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Background and purpose: Here we have examined the effects of the novel peptide antagonist N-[1-(2,6-dichlorophenyl)
methyl]-3-(1-pyrrolidinylmethyl)- TH-indol-5-ylJaminocarbonyl}-glycinyl-L-lysinyl-L-phenylalanyl-N-benzhydrylamide (K-14585)
on proteinase-activated receptor (PAR),-mediated intracellular signalling events.

Experimental approach: Using NCTC2544 cells expressing PAR,, we assessed the effects of K-14585 on PAR,-mediated [*H]
inositol phosphate accumulation, MAP kinase activation, p65 NFxB phosphorylation and DNA binding and IL-8 production.
Key results: Pretreatment with K-14585 (5 uM) inhibited [*H] inositol phosphate levels stimulated by PAR-activating peptide
Ser-Leu-lle-Gly-Lys-Val (SLIGKV-OH) in PAR,-expressing NCTC2544 cells. K-14585 pretreatment did not influence PAR.-
mediated extracellular regulated kinase activation but inhibited p38 MAP kinase phosphorylation. At a higher concentration
(30 uM), K-14585 alone stimulated p38 MAP kinase activation. These effects were replicated in EAhy926 cells, endogenously
expressing PAR;, but not in parental or PARs-expressing NCTC2544 cells, suggesting these effects were PAR,-dependent.
SLIGKV-mediated stimulation of p38 MAP kinase phosphorylation was substantially reduced by the Gq11 inhibitor YM-254890,
without affecting K-14585-mediated phosphorylation. Pretreatment with K-14585 inhibited PAR,-mediated p65 NFxB phos-
phorylation and NFkB-DNA binding. K-14585 (30 uM) alone stimulated comparable NF«B reporter activity to SLIGKV-OH.
K-14585 inhibited SLIGKV-stimulated IL-8 production, but given alone increased IL-8. While SLIGKV-induced IL-8 formation was
reduced by both SB203580 and YM-254890, the response to K-14585 was sensitive to SB203580 but not YM-254890.
Conclusions and implications: These data reveal that K-14585 has a duality of action functioning both as an antagonist and
agonist due to either partial agonist actions or possible agonist-directed signalling. The data also suggest two modes of p38
MAP kinase activation emanating from PAR;, one Gq/11-dependent and the other Gq11-independent.

British Journal of Pharmacology (2009) 158, 1695-1704; doi:10.1111/j.1476-5381.2009.00415.x; published online 16
November 2009

Keywords: PARy; Gqq1 signalling; p38 MAP kinase; K-14585 peptide antagonist; inositol phosphate

Abbreviations: K-14585, N-[1-(2,6-dichlorophenyl)methyl]-3-(1-pyrrolidinylmethyl)-7H-indol-5-ylJaminocarbonyl}-glycinyl-
L-lysinyl-L-phenylalanyl-N-benzhydrylamide; PAR, proteinase-activated receptor; SLIGKV-OH, Ser-Leu-lle-Gly-

Lys-Val

Introduction

Proteinase-activated receptor-2 (PAR;) is the second member
of the proteinase-activated receptor subfamily of G-protein-
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coupled receptors (see Macfarlane et al., 2001; Ossovskaya and
Bunnett, 2004; Kanke et al., 2005). To date, four members of
the PAR family have been identified, namely PAR;, PAR;, PAR;
and PAR; (nomenclature follows Alexander et al., 2008). As
with other family members, PAR, is activated through serine
proteolytic cleavage of the amino terminal of the receptor,
thus unmasking a tethered ligand that then binds to the
receptor causing intramolecular activation (Nystedt etal.,
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1994). Serine proteases such as trypsin and tryptase serve as
the predominant endogenous activators for PAR,, while syn-
thetic activating peptides derived from the tethered ligand
sequence such as Ser-Leu-Ile-Gly-Lys-Val (SLIGKV-OH)
(human sequence), SLIGRL (murine variant) and substituted
peptides including 2fI-LIGKV are also able to stimulate
receptor activation without prior cleavage of the receptor
(Kawabata et al., 2004).

The expression of PAR, has been detected in a variety of
human tissues including blood vessels, skin, airways, brain
and gastrointestinal tract (Macfarlane et al., 2001). In fact,
PAR; activation has been shown to mediate diverse biological
functions such as blood haemostasis, skin pigmentation,
bronchoconstriction/dilation and inflammation (Ossovskaya
and Bunnett, 2004; Kanke et al., 2005). A large body of evi-
dence now supports a role for PAR, in several disease states
including neurogenic inflammation (Steinhoff et al., 2000),
arthritis (Ferrell et al., 2003; McIntosh et al., 2007), skin dis-
orders (Kawagoe et al., 2002; Seeliger et al., 2003) and colitis
(Cenac et al., 2002; 2003). Therefore, development of a selec-
tive and potent antagonist would be a potentially useful
therapy in a number of these conditions. However, in contrast
to PAR,, for which high-affinity non-peptide antagonists are
now available (Chackalamannil, 2006), the development of
PAR; antagonists is limited to a recently described low-affinity
PAR, antagonist, ENMD-1068 (Kelso etal., 2006). How-
ever, a series of peptide compounds, including N-[1-(2,
6 - dichlorophenyl)methyl] - 3 - (1 - pyrrolidinylmethyl) - 1H -
indol-5-ylJaminocarbonyl}-glycinyl-L-lysinyl-L-phenylalanyl-
N-benzhydrylamide (K-14585), have recently been developed
and characterized as moderately potent inhibitors of PAR,-
mediated vascular and inflammatory responses (Kanke et al.,
2009). The mechanism(s) of their inhibitory action was
unclear, especially at the level of intracellular signalling
events.

Therefore, in this study we sought to characterize the effects
of one of these novel peptide-mimetic PAR, antagonists,
K-14585, on the signalling pathways mediated by the PAR,-
activating peptide, SLIGKV-OH. We show here that while
K-14585 at low-micromolar concentrations inhibits distinct
signalling parameters induced by SLIGKV-OH in NCTC2544
cells stably expressing PAR,, at higher concentrations it has
agonist actions. These novel data suggest the potential of
either partial agonist activity or different agonist/receptor
signalling conformations that mediates different signalling
cassettes.

Methods

Cell culture

Human skin epithelial cells NCTC2544 were maintained in
M199 medium, 10% (v/v) foetal calf serum, 100 units
penicillin-mL™ and 100 ug streptomycin-mL™ in a humidified
atmosphere containing 5% CO, at 37°C. NCTC2544 cells
stably expressing either human PAR, (NCTC2544-PAR,) or
PAR; (NCTC2544-PAR,) were maintained in complete M199
medium containing additionally 400 ug-mL™" of Geneticin to
maintain selection pressure and passaged using Versene. A
clone expressing both PAR, and an NFxB reporter plasmid
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(NCTC2544-PAR2-NFkB cells) were grown in M199 supple-
mented with 400 pg-mL™" Geneticin and 5 ug-mL" Blasticidin
S. (Macfarlane et al., 2005). The endothelial cell hybrid line
EAhy926 was cultured as outlined previously (Paul etal.,
2000).

Inositol phosphate assay

The accumulation of [*H] inositol phosphates (inositol mono-
bis- tris- and tetrakis-phosphates; IP;_4) as an indirect index of
inositol trisphosphate formation was assayed as described pre-
viously (Plevin et al., 1994). NCTC2544-PAR, cells were grown
to confluence in 24-well plates and serum-starved to make
them quiescent for 18 h with serum-free M199 medium
supplemented with myo-[2-*H-(N)]-inositol (0.5 uCi-mL™;
1 Ci=37 GBq). Cells were pre-incubated with LiCl (10 mM) for
15 min prior to adding the appropriate concentrations of
K-14585 for a further 30 min. Cells were then stimulated with
SLIGKYV (30 uM) for 60 min. Following this, cells were washed
in ice-cold phosphate-buffered saline (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 transferred into vials containing pre-washed Dowex
formate anion exchange resin. Total inositol phosphates ([*H]-
IP,4) were eluted using elution buffer (1 M ammonium
formate, 0.1 M formic acid in distilled water). One millilitre of
the elution solution was mixed with 4 mL of scintillant fluid
(Optiphase  Hi-safe™) and quantified wusing liquid
B-scintillation counter (PerkinElmer, Waltham, MA, USA).

Western blotting of phosphorylated MAP kinase and p65 NFkB
Proteins (10 ug per lane) were separated by 10% SDS-PAGE and
transferred onto nitrocellulose (Costar, Buckinghamshire, UK).
The membranes were blocked for non-specific binding for 2 h
in 2% (w/v) bovine serum albumin (BSA) diluted in NATT
buffer [S0 mM Tris-HCI, 150 mM NacCl, 0.2% (v/v) Tween-20].
The blots were then incubated overnight with 5-10,00 dilution
(depending upon optimum titre) of primary antibody
phospho-ERK (extracellular regulated kinase), p38 or NFxB
(serine 536) diluted in 0.2% (w/v) BSA in NATT buffer. The blots
were washed with NATT buffer for 90 min and incubated with
HRP-conjugated secondary antibody [20 ng-mL™" in 0.2%
(w/v) BSA diluted in NATT buffer| for 90 min. After a further
90 min wash, the blots were subjected to ECL reagent and
exposed to Kodak X-ray film. Blots were routinely re-probed for
total ERK, p38 and NF«B as appropriate.

Electrophoretic mobility shift assay (EMSA)

NCTC2544 cells were grown to confluence on 6-well plates
and serum-starved overnight. Cells were then incubated with
the appropriate concentrations of K-14585 for 30 min before
being stimulated with SLIGKV (30 uM) for a further 60 min.
Reactions were terminated by washing cells twice with ice-
cold PBS. Cells were then removed by scraping and transferred
to Eppendorf tubes. Nuclear extracts were prepared as previ-
ously described (Schreiber etal.,, 1989) and the protein
content of the recovered samples then determined by means



of Bradford assay. Nuclear extracts (5 ug) were incubated in
binding buffer [10 mM Tris-HCI pH 7.5, 4% (v/v) glycerol,
1 mM MgCl2, 0.5 mM EDTA, 0.5 mM DTT, 50 mM NaCl,
50 ug-mL™" poly(dl-dC).poly(dI-dC)] for 30 min before the
addition of 1 pL (50 000 cpm) of *?P-labelled double-stranded
NFkB consensus oligonucleotide [5-AGT TGA GGG GAC TTT
CCC AGG C-37] (Promega, Southampton, UK) for a further
30 min. Following this, 1uL of 10x gel loading buffer
(250 mM Tris-HCI pH 7.5, 0.2% (w/v) bromophenol blue,
40% (v/v) glycerol) was added to samples, and protein/DNA
complexes were resolved by non-denaturing electrophoresis
on 5% (w/v) acrylamide slab gels. Gels were initially pre-run
in (0.5x) Tris-borate-EDTA buffer (TBE) for 30 min at 100 V
and subsequent to loading of samples electrophoresis main-
tained at 100 V for 45-60 min. Gels were dried and NF«xB/
probe complexes visualized by autoradiography.

NFxkB reporter activity assay

NCTC2544-PAR2-NFxB cells were grown to confluency in
96-well plates (flat, white with clear bottom, Costa, the Neth-
erlands) and serum-starved for 18 h before incubating the
cells with appropriate concentrations of K-14585 for 30 min.
Subsequently, cells were stimulated with SLIGKV (30 uM) for
4 h. Stimulation was terminated by aspiration of the medium;
followed by washing twice with ice-cold PBS. Cells were then
assayed for luciferase activity using the Steady Glo® kit
(Promega) according to the manufacturer’s instructions.

IL-8 ELISA

NCTC2544-PAR2 cells were grown to confluence in a 12-well
plate and incubated at 37°C and humidified with 5% CO..
Cells were then stimulated for 6 h with agents as required.
Following stimulation supernatant was collected from the
plates and cells were discarded. The 96-well plates were pre-
pared with capture antibody specific for IL-8 (1:2000) and
incubated overnight at 4°C. Capture antibody was aspirated
and replaced with blocking buffer, which was made according
to the manufacturer’s instructions. On day of the assay, block-
ing buffer was aspirated and replaced with IL-8 standards
(0-1 ng) and samples that were diluted 1:10 in assay buffer.
Once prepared, the plate was incubated at 37°C for 1 h. Fol-
lowing incubation, plate was washed three times in manufac-
turer’s wash buffer and incubated with detection antibody
specific to IL-8 (1:2500). The plate was incubated for 90 min
at room temperature, after which it was again washed and
incubated with Streptavidin HRP conjugate antibody (1:2000)
and incubated at room temperature for 1 h. The plate was
washed again (x3), and antibody replaced with the recom-
mended substrate (tetramethylbenzidine, 6 mg-mL™), and
incubated at room temperature for 30 min. Following colour
change, manufacturers stop solution was added and the plate
read at 450 nm.

Data analysis

Where experimental data are shown as gels these represent
one of at least three experiments. Densitometry measurement
was performed by using Scion Image programme. Luciferase
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experiments were performed at least three times as quadru-
plicate. Data were expressed as mean *+ SEM. Statistical analy-
sis was performed by one-way ANOVA with Dunnett’s post hoc
test (P < 0.05, P < 0.01).

Materials

All materials used were of highest grade available and were
purchased from Sigma-Aldrich Co. Ltd. (Poole, UK) unless
otherwise stated. Foetal calf serum, Medium 199 with Earl’s
salt supplement (M199), G418 were purchased from Invitro-
gen (Paisley, UK). Antibodies against phospho-ERK, ERK, p38
MAP kinase and p65 NFkB were obtained from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA, USA); phospho-p65 NF«xB
from New England Biolab (UK) and phospho-p38 MAP kinase
from GE Healthcare UK, Ltd (Little Chalfont, UK). HRP-
conjugated antibodies were from Invitrogen. K-14585 was a
kind gift from Kowa Ltd., Tokyo, Japan. YM-254890 was a
kind gift of Astellas Pharma. Inc, Tokyo, Japan.

Synthesis of PAR; antagonist

The peptide mimetic PAR, antagonist, K-14585, was synthe-
sized at Kowa Tokyo New Drug Research Laboratories as out-
lined previously (Kanke et al., 2009). The chemical structure
was confirmed by nuclear magnetic resonance and mass spec-
trometry. The purity of compound (>95%) was determined by
high-performance liquid chromatography. The compound
was dissolved in DMSO, and aliquots were kept at —20°C until
use. The human PAR,-activating peptide, SLIGKV-OH, were
synthesized and purified (>95%) by high-performance liquid
chromatography, and the structures were confirmed by mass
spectrometry.

Results

We selected K-14585 for the study as it was found to be found
to be the most potent test compound (Kanke et al., 2009) and
examined a number of PAR,-mediated signalling cascades in
NCTC2544-PAR,; cells (Kanke et al., 2001). Figure 1 shows that
SLIGKV (30 uM) induced an increase of approximately sixfold
of basal control in the accumulation of total [*H] inositol
phosphate in NCTC2544-PAR, cells. This response was signifi-
cantly inhibited by K-14585 at 5 and 30 uM giving 67 = 4.6%
and 68.4 = 10.4% (n = 4) inhibition of the peptide response.
Notably, K-14585 at all the concentrations tested did not
significantly alter the basal level of total [*H] inositol
phosphate accumulation. Studies also sought to determine
whether trypsin-mediated [*H]-IP accumulation could be
similarly effected. Pretreatment of the cells with concentra-
tions of K-14585 up to 30 uM gave a small but significant
inhibition of trypsin-stimulated [*H]-IP accumulation;
however, this was as little as 20-30% maximum (fold
response; trypsin 30 nM = 12.3 = 2.1 trypsin plus K-14585
BOuM) =9.6 = 1.6 n=3, P <0.05). This pattern of inhibition
is in keeping with data obtained previously for this
compound (Kanke et al., 2009).

We then investigated the effects of K-14585 on PAR,-
mediated phosphorylation of ERK and p38 MAP kinase, using

British Journal of Pharmacology (2009) 158 1695-1704
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Figure 1 Inhibitory effect of K-14585 on proteinase-activated

receptor (PAR),-mediated [*H] inositol phosphates (IP) accumulation
in NCTC2544-PAR, cells. NCTC2544-PAR, cells pre-labelled with
0.5 uCi-mL™" of [*H]-2-myoinositol overnight and pre-incubated
with 10 mM LiCl were pretreated with vehicle (0.1% DMSO)
(-) or 1-30uM of N-[1-(2,6-dichlorophenyl)methyl]-3-(1-
pyrrolidinylmethyl) - TH -indol -5-ylJaminocarbonyl}-glycinyl-L-lysinyl-
L-phenylalanyl-N-benzhydrylamide (K-14585) for 30 min prior to
stimulation with 30 uM Ser-Leu-lle-Gly-Lys-Val (SLIGKV-OH) for an
additional 45 min. Samples were assessed for [*H]-IP accumulation as
outlined in the Methods. Each value represents the mean = SEM of
at least three experiments. *P < 0.05 compared with SLIGKV-OH
stimulation.
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Figure 2 The effect of N-[1-(2,6-dichlorophenyl)methyl]-3-(1-
pyrrolidinylmethyl)-7H-indol-5-ylJaminocarbonyl}-glycinyl-L-lysinyl-L-
phenylalanyl-N-benzhydrylamide (K-14585) on Ser-Leu-lle-Gly-Lys-Val
(SLIGKV-OH)-stimulated phosphorylation of extracellular
regulated kinase (ERK) in NCTC2544-PAR; cells. NCTC2544-PAR; cells
were serum-starved and incubated with 1-30 uM of K-14585 for
30 min prior to stimulation with 30 uM SLIGKV-OH for an additional
5 min. Samples were assessed for ERK phosphorylation or total ERK
expression as outlined in the Methods. Blots were quantified by
densitometry and each value represents the mean = SEM of at least
3—4 experiments.
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Figure 3 Dual effect of N-[1-(2,6-dichlorophenyl)methyl]-3-(1-

pyrrolidinylmethyl)-1H-indol-5-ylJaminocarbonyl}-glycinyl-L-lysinyl-L-
phenylalanyl-N-benzhydrylamide (K-14585) on Ser-Leu-lle-Gly-Lys-Val
(SLIGKV-OH)-stimulated p38 MAP kinase phosphorylation in
NCTC2544-PAR; cells. NCTC2544-PAR, cells were serum-starved and
incubated with 1-30 uM of K-14585 for 30 min prior to stimulation
with 30 uM SLIGKV-OH for an additional 5 min. Samples were
assessed for p38 MAP kinase phosphorylation or total p38 MAP kinase
expression as outlined in the Methods. Blots were quantified by
densitometry and each value represents the mean = SEM, n = 4.
*P < 0.05 compared with SLIGKV stimulation, #P < 0.05 from
control values.

Western blotting to determine if there were any differences in
sensitivity to inhibition by K-14585. SLIGKV-OH (30 uM)
stimulated the phosphorylation of ERK in NCTC2544-PAR,
cells, producing an increase of 8.9 = 0.4-fold in activity
(Figure 2). This response, however, was not significantly
affected by pretreatment of the cells with K-14585. Interest-
ingly, K-14585 (30 uM) alone, when added to cells, was able to
stimulate a small increase in ERK activation, resulting in a
2.8 = 1.1-fold increase in phosphorylation.

A similar but more striking result was obtained for p38 MAP
kinase (Figure 3). The SLIGKV-OH (30 uM) caused a marked
increase in the phosphorylation of p38 MAP kinase. This
response was observed to be inhibited at 5 uM of K-14585
whereas at 30 pM no inhibition was observed. Surprisingly, at
this higher concentration, K-14585 alone was observed to
increase p38 MAP kinase phosphorylation, to a small but
significant extent (P < 0.05), although not as great as that
produced by SLIGKV-OH alone.

In order to confirm that the effects of K-14585 on SLIGKV-
stimulated signalling parameters measured in NCTC2544-
PAR, were solely due to its effect on PAR,, we carried out
similar experiments in the parental cell line, NCTC2544
(Figure 4A). Stimulation of the cells with SLIGKV-OH (30 uM)
did not induce the phosphorylation of ERK or p38 MAPK or
p65 NFkB. Compound K-14585, at all concentrations tested,
also did not elicit any effects on the parameters measured,
suggesting its actions are indeed PAR,-specific. NCTC2544
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Figure 4 Lack of effect of N-[1-(2,6-dichlorophenyl)methyl]-3-(1-
pyrrolidinylmethyl) - TH -indol -5-ylJaminocarbonyl}-glycinyl-L-lysinyl-
L-phenylalanyl-N-benzhydrylamide (K-14585) in parental NCTC2544
cells and proteinase-activated receptor (PAR), NCTC2544 cells.
Parental NCTC2544 cells (A) or PARs-expressing cells (B) were serum-
starved and incubated with 1-30 uM of K-14585 for 30 min prior to
stimulation with 30 uM Ser-Leu-lle-Gly-Lys-Val (SLIGKV-OH) (A) or
3U-mL" thrombin (B) for an additional 5 min. Samples were
assessed for extracellular regulated kinase (A), p38 MAP kinase (A and
B) or p65 NFkB phosphorylation (A) as indicated and as outlined in
the Methods. Each blot is representative of at least two others.
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express moderate amounts of PAR; (Kawabata et al., 2004)
suggesting no effect of K-14585 upon this subtype. Further-
more, K-14585 had no discernable effect upon basal or
thrombin-mediated p38 MAP kinase phosphorylation in cells
overexpressing PAR, (Figure 4B).

While our studies suggest that the effect of K-14585 is likely
to be PAR,-specific we assessed effects in EAhy926 cells that
endogenously express PAR, (Paul et al., 2000). In this cell line
we found that SLIGKV-OH stimulated an increase in [*H]
inositol phosphates, which was significantly reduced (P <
0.05) following pre-incubation with K-14585 at concentra-
tions up to 30 uM (Figure SA). However, when assessing p38
phosphorylation we found that, while pre-incubation with a
low concentrations of K-14585 (5 uM) was able to inhibit
stimulation in response to SLIGKV-OH (P < 0.05, n = 4), at a
much higher concentration (30 uM), K-14585 given alone
was able to stimulate a significant increase in phosphoryla-
tion of p38 (Figure 5B). This again links the effects of K-14585
with the expression of PAR,.

We sought to investigate the activation of p38 MAP kinase
by K-14585 further, by assessing the involvement of upstream
intermediates in the activation of p38 MAP kinase (Figure 6).
Cells were pre-incubated with the Gy, inhibitor YM-254890
(Takasaki et al., 2004). At a concentration of 100 nM, which
essentially abolished [*H] inositol phosphates accumulation
in PAR, stimulated cells (Goon Goh et al., 2008), SLIGKV-OH-
mediated stimulation of p38 MAP kinase was partially
inhibited by incubation with YM-254890. However, phospho-
rylation of p38 MAP kinase in response to K-14585 was not
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Figure 5 The effects of N-[1-(2,6-dichlorophenyl)methyl]-3-(1-
pyrrolidinylmethyl) - TH-indol -5-ylJaminocarbonyl}-glycinyl-L-lysinyl-
L-phenylalanyl-N-benzhydrylamide (K-14585) on [*H] inositol
phosphates (IP) accumulation and p38 MAP kinase are replicated in
EAhy926 cells. EAhy926 cells were serum-starved and incubated with
1-30 uM of K-14585 for 30 min prior to stimulation with 30 uM
Ser-Leu-lle-Gly-Lys-Val (SLIGKV-OH) for an additional 60 min (A) or
5 min (B). Samples were assessed for [*H]-IP accumulation (A) and
p38 MAP kinase phosphorylation or total p38 MAP kinase expression
(B) as outlined in the Methods. Blots were quantified by densitometry
and each value represents the mean * SEM from three experiments.
*P < 0.05 compared with peptide stimulation.

significantly inhibited. This strongly suggests the presence of
two PAR,-dependent pathways activating p38 MAP Kkinase,
one dependent upon Gy and the other Gyi-independent,
which can be activated by K-14585.

Work from our laboratory has previously shown that PAR,
stimulates NFkB activity at the levels of NFkB-DNA binding
and transcriptional activity (Kanke ef al., 2001; Macfarlane
et al., 2005). We therefore examined the effects of K-14585 on
PAR,-mediated NF«xB activation (Figure 7). SLIGKV (30 uM)
induced the phosphorylation of p65 NFkB (Figure 7A). Pre-
treatment of the cells with K-14585 (all concentrations tested)
significantly attenuated the response produced. Alone,
K-14585 did not significantly alter basal p65 NFkB

British Journal of Pharmacology (2009) 158 1695-1704
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Figure 6 N-[1+(2,6-dichlorophenyl)methyl]-3-(1-pyrrolidinylmethyl)-
TH-indol-5-yl]laminocarbonyl} - glycinyl - L-lysinyl - L-phenylalanyl-N-
benzhydrylamide (K-14585) activated p38 MAP kinase in a
Ggni-independent manner in NCTC2544-PAR; cells. NCTC2544-PAR,
cells were serum-starved and incubated with 100 nM of YM-254890
for 30 min prior to stimulation with 30 uM K-14585 or Ser-Leu-lle-
Gly-Lys-Val (SLIGKV-OH) for an additional 5 min. Samples were
assessed for phosphor-p38 MAP kinase or total p38 levels as outlined
in the Methods. Blots were quantified by densitometry and each value
represents the mean = SEM from three experiments. **P < 0.05
compared with peptide stimulation.

phosphorylation at any concentrations tested. NFkB-DNA
binding activity was similarly affected (Figure 7B). Binding in
response to SLIGKV-OH was significantly reduced by 30 and
SuM of K-14585 with 83 + 6% inhibition and 52 + 4%
inhibition respectively. Again, K-14585 (30 uM) alone did not
enhance the basal PAR,-mediated NFxB-DNA binding activity.
TNFo (20 ng-mL™) was employed as a negative control in this
study and as expected, NFkB-DNA binding activity stimulated
by TNFo remained unaffected in the presence of 30 uM
K-14585.

As K-14585 appeared to inhibit both PAR,-stimulated NF«xB
phosphorylation and DNA binding, we then sought to evalu-
ate K-14585 on PAR,-induced NFxB-mediated transcriptional
activity. As shown in Figure 8A, SLIGKV-OH (30 uM) caused a
substantial increase in NFkB-linked luciferase reporter activity
in NCTC2544-PAR,-NFxB cells. This response was signifi-
cantly reduced by 5 pM K-14585 (70 £ 14% inhibition), with
no significant alteration observed following pretreatment of
the cells with 30 and 1 uM K-14585. Surprisingly, compound
K-14585 (30 uM) alone also induced a marked response, the
magnitude of which was comparable with that induced by
SLIGKV-OH. Our data suggest that K-14585 was able to stimu-
late the phosphorylation of p38 MAP kinase and increase
NFxB reporter activity; hence it is possible that these path-
ways are linked. However, pretreatment with the p38 MAP
kinase inhibitor SB203580 (10 uM) did not appear to inhibit
the NFxB-transcriptional activity stimulated by K-14585 or
SLIGKV-OH (Figure 8B).

We also examined the effects of K-14585 on functional
cellular responses in terms of IL-8 production (Figure 9).
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Figure 7 Inhibition of PAR,-mediated p65 NFkB phosphorylation

and DNA binding by N-[1-(2,6-dichlorophenyl)methyl]-3-(1-
pyrrolidinylmethyl) - TH -indol -5-ylJaminocarbonyl}-glycinyl-L-lysinyl-
L-phenylalanyl-N-benzhydrylamide (K-14585) in NCTC2544-PAR;
cells. NCTC2544-PAR; cells were serum-starved and incubated with
1-30 uM of K-14585 for 30 min prior to stimulation with 30 uM
Ser-Leu-lle-Gly-Lys-Val (SLIGKV-OH) for an additional 30 (A) or 60 min
(B). Samples were assessed for p65 NFxB serine 536 phosphorylation
(A) or NFkB-DNA binding (B) as outlined in the Methods. Blots were
quantified by densitometry and each value represents the mean *
SEM. *P < 0.05 compared with peptide stimulation; **P < 0.01; n=4.

SLIGKV-OH alone stimulated IL-8 production over 8h,
equivalent to a 7.6 * 0.9-fold increase of the unstimulated
output (Figure 9A). Pre-incubation with K-14585 reduced
SLIGKV-OH-mediated IL-8 formation at 5 and 10 uM,
however at 30uM K-14585 significantly enhanced the
response. Exposure to K-14585 alone at 30 uM stimulated IL-8
production as well as SLIGKV-OH (8 = 0.4-fold; n = 6)
(Figure 9B,C) consistent with its duality of action. In consid-
ering the roles of signalling pathways in the actions of
SLIGKV-OH or K-14585, we examined the contribution of p38
MAP kinase and Gg1; pathways. Pre-incubation with the p38
MAP kinase inhibitor, SB203580, significantly reduced IL-8
production in response to SLIGKV-OH or K-14858 (Figure 9B).
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Figure 8 N-[1-(2,6-dichlorophenyl)methyl]-3-(1-pyrrolidinylmethyl)-
TH-indol-5-yllaminocarbonyl} - glycinyl - L-lysinyl-L-phenylalanyl-N-
benzhydrylamide (K-14585) activated p38 MAP kinase-independent
NFxB reporter activity in NCTC2544-PAR,-NFxB cells. NCTC2544-
PAR; cells stably expressing a 3x NFxB reporter construct were pre-
incubated with 1-30 uM of K-14585 for 30 min prior to stimulation
with 30 uM Ser-Leu-lle-Gly-Lys-Val (SLIGKV-OH) for an additional 4 h
(A). In (B) cells were pre-incubated with 10 uM SB203580 30 min
prior to addition of SLIGKV-OH (30 uM) or K-14585 (30 uM) for a
further 4 h. Samples were assessed for luciferase activity as outlined in
the Methods. Each value represents the mean = SEM. *P < 0.05
compared with peptide stimulation, n=4. #P < 0.05 compared with
unstimulated control.

In contrast, only IL-8 production in response to SLIGKV-OH
was sensitive to inhibition by YM-254890, and the response
to K-14585 was not significantly affected (SL+ YM =73 = 5%
inhibition; K-14585 + YM = 7 * 4% inhibition) (Figure 9C).

Discussion

This study has addressed the inhibition of PAR,-mediated
signalling using the novel compound K-14585, a putative
PAR, competitive antagonist (Kanke et al., 2009). Despite the
fact that PAR, exhibits pro-inflammatory roles in various
pathological conditions, a decade after the receptor’s dis-
covery there is still no potent PAR, antagonist available.
Recently we have utilized the compound ENMD-1068 (Kelso
etal., 2006) and while it has PAR,-antagonistic activity, its
potency is low with effects in the low millimolar range. Com-
pound K-14585 is a novel synthetic peptide derived from the
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Figure 9 N-[1-(2,6-dichlorophenyl)methyl]-3-(1-pyrrolidinylmethyl)-
TH-indol-5-ylJaminocarbonyl} - glycinyl-L-lysinyl -L - phenylalanyl-N-
benzhydrylamide (K-14585) stimulated p38 MAP kinase-dependent
but Ggni-independent IL-8 production in NCTC2544-PAR; cells.
NCTC2544-PAR, cells were serum-starved and incubated with
5-30 uM of K-14585 for 30 min prior to stimulation with 30 uM
Ser-Leu-lle-Gly-Lys-Val (SLIGKV-OH) for an additional 8 h (A). In (B
and C) cells were pre-incubated with either SB203580 (10 uM) or
YM-254890 (100 nM) prior to stimulation with SLIGKV-OH or
K-14585 for an additional 8 h. Samples were assessed for IL-8 pro-
duction as outlined in the Methods. Each value represents the repre-
sents the mean = SEM, (n = 4). *P < 0.05 compared with peptide
stimulation; **P < 0.01.

PAR,-tethered ligand sequence and has recently been charac-
terized for its effects upon PAR,-mediated receptor binding
and a number of peptide-induced functional responses
(Kanke et al., 2009). Therefore, we sought to investigate the
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inhibitory effects of compound K-14585 on different PAR,-
coupled signalling effector systems.

The effects of compound K-14585 on PAR,-mediated inosi-
tol trisphosphate (IP;) production (measured indirectly as
total [*H] inositol phosphates; 1P,4), MAP kinase activation
and NFxB signalling were examined in clone G cells, a
keratinocyte cell line that stably expresses PAR,. The data
presented here showed that compound K-14585 at
concentrations up to 30 uM significantly reduced the total
inositol phosphate production stimulated by the PAR,
peptide. As inositol phosphate formation is an early event in
the PAR, signalling cascade, this is likely to reflect receptor
inhibition. In contrast, K-14585 was only moderately effective
against trypsin-mediated [*H] inositol phosphate accumula-
tion, a result consistent with other responses such as NFxB
reporter activity (Kanke ef al., 2009). This difference in ability
to inhibit protease and activating peptide stimulated
responses is a characteristic of this family of receptor and for
PAR; only recently have antagonists been shown to inhibit
successfully both PAR;-activating peptide and thrombin
responses (Andrade-Gordon et al., 1999; Damiano et al., 2003;
Maryanoff et al., 2003). It is likely that differences in the three
dimensional structure of the tethered ligand relative to the
peptide in aqueous solution makes inhibition of the latter
easier to achieve and is a clear limitation in the current devel-
opment of PAR; antagonist drugs. Alternatively it may suggest
that the peptide SLIGKV-OH binds to a site partially distinct
from the tethered ligand binding site and that K-14585 only
competes for binding to this site. Nevertheless, K-14585
appears to be more potent than ENMD-1068, which has a
potency in the low millimolar range (Kelso et al., 2006).

While pretreatment with lower concentrations of K-14585
was able to inhibit SLIGKV-stimulated intracellular signalling
events including [*H] inositol phosphate accumulation
(Figure 1) and NFxB activation (Figure 7), we found that the
compound at higher concentrations was able to activate p38
MAP kinase and to a lesser extent ERK. These findings were
replicated in cells endogenously expressing PAR, but not in
the parental NCTC2544 cells suggesting a degree of selectiv-
ity. These results also suggest the potential for K-14585 to
have a possible partial agonist activity such that at lower
concentrations antagonism is observed but at higher concen-
trations activation results. Alternatively, some sort of
additional interaction with the receptor occurs at higher
concentrations. The first scenario, however, is less likely as at
a high concentration of K-14585, no activation of either [*H]
inositol phosphate accumulation, phosphorylation of p65
NFxB or NFkB-DNA binding was observed. The effect was
clearly pathway-specific suggesting two modes of interaction
with the receptor, one as an antagonist, the other as an
activator. Recent analysis of agonist/receptor interactions sup-
ports this second interpretation (Baker and Hill, 2007).
Studies show that receptors such as the f;-adrenoceptor may
have two ligand binding sites, orthosteric and allosteric, each
with differing pharmacological properties (Granneman, 2001;
Molenaar, 2003). These different agonist/receptor conforma-
tions have the potential to couple to different signalling path-
ways. For example, propranolol is an inverse agonist at the
level of cAMP accumulation, but a partial agonist at the level
of ERK activation, an action that is G-protein-independent
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(Azzi et al., 2003). Similar types of dual G-protein-dependent
and independent coupling to ERK and other intermediates
have recently been demonstrated for PAR, (Wang and DeFea,
2006; Kumar et al., 2007) but not as described here, as a
consequence of distinct ligand/receptor interactions. It is pos-
sible that K-14585 could activate PAR, to promote epidermal
growth factor receptor transactivation (Darmoul et al., 2004);
however, our studies show that PAR,-mediated activation
of kinase signalling was not affected by epidermal growth
factor receptor inhibitors. Thus, further experimentation
is required using better pharmacological tools to probe this
phenomenon.

Nevertheless, the potential of agonist/receptor-specific sig-
nalling pathways was further exemplified by examining more
closely Ggni-dependent p38 MAP kinase activation. While
activation by SLIGKV-OH was partly inhibited by the G
inhibitor YM-254890 (Takasaki et al., 2004) suggesting some
role for Gg11, the response to K-14585 was not, suggesting two
different modes for p38 MAP kinase activation emanating
from the receptor. We have previously tried to assess the
involvement of Gy1: in PAR; signalling indirectly by examin-
ing the role of Ca*-dependent protein kinase C in the regu-
lation of ERK and p38 MAP kinase phosphorylation
(Macfarlane et al., 2005), and these studies strongly suggest no
role for Gy1 in this regard. However, these studies utilized
high concentrations of the agonist trypsin, which might pref-
erentially activate Gg1,-independent signalling. The concen-
tration of SLIGKV-OH used in the current study was low,
30 uM, allowing a Gy dependency to be revealed for p38
MAP kinase. The lack of G411 dependency was also observed
using the novel peptide 2f-LIGKV-OH (results not shown),
suggesting that certain PAR, peptide substitutions might gen-
erate a specific ligand/receptor receptor conformation and
may explain the more prolonged action of 2{-LIGKV-OH
in vivo (Ferrell ef al., 2003), presumed previously to be due to
resistance of the substituted peptide to degradation (Kawabata
etal., 2004). Furthermore, the Gqi1-dependent component
did not extend to ERK activation, SLIGKV-OH stimulation of
ERK activation was not inhibited by YM-254890 (results not
shown), and this would be in keeping with the dependency of
PAR; ERK signalling upon B-arrestins (Wang and DeFea, 2006;
Kumar et al., 2007), similar to that observed with for other
G-protein-coupled receptors such as the vasopressin V,
(Charest et al., 2007) and angiotensin AT, (Wei et al., 2003)
receptors. K-14585 alone caused a small, twofold to threefold
increase, in ERK activation and this activation was found to
be wholly Ggii-independent.

When assessing the NFkB pathway, the dual effects of
K-14585 was also revealed. K-14585 was able to strongly
inhibit both p65 NFxB phosphorylation and NFxB-DNA
binding. Both these events are regulated by upstream activa-
tion of the inhibitory B kinases (Kanke et al., 2001), and we
have previously demonstrated that inhibitory «B kinase acti-
vation is, in turn, likely to be regulated by Ca*-dependent
protein kinase C-mediated signalling (Macfarlane et al.,
2005). This again might reflect competition for a specific
peptide-mediated activation of this pathway. However, while
compound K-14585 was able to inhibit DNA reporter activa-
tion in response to activating peptide, a reflection of the
effects upstream in the NF«xB pathway, at 30 uM alone gave a



very strong activation of NFkB reporter activity that was equal
in magnitude to that obtained with the peptide, again indica-
tive of an dual function at the signalling level. The most
parsimonious interpretation of this data was that K-14585 was
able to strongly activate p38 MAP kinase and thus modulate
reporter activity. Studies have shown that p38 MAP kinase can
either directly activate NFxB-DNA binding by an effect
upstream in the pathway (Kim et al., 2002) or can modulate
NFxB-dependent transcriptional activity, following DNA
binding, by phosphorylation of p65 NF«B (Korus et al., 2002;
Darieva et al., 2004). However, the selective p38 MAP kinase
inhibitor SB203580 that has been characterized recently in
our laboratory (Ritchie ef al., 2007) was unable to reverse the
effect of K-14585 on reporter activity suggesting another
mechanism by which K-14585 can influence NFxB transcrip-
tional activation. Interestingly, we found that SB203580 was
also without effect upon peptide-stimulated reporter activity,
again strongly suggesting that p38 MAP kinase was not
involved in the regulation of NF«B transcription in this cell
model.

Finally, we tested the effect of K-14585 at the level of IL-8
production shown previously to be regulated by PAR, (Ram-
achandran et al., 2007). Once again, IL-8 production induced
by SLIGKV-OH was inhibited by lower concentrations of
K-14585 but at a higher concentration an increase was
observed, again indicative of a dual effect. As both K-14585
and activating peptide-induced IL-8 responses were signifi-
cantly reduced by the p38 MAP kinase inhibitor SB203580,
this suggests that p38 plays an essential role in the regulation
of IL-8 in response to PAR,, a finding consistent with recent
studies (Yoshida et al., 2007). Again YM-254890 reduced IL-8
induction by SLIGKV but not that induced by K-14585 sup-
porting the idea that K-14585 utilizes a Gq11-independent
pathway. However, the fact that IL-8 production in response
to SLIGKV-OH was also reduced by YM-254890 does show
that PAR, coupling to Gy is functionally relevant for IL-8
induction and mediated via p38 MAP kinase. This also sug-
gests that inhibition of Gy, in this context may be able to
inhibit some of the inflammatory effects of PAR, in vivo.

In conclusion we have demonstrated that the novel PAR,
antagonist K-14585 shows moderate antagonist actions at a
number of signalling pathways. However, we have uncovered
the potential for this compound to have dual effects such that
certain signalling pathways are activated at higher concentra-
tions, indicative of agonist-directed signalling. Specifically,
K-14585 was able to inhibit PAR,-mediated G ;-dependent
pathways and to stimulate Gq:-independent events, includ-
ing activation of p38 MAP kinase.
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