression at the membrane, stimulation of [3H]IP

accumulation and Ca2þ mobilization was assessed (Figure 2b

and c). In control HUVECs stimulation with 2f-LIGKV-OH

for 30 min increased [3H]IP accumulation, but 24 h before

treatment with TNFa caused the 2f-LIGKV-OH-stimulated

[3H]IP accumulation to increase further above the relevant

control (Figure 2b). IL-1b and LPS had a similar effect to

TNFa; however, following PMA pre-treatment, no significant

change in 2f-LIGKV-OH-stimulated [3H]IP accumulation was

observed over that for the untreated control (1.3370.64-fold

of basal). Furthermore, despite increasing PAR-2 mRNA,

pretreatment of the cells with trypsin did not significantly

augment subsequent peptide stimulation of [3H]IP accumu-

lation (2.4070.40 versus 1.7770.6).

When intracellular Ca2þ mobilization was assessed using

the Ca2þ fluorescent dye Fura-2(AM), a similar pattern was

obtained (Figure 2c), cytokine pretreatment, as exemplified

by TNFa, was found to enhance significantly Ca2þ signalling

in responses to 2f-LIGKV-OH. In preliminary control experi-

ments, we used UTP as a PAR2 agonist and found that TNFa
failed to enhance the Ca2þ signal in response to this agonist

(data not shown), suggesting that the effect of TNFa in these

experiments was associated with effects upon PAR2 upregu-

lation. Attempts to assess PAR4 upregulation by assessing

immunofluorescence, Western blotting, IP accumulation

and Ca2þ mobilization were not successful; either immuno-

fluorescence or Western blotting revealed non-specific

binding, and PAR4 stimulation gave no increase in IP

accumulation or Ca2þ mobilization (data not shown).

The role of p38 MAP kinase in the induction of PAR2 and PAR4

in HUVECs

The activation of candidate MAP kinases and NFkB signalling

by agonists that regulate PAR2 expression is shown in

Figure 3. TNFa and IL-1b were found to be strong activators

of p38 MAP kinase (Figure 3a), which on some occasions

gave a double-band indicative of activation of two isoforms

of the enzyme. JNK was also strongly activated (data not

shown) but ERK phosphorylation was increased differently,

with TNFa being largely ineffective (Figure 3b). Both

cytokines gave a strong activation of IkBa loss, indicative of

NFkB activation (Figure 3c). In contrast, trypsin or the PAR2-
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AP (data not shown) while giving a moderate activation

of p38 MAP kinase (Figure 3a), induced no loss of IkBa
expression (Figure 3c).

The effect of kinase inhibition upon PAR2 expression was

then assessed by semi-quantitative PCR (Figure 4). Three

recognized inhibitors of MAP kinase activation were used

over concentration ranges used previously in our laboratory

(Cameron et al., 2003). Pretreatment of cells with SB203580

markedly reduced PAR2 mRNA levels, suggesting a role

for p38 MAP kinase in the regulation of PAR2 expression

(Figure 4a and e). In contrast, inhibition of ERK or JNK

by pretreatment with PD098059 and U1026: both MEK-1

inhibitors and the JNK inhibitor, SP100625, did not signi-

ficantly decrease PAR2 mRNA expression (Figure 4a, b and e).

Infection of cells with Adv. DN-p38 MAP kinase b (Figure 4d

and e) also significantly reduced the TNFa-mediated

enhanced PAR2 expression, confirming a role for p38 MAP

kinase. The 2f-LIGKV-OH-mediated increase in PAR2 expres-

sion was also significantly inhibited by SB203580 (Figure 4c

and e).

The effect of p38 MAP kinase inhibition upon the

expression of other PARs was examined further in Figure 5

using quantitative PCR. Confirming the results in Figure 4,

PAR2 expression was strongly inhibited by SB203580 over

a range of concentrations. However, we found that PAR4

expression was also completely abolished, showing a greater

sensitivity than PAR2, to inhibition of p38 MAP kinase. In

contrast, mRNA expression for PAR1 and PAR3 was not

significantly altered by addition of SB203580, suggesting

a lack of p38 MAP kinase involvement in the regulation

of expression of these receptors (data not shown).

The role of p38 MAP kinase in the regulation of functional

PAR2 receptor expression was assessed by measuring

PAR2-AP-stimulated [3H]inositol phosphate accumulation

(Figure 6a) and intracellular Ca2þ mobilization (Figure 4b)

following treatment with SB203580. TNFa potentiated the

increases in [3H]IP accumulation and [Ca2þ ]i stimulated by

PAR2-AP. However, in cells incubated with SB203580 before

pretreatment with TNFa, this potentiation was lost. A similar

result was also observed for IL-1b (panel A) at the level of IP

accumulation and in preliminary results at the level of Ca2þ

mobilization (data not shown).

The role of NFkB signalling in PAR2 and PAR4 induction

in HUVECs

As TNFa and other endothelial cell agonists were also able to

activate NFkB signalling as assessed by IkBa degradation, the

role of NFkB signalling in the regulation of PAR2 expression

was also examined (Figure 7). Cells were infected with vector

control, which had no significant effect upon PAR2 expres-

sion (Figure 7a), or Ad.IKKa-/þ , Ad.IKKbþ /� and Ad.IkBa
(Figure 7b), and subsequently stimulated with IL-1b rather

than TNFa, as TNFa is known to initiate cellular apoptosis
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under conditions of NFkB inhibition (Senftleben et al.,

2001b). Under conditions shown to give greater than

90% cellular infection (Liu et al., 2001), infection with

Ad.IKKbþ /� was found to inhibit substantially IL-1b-

stimulated PAR2 expression (Figure 7d). Infection with

Ad.IKKaþ /� and Ad.IkBa also reduced PAR2 expression,

but to a lesser extent than that observed for Ad.IKKbþ /�.

Basal expression was also reduced following infection with

any of the three constructs; however, fold stimulation

remained significantly reduced for DN-IKKbþ /� (Figure 7d).

Pharmacological inhibition of IKKb using the IKKb inhi-

bitor SC514 (Gomez et al., 2005) also resulted in a sub-

stantial inhibition of both control and IL-1b-induced

PAR2 expression (Figure 7c and d), again supporting a role

for IKKb.

A similar profile was also obtained for PAR4 when assessed

in conjunction with PAR2 using real-time PCR (Figure 8).

Figure 8a shows an almost identical profile in PAR2 expres-

sion following adenovirus expression as that shown

previously using semi-quantitative PCR; Ad.IKK bþ /� was

the most effective inhibitor of PAR2 expression. In panel B,

IL-1b-stimulated PAR4 upregulation was found to be signi-

ficantly reduced following infection with Ad.IKKbþ /� and

Ad.IkBa. All three constructs also decreased basal expression

of PAR4, suggesting that both basal- and agonist-stimulated

expression are affected by inhibition of the NFkB pathway.

The effects of NFkB inhibition on functional PAR2 receptor

expression as assessed by either [3H]inositol phosphate

accumulation or intracellular Ca2þ activation are shown in

Figure 9. In control cells, stimulation by 2f-LIGKV-OH

of [3H]inositol phosphate accumulation was significantly

enhanced by IL-1b pre-treatment (Figure 9a). Infection with

either Ad.IKKaþ /� or Ad.IKKbþ /� substantially reduced

the potentiated response; Ad.IKKbþ /� was more effective

and reduced the 2f-LIGKV-OH response following IL-1b
treatment to basal values, although a significant AP-stimu-

lated response was still obtained following treatment of

the Ad.IKKaþ /�-infected cells with IL-1b and AP. Similarly,
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infection with Ad.IKKbþ /� essentially abolished all AP-

induced Ca2þ responses in pretreated cells but with

Ad.IKKþ /� infection, a residual AP response remained.

Discussion

In this study we have, for the first time, elucidated the

intracellular mechanisms by which cytokines and GPCRs,

including PAR2 itself, regulate the expression of PAR2

in endothelial cells. Both semi- and quantitative PCR

revealed selective upregulation of PAR2 and PAR4 in

HUVECs occurring with similar kinetics, PAR2 expression

being maximal by 8 h, whereas PAR4 expression did not

reach maximal levels until 12 h. Cytokine-mediated PAR2

mRNA induction was accompanied by a marked increase in

functional activation of the receptor, an effect previously

observed in vivo following LPS treatment (Cicala et al., 1999)

and indicative of an increase in receptor expression. In

contrast, we found that despite increases in PAR4 mRNA,

similar increases in functional response for this receptor

could not be reproduced. Increases in [3H]IP or [Ca2þ ]i in

response to PAR4 peptide were not observed, not even when

pretreated with TNFa. The functional expression of PAR4 on

endothelial cells is controversial, as vessel-specific responses

have been noted. However, recent reports have shown PAR4-

mediated responses in HUVECs (Syeda et al., 2006) and, in

one report, NO release in the absence of increases in Ca2þ

(Momota et al., 2006). Thus, despite early reports indicating

PAR4 coupling to Ca2þ (Kahn et al., 1999), this may not be

the case for all cell types.

Of the candidate MAP kinases that were thought likely

to regulate PAR2 expression, our studies suggested that

p38 MAP kinase was the principal kinase involved. Empiri-

cally, agents which strongly activate p38 MAP kinase also

stimulated PAR2 expression and this was also shown in

another cell type tested, EAhy926, shown previously to be

responsive to TNFa (Paul et al., 2000) (results not shown).

Thus, as expected, TNFa, IL-1 and LPS were strong inducers of

PAR2 receptor expression (Figure 1). However, this analysis

also applied to other agents including PMA and trypsin itself,

acting via PAR2, both generating a strong p38 MAP kinase

signal. PAR2 coupling to p38 MAP kinase has previously been

shown by ourselves (Kanke et al., 2001) and others; however,

in some cell types activation of this pathway is minimal

(Sabri et al., 2000).

Further experiments using the p38 MAP kinase inhibitor

SB203580 or the DN mutant kinase, p38bþ /�, identified a

central role of p38 MAP kinase in the regulation of the

functional expression of PAR2 as both mRNA expression and

coupling to [3H]IP and [Ca2þ ]i were strongly inhibited. In

contrast, neither ERK nor JNK was implicated. Pretreatment

with PD98059, a MEK inhibitor, did reduce PAR2 expression

to a minor extent. However, this action was not reproduced

by another inhibitor U0126, suggesting a non-specific action

of PD98059 in our system. PAR2-mediated induction of PAR2

was also regulated specifically by p38 MAP kinase, demon-

strating for the first time a role for this kinase in homologous

receptor upregulation. Cytokine-mediated increases in PAR4

expression were also abolished by SB203580, suggesting

that activation of p38 MAP kinase is a common mechanism

for the upregulation of GPCRs in inflammatory disease.
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A previous study has shown upregulation of bradykinin B1

receptors to involve p38 MAP kinase and to a lesser extent

ERK (Larrivee et al., 1998), data broadly consistent with our

hypothesis.

The role of NFkB in the regulation of PAR2 and PAR4

expression was also examined. In particular, we focussed

upon the major IKKs, IKKa and IKKb, which have been

demonstrated to have regulatory roles in different aspects of

NFkB-dependent gene transcription and cellular function

(Hu et al., 1999, 2001; Li et al., 1999a). In our hands we have

found pharmacological inhibitors of the NFkB pathway to

display questionable specificity (MacKenzie et al., 2003);

while the recently synthesized selective IKKb inhibitors

(Kishore et al., 2003) have not been used in a large number

of cellular studies. At present there are no selective IKKa
inhibitors available, so we initially utilized DN adenoviral

versions of IKKa and IKKb, used previously in our laboratory

(MacKenzie et al., 2003). Our results clearly indicate a

predominant role for IKKb in the regulation of the func-

tional expression of PAR2, as not only was mRNA expression

abolished, but coupling to both [3H]IP accumulation and

[Ca2þ ]i was also significantly diminished. The effect of

Ad.IKKbþ /� is likely to be through the inhibition of the IkBa/

NFkB axis, as infection with Ad.IkBa was also effective in

reducing PAR2 expression. Our results were consistent with

previous studies, which implied an essential role for IKKb in
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cytokine-mediated NFkB DNA-binding (Li et al., 1999b;

Schwabe et al., 2001). Pharmacological inhibition of IKKb
using the novel inhibitor SC514, previously characterized in

our laboratory in human cells (Gomez et al., 2005), did

confirm the specific role of this kinase in the induction

process. While recent studies have implicated NFkB in the

upregulation of B1 receptors (Passos et al., 2004), NK1

receptors (Simeonidis et al., 2003; Weinstock et al., 2003),

adenosine A1 receptors (Nie et al., 1998) and other GPCRs by

pharmacological inhibition, ours is the first study to use

both adenoviral and pharmacological approaches to success-

fully identify a specific role for IKKb in the expression of

both PAR2 and PAR4.

It was difficult, however, to determine if any other

modulatory role for IKKa was involved in regulating PAR2

expression for example through a nuclear action. Histone

modification (Anest et al., 2003), phosphorylation of p65

NFkB (Madrid et al., 2000) or processing of larger NFkB

precursors (Senftleben et al., 2001a) are possibilities,

although there is no confirmation of these functions in cells

other than those from IKKa-deficient mice, so far. Never-

theless, as IL-1b and other major cytokines activate IKKa and

IKKb, the most parsimonious interpretation is that IKKa
plays a permissive role in PAR2 induction, at least at a basal

level. So far we have been unable to identify any genes in

HUVECs, which are selectively regulated by IKKa, suggesting

that the two kinase subunits both impinge upon the NFkB

pathway, albeit at different sites.

From the results in this study, we would conclude that a

combination of pathways is likely to be required, including a

strong activation of p38 MAP kinase and at least a partial

activation of NFkB or vice versa. In models of disease in which

PAR2 expression is increased, it is likely that these events

occur. This includes arthritis (Ferrell et al., 2003), cancer

(D’Andrea et al., 2001), lung disease (Knight et al., 2001;

Miotto et al., 2002; Lan et al., 2004) and neuronal trauma

(Striggow et al., 2001). In fibroblasts, for example, both

platelet-derived growth factor and extracellular matrix

stimulate PAR2 expression (Gruber et al., 2004) and both

factors are strong activators of p38 MAP kinase (Matsumoto

et al., 1999). We have for the first time elucidated the major

mechanistic pathways involved in the regulation of PAR2

and PAR4 expression following inflammatory challenge,

and given the importance of these receptors in inflamma-

tion, and the absence of selective, potent antagonists,

inhibition of PAR2 or PAR4 expression by inhibition

of regulatory kinase pathways may represent a novel

therapeutic strategy.
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