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ABSTRACT

Protease-activated receptor 2 (PAR2) is a cell surface protein linked to G-protein dependent and
independent intracellular signaling pathways that produce a wide range of physiological
responses, including those related to metabolism, inflammation, pain and cancer. Certain
proteases, peptides and nonpeptides are known to potently activate PAR2. However, no effective
potent PAR2 antagonists have been reported yet despite their anticipated therapeutic potential.
This study investigates antagonism of key PAR2-dependent signaling properties and functions
by an imidazopyridazine compound, I-191, in cancer cells. At nanomolar concentrations, I-191
inhibited PAR2 binding of, and activation by, structurally distinct PAR2 agonists (trypsin,
peptide, nonpeptide) in a concentration-dependent manner in HT-29 cells. 1-191 potently
attenuated multiple PAR2-mediated intracellular signaling pathways leading to Ca®" release,
ERK1/2 phosphorylation, RhoA activation and inhibition of forskolin-induced cAMP
accumulation. The mechanism of action of I-191 was investigated using binding and calcium
mobilization studies in HT29 cells where I-191 was shown to be non-competitive and a negative
allosteric modulator of the agonist 2f-LIGRL-NH,. The compound alone did not activate these
PAR2-mediated pathways, even at high micromolar concentrations, indicating no bias in these
signaling properties. [-191 also potently inhibited PAR2-mediated downstream functional
responses, including expression and secretion of inflammatory cytokines, cell apoptosis and
migration, in human colon (HT-29) and breast (MDA-MB-231) cancer cells. These findings
indicate that I-191 is a potent PAR2 antagonist that inhibits multiple PAR2-induced signaling
pathways and functional responses. I-191 may be a valuable tool for characterising PAR2

functions in cancer and in other cellular, physiological and disease settings.
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INTRODUCTION

Protease-activated receptors are unusual rhodopsin-like G-protein coupled receptors in
being activated by proteases (e.g. trypsin, thrombin), which cleave within the extracellular N-
terminus to expose an activating sequence (Arora et al, 2007; Coughlin, 2000; Tuteja, 2009; Yau
et al, 2013). PAR2 is the most highly expressed PAR in certain immune and cancer cells. Upon
activation, PAR2 mediates intracellular coupling to heterotrimeric G proteins that trigger
pathway-dependent signaling (e.g. Ca®" release, ERK1/2 phosphorylation, RhoA activation) as
well as G protein-independent B-arrestin 1/2 signaling (Rothmeier and Ruf, 2012; Suen ef al.,
2014). PAR2 signaling pathways are involved in circulatory, cardiovascular, central nervous,
gastrointestinal, metabolic and respiratory systems (Ossovska and Bunnett, 2003; Lam and
Schmidt, 2010; Rothmeier and Ruf, 2012; Saito and Bunnett, 2005). The consequent modulation
by PAR2 of a wide range of physiological and disease processes in these tissues, including
inflammation, cancer, respiratory and central nervous system dysfunction, highlights PAR2 as a
potential unexploited therapeutic target (Knight et al., 2001; Matej et al., 2007; Reed et al.,
2003).

PAR2 is mainly activated by serine proteases (e.g. trypsin, tryptase, TF-FVII-FXa,
matriptase) (Darmoul et al., 2004; McLarty et al., 2011; Mihara et al., 2016; Ramachandran et
al., 2011; Seitz et al., 2007), while some proteases cleave at a non-canonical site to produce a
different activating sequence and different signaling profiles (Hollenberg et al., 2014; Zhao et
al., 2015). Synthetic peptides also activate PAR2 (e.g. SLIGRL-NH,, 2-furoyl-LIGRL-NH,)
(Barry et al., 2010; Kawabata et al., 2005; Yau et al., 2015), some being biased agonists (e.g. 2f-
LAAAAI-NH,, Isox-Cha-Chg-NH,, Isox-Cha-Chg-Ala-Arg-NH,) that signal more effectively

through one pathway than another (Jiang ef al., 2017). The beneficial effects of PAR2 activation
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in vivo remain uncertain and context dependent, with pathway-selective biased ligands
potentially being helpful in elucidating and harnessing therapeutic potential.

PAR?2 antagonists might have disease-modifying properties but only a few weakly potent
antagonists are known to test this possibility. ENMD-1068 weakly inhibits PAR2-mediated
Ca*'signaling in vitro (ICso 5 mM) and joint inflammation in vivo (Kelso et al., 2006), although
it is uncertain if this was via PAR2. A more potent peptidic PAR2 antagonist (K-14585) inhibits
p38 MAPK activation and IL-8 secretion, but promotes them above 10 uM concentrations (Goh
et al., 2009). GB83 and GB88 (ICsp 1-10 uM) and analogues inhibit PAR2 activation by
proteases (e.g. trypsin, tryptase), peptides (e.g. SLIGRL-NH,, 2-furoyl-LIGRLO-NH;) and
nonpeptides (e.g. GB110) as measured by Ca®" release in multiple cell types (Barry et al., 2010;
Suen et al., 2012; Yau et al., 2016). However, while GB88 is an antagonist in inhibiting PAR2-
induced calcium mobilization but an agonist in stimulating RhoA activation, promoting ERK1/2
phosphorylation, and reducing forskolin-stimulated cAMP (Suen et al., 2014). A different
peptidomimetic C391 is a weak PAR2 antagonist of Ca*" (ICso 1.3 pM) and pERK (ICso 14 uM)
signaling, as well as pain responses in vivo (Boitano ef al., 2015). Heptares and Astra-Zeneca
reported an imidazole (AZ8838, ICsy 4.2 uM vs trypsin; 2.3 uM vs SLIGRL) and a
benzimidazole (AZ3451, ICsp 6.6 uM vs trypsin; 5.4 nM vs SLIGRL) that bind at different sites
in PAR2 crystal structures and inhibit Ca*" (Cheng ef al., 2017). In summary, most PAR2
antagonists are active at only uM concentrations, do not inhibit all types of PAR2 agonists
(proteases, peptides, nonpeptides), their activity can be context and cell dependent, or they have
only been reported to date to be capable of inhibiting Ca®* signaling (Yau et al., 2016).

A diverse series of imidazopyridazine derivatives was recently claimed in a patent to

antagonize PAR2-induced intracellular Ca*" release at pM-nM concentrations (Farmer ef al.,
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2015), although there was no evidence supporting selective binding to PAR2. Here we show that
one imidazopyridazine derivative (I-191) displaces the binding of a fluorescent agonist from
PAR2, and inhibits multiple PAR2-mediated signaling pathways and related functions in
colorectal and breast carcinoma cells. I-191 is a full antagonist, with no agonist activity alone, of
both trypsin- and peptide- (2f-LIGRL-NH,) induced Ca®*" release, ERK1/2 phosphorylation,
RhoA activation and inhibition of forskolin-induced cAMP accumulation in HT-29 cells.
Furthermore, 1-191 also inhibits ERK1/2 phosphorylation, RhoA activation and inhibition of
forskolin-stimulated cAMP accumulation induced by pM concentrations of biased ligand GBSS.
The antagonist function of I-191 is established here by: (1) inhibition of PAR2-induced
expression of inflammatory genes and proteins that have been previously associated with PAR2
activation, (2) inhibition of PAR2-reduced apoptosis-related caspase cleavages, and (3)
inhibition of PAR2-triggered migration of HT-29 or MDA-MB-231 cancer cells. These findings

indicate that I-191 is a potentially valuable tool in vitro for probing roles of PAR2 in physiology.
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MATERIALS AND METHODS

Cell Culture. All cell culture reagents were purchased from Invitrogen (Carlsbad, CA,
USA) and Sigma Aldrich (St. Louis, MO, USA). HT-29 and MDA-MB-231 cells were a gift
from the Queensland Medical Research Institute (Brisbane, Australia). HT-29 cells were
maintained in DMEM at 37°C and 5% CO, while MDA-MB-231 cells were cultured in
Leibovitz’s L15 medium at 37°C without CO,. All media were supplemented with 10% FBS,
100 units/mL penicillin and 100 units/mL streptomycin.

Binding assay. Assays were performed as previously described (Hoffman et al., 2012;
Suen et al., 2014). Cells were seeded overnight in a 384-well plate at 2.4 x 10" cells/well,
followed by PBS with 2% BSA blocking for 1 h at 37° C. Cells were simultaneously exposed to
2f-LIGRLO (diethylenetriaminepentaacetate-europium)-NH, (300 nM) and PAR2 ligands for 30
min. Cells were washed by PBS mixed with 20 uM EDTA, 0.01% Tween and 0.2% BSA. Cells
were finally incubated with DELFIA enhancement solution (Perkin Elmer) for 90 min.
Fluorescence was measured using a Pherastar FS fluorimeter (BMG, Germany).

Intracellular calcium mobilization. Cells were seeded overnight in 96-well plates at 5 x
10* cells/well and then incubated in dye loading buffer (HBSS with 4 uM Fluo-3, 0.04%
pluronic acid, 1% FBS and 2.5 mM probenecid) for 1 h at 37 °C. Cells were washed with HBSS
before adding antagonists for 30 min. Plates were transferred to a FLIPR Tetra instrument
(Molecular Device, CA, USA). PAR2 agonists were added 10 s after reading commenced and
calcium signals were measured in real time (excitation at 480 nm and emission at 520 nm).
Receptor residence time was determined by washout experiments. Antagonists were pre-
incubated with cells for 30 min at 37 °C and then unbound antagonists were removed by washing

with HBSS buffer. At every indicated time point, plates were read after agonist addition. 2f-
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LIGRL-NH, alone (5 pM) was used to measure maximum fluorescence due to Ca®" sequestration
by Fluo-3, with individual results normalized accordingly.

Agonist concentration-response curves with increasing concentration of antagonists were
fitted to an operational model of allosterism (Gregory et al., 2012; Kenakin, 2013).

Em[ta[Al(Kz + aB[B] + t3[B]K,)]"
([AlKp + KaKp + K4 [B] + a[A][B])™ + [t4[A](Kp + aB[B]) + t5[B]K,]"

Effect =

En is the maximum possible response, [A] is the molar concentration of agonist 2f-
LIGRL-NH;, Ky is the equilibrium dissociation constant of agonist 2f-LIGRL-NH,. [B] is the
molar concentration and Kz is the equilibrium dissociation constant for the allosteric modulator.
The cooperativity factor a is related to the affinity of agonist, while B represents efficacy of
agonist. Ta and tp represent the capacity of agonist and allosteric modulator to regulate receptor
activation, respectively. Since [-191 showed no agonist activity, tB = 0 and the formula

simplified to:

En[ta[A](Kp + aB[BD]"

EITect = AIK, + KaKy + Ka[B] + alAlBD" + [ta[A1(K, + aBBD]"

Parameters that were held constant for I-191: K, = 10'7, Kg= 10'8, ta =10, Em = 100.

AlphaLISA Surefire pERK1/2 assay. Cells were seeded overnight in 384-well
proxiplates at 2 x 10° cells/well and then serum-starved for 2 h at 37 °C, prior to treatment with
PAR?2 ligands dissolved in serum-free medium. Antagonists were pre-incubated for 10 min
followed by stimulation with agonist for 10 min. Supernatant was removed and cell lysis buffer
was added with shaking for 30 min at room temperature, followed by adding reaction mixture for

2 h. Phosphorylation of ERK1/2 was measured according to manufacturer’s instructions

(PerkinElmer, MA, USA) and read using a Pherastar FS fluorimeter (BMG Labtech).

10
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G-LISA RhoA Activation. Cells were seeded at 2 x 10° cells/well and serum-starved for
2 days. After treating with a PAR2 agonist for 20 min at 37°C, cells were lysed for RhoA
detection. An antagonist was added to cells 1 h prior to the agonist. RhoA activation was
measured using a G-LISA Biochem kit according to manufacturer’s instructions (Cytoskelelon
Inc., Denver, CO, USA). Briefly, cell lysates were added to the binding buffer and incubated at
4°C for 30 min. Antigen-presenting buffer was then added for 2 min after washing. Cells were
incubated with anti-RhoA primary antibody for 45 min, and subsequently incubated with
secondary antibodies for 45 min. The mixed HRP detection reagent was added for 15 min, then
stopped with buffer before signal was read by measuring absorbance at 490 nm using a
microplate spectrophotometer (Suen et al., 2014).

cAMP accumulation assay. Cells were seeded overnight in 384-well proxiplates at 2.4 x
10° cells/well. Antagonists were pre-incubated for 10 min, followed by stimulation with agonist
for 30 min, prior to treatment with PAR2 agonists and forskolin for 30 min at room temperature,
then followed by adding cAMP detection reagent for 1 h at room temperature. cAMP
accumulation was measured according to manufacturer’s instructions (PerkinElmer, MA, USA)
and read using a Pherastar FS fluorimeter (BMG Labtech).

Cytokine-induced cleavage of caspases 3 and 8. As previously described (Iablokov et
al., 2014), cells were seeded overnight at 5 x 10° cells per well. After serum starving for 1 h,
cells were incubated for 30 min with different concentrations of a PAR2 antagonist, before
addition of a PAR2 agonist. Caspase 3/8 cleavage was then induced through addition of IFN-y
(40 ng.mL™) for 5 min before adding TNF (10 ng.mL™") and incubated for a further 6 h.

Immunoblot. After treatment, cell lysates were prepared using lysis buffer supplemented

with a protease and phosphatase inhibitor cocktail (Cell Signaling Tech, MA, USA). Cell lysates

11
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was separated by electrophoresis in a Blot Bistris Plus 4-12% gel, followed by electrical transfer
using iBlot 2 Dry Blotting System. Membranes were incubated with primary antibodies and
secondary antibodies (cleaved caspase 3, Cell Signaling Tech 9661; cleaved caspase 8, Cell
Signaling Tech 9496; anti-rabbit antibody conjugated to HRP, Cell Signaling Tech) using the
iBind™ Western System (Life Technologies, Camarillo, CA, USA) according to instructions.
Exposure times were varied to eliminate signal saturation. GAPDH (Sigma Aldrich) was used as
a loading control and band intensity was calculated with Image J.

RT-PCR. Cells were seeded overnight at a density of 5 x 10° cells per well in 12-well
plates. Cells were serum-starved overnight, then pre-incubated with different antagonist
concentrations for 30 min before adding a PAR2 agonist for 1 h. Cells were then lysed and RNA
was isolated using ISOLATE II RNA Mini Kit (Bioline). Total RNA was extracted from cells,
random oligo dT were initially incubated at 70°C for 10 min, and then cooled on ice for at least 1
min before being reverse transcribed with Superscript III (Invitrogen) at 50 °C for 50 min then at
70 °C for 10 min. Quantitative real time PCR was performed using a ViiATM 7 Real-Time PCR
System (Life Technologies), cDNA, SYBER Green master mix (Life Technologies; Carlsbad,
CA, USA) and primers. Genes were amplified for 40 cycles. Relative-gene expression was
normalised against HPRT1 (Forward, TCAGGCAGTATAATCCAAAGATGGT; Reverse,
AGTCTGGCTTATATCCAAC ACTTCQG).

ELISA. Cells were seeded overnight at a density of 5 x 10° cells/ well in 12-well plates.
Cells were serum-starved overnight before exposing to various concentrations of an antagonist
for 30 min. Cells were then treated with a PAR2 agonist for 24 h. Cell supernatants were
collected and cytokine secretion was measured using an ELISA for human IL-8, according to

manufacturer’s instructions (BD Bioscience, CA, USA).

12

/T0Z ‘Gz Jequiede uo sfeulnor 134SY e Blo'sfeulno fiadseiad [ wou) papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on December 20, 2017 as DOI: 10.1124/jpet.117.245027
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #245027

Cell migration in vitro. HT-29 cells were seeded overnight at a density of 2 x 10°
cells/well in 12 well plates. As described previously %/, after cells formed a confluent monolayer,
a scratch gap was created using a p200 pipette tip. Cells were washed, to remove floating cells,
and incubated with or without PAR2 agonists in serum-free medium. Antagonists were added for
30 min. before scratching the monolayer. The images of the scratch gap were acquired (at 0, 24
and 48 h) using a Nikon Ti-U inverted brightfield microscope. The scratch gap size was
calculated using ImagelJ. Scratch gap size was measured as the gap area at 48 h divided by the
initial gap area at O h.

Transwell chemotaxis assay. The transwell system (polycarbonate filter insert with 8
um pore size membrane, Corning Inc., NY, USA) was used to investigate cell migration. Both
sides of the membrane were coated with collagen I and air dried for 2 minutes. Cells were
dissociated using non-enzymatic cell dissociation solution and re-suspended in serum-free L-15
with 0.1% BSA. Cells were seeded (2.5x10”/insert) and allowed to incubate for 3h at 37°C.
PAR?2 ligands were diluted in serum-free L-15 with 0.1% BSA and added to the bottom chamber
to stimulate cell migration. Antagonists were pre-incubated for 30 min in the upper chamber
prior to agonist addition. The transwell plates were incubated at 37°C and cells allowed to
migrate for 24 h. After incubation, cells in the top chamber of the membrane were removed
carefully using a cotton swab and fixed in 4% PFA. The membrane was washed twice with PBS
and stained with DAPI. Migrated cells on the underside of the membrane were counted using a
Nikon Ti-U inverted brightfield microscope.

Statistical analysis. GraphPad Prism 7.0 was used to analyze all data (San Diego, CA).

Statistical significance of differences between groups was measured using one-way ANOVA,

13
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followed by Dunnett’s multiple comparisons test or Student’s t-test. Data are presented as means
of entire data set = SEM.

Materials. Bovine trypsin was purchased from Sigma (Cat. No. T1426). 1-191 (4-(8-
(tert-butyl)-6-(4-fluorophenyl)imidazo[1,2-b]pyridazine-2-carbonyl)-3,3-dimethylpiperazin-2-
one) was synthesized and characterized as described in the Supporting Information. PAR2
activating peptide agonist 2f-LIGRL-NH, and an Eu-tagged ornithine-containing peptide 2f-
LIGRLO(diethylenetriaminepentaacetate-europium)-NH, were synthesized in house as described

(Suen et al., 2012, Suen et al., 2014).

14
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RESULTS
Inhibition of PAR2 specific binding in HT-29 cells.

The compound I-191 (Figure 1A) is among a series of imidazopyridazine compounds
recently described in a patent application by Vertex (Farmer et al., 2015). Here we investigate
PAR2 binding, signaling and functional properties for [-191 in HT-29 human colon
adenocarcinoma cells, which express higher levels of PAR2 than other PARs (Figure 1B). A
fluorescent analogue of the well-established PAR2 agonist peptide 2f-LIGRLO-NH, (Suen et al.,
2014), labelled on the ornithine sidechain with europium diethylenetriaminepentaacetate, was
used in competitive binding experiments to assess specific ligand binding to PAR2. The
unlabelled 2f-LIGRL-NH, was able to compete with the Eu-tagged peptide analogue for binding
to HT-29 cells (Figure 1C) in a concentration-dependent manner (pICsy 6.4 £ 0.2). 1-191
similarly displaced the Eu-tagged peptide for binding to HT-29 cells (Figure 1C) in a
concentration-dependent manner (pICso 7.1 + 0.2), consistent with specific binding of I-191 to
PAR2 on HT-29 cells. However, unlike 2f-LIGRL-NH,, even the highest concentrations of the
antagonist [-191 did not fully displace the binding of Eu-tagged 2f-LIGLRLO-NH; (~25%
remaining) from HT29 cells. The binding study is consistent with an insurmountable mechanism.

To investigate whether the mechanism of binding of I-191 to PAR2 was competitive or
non-competitive with peptide agonist, we measured the binding affinity of varying
concentrations of 2f-LIGRL-NH; in the presence of Eu-tagged 2f-LIGRLO-NH, (300 nM) and
with increasing concentrations of I-191 (Figure 1D). There was no significant rightward shift in
the plots and the ICsy for 2f-LIGRL-NH, was almost invariant in the presence of increasing

concentrations of [-191 (30 nM — 3 uM). At the highest concentrations of I-191 (10, 30 uM), the

15

/T0Z ‘Gz Jequiede uo sfeulnor 134SY e Blo'sfeulno fiadseiad [ wou) papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on December 20, 2017 as DOI: 10.1124/jpet.117.245027
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #245027

agonist peptide was not completely displaced (only 75%) from the cells. This indicates that I-191

is non-competitive with 2f-LIGRL-NH; in binding to PAR2 on HT-29 cells.

Inhibition of PAR2-mediated Ca’" release in HT-29 cells.

Next, we studied I-191 for inhibition of PAR2-induced calcium signaling. I-191 was a
potent antagonist in inhibiting intracellular Ca** release induced by either 2f-LIGRL-NH, (pICso
7.2 £ 0.1) orbovine trypsin (pICsg 6.7 = 0.1) in HT-29 cells (Figure 2A). I-191 was an order of
magnitude more potent than our previously reported antagonist GB88 under the same conditions
(Figure 2B, Table 1). I-191 did not induce any agonist-induced calcium response at
concentrations up to 100 uM (Figure 2A) and it was about 100 fold more selective for PAR2
than PAR1 in PC3 cells (Supplemental Figure 1) and HT29 cells (Farmer et al., 2015). The
duration of inhibition, reflecting receptor residence time, was determined through washout
experiments using the calcium assay (Figure 2C, 2D). After 1 h incubation, I-191 (I uM)
inhibited more than 50% of the intracellular Ca®" release induced by 2f-LIGRL-NH, (5 pM), and
no antagonist activity was observed after 3h. The corresponding receptor residence time half-life
was 51 min for [-191 at 37 °C, compared with ~200 min for GB88 (20 uM). Thus, I-191 is a
potent full antagonist of PAR2 in inhibiting Ca>" release in HT-29 colon cancer cells.

The mechanism of PAR2 antagonism by I-191 was further investigated for the Ca*"
signaling pathway in HT-29 cells through inhibitory effects on PAR2-induced calcium
mobilization, following pre-treatment of cells with escalating concentrations of 1-191. The
agonist-induced calcium response curve showed a rightwards shift, but a depression in the
maximum response at the highest concentration of 2f-LIGRL-NH, supported a non-competitive

and insurmountable mechanism of [-191 (Figure 2E). In addition, we measured the effect of I-
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191 on the Ca*" response elicited by the native PAR2 agonist trypsin (Figure 2F). The inhibitory
pattern for [-191 was similar against trypsin as for 2f-LIGRL-NH,. Further, at 1 uM - 30 uM of
I-191 against 2f-LIGRL-NH; (Figure 2E) or 2 uM-60 uM I-191 against trypsin (Figure 2F), no
further antagonism of the Ca®" response was obtained. This saturation effect is a hallmark of
allosteric modulation. An allosteric modulator occupies its own binding site and, once the site is
saturated, no further allosteric antagonist effect can be achieved (Kenakin, 2007; Kenakin et al.,
2006). Using an operational model of allosterism (Gregory et al, 2012; Kenakin, 2013;
Watterson et al., 2017), we calculated the cooperativity for both affinity (o) and efficacy (B) of
the “probe” 2f-LIGRL-NH; in the calcium response. The finding that o = 0.85< 1.0 and 3 = 0.04
< 1.0, suggests that 1-191 may be a negative allosteric modulator of 2f-LIGRL-NH;-induced
PAR2 activation in Ca®" mobilisation. This calculated binding cooperativity (a = 0.85) is
consistent with 1-191 being non-competitive and insurmountable with the agonist probe 2f-
LIGRL-NH,. Together, the mechanistic data for binding and calcium release reveals that I-191 is

a negative allosteric modulator that binds at a site on PAR2 that is distinct from 2f-LIGRL-NHa.

Inhibition of other PAR2 signaling pathways in HT-29 cells.

I-191 was also an antagonist in attenuating ERK1/2 phosphorylation (Figure 3A)
induced by either 5 uM 2f-LIGRL-NH; (pICsp 7.8 + 0.2) or 50 nM bovine trypsin (pICsy 7.2 £
0.2). In addition, the agonist effect of the biased ligand GB88, which on its own stimulates
ERK1/2 phosphorylation, was inhibited by [-191 (pICsy 7.4 £ 0.2). I-191 had greater antagonist
activity in this ERK1/2 assay than in the calcium assay (5-fold greater against 2f-LIGRL-NH;

and 3-fold against trypsin), suggesting it is a more potent ERK1/2 pathway inhibitor.
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Further, the PAR2 agonists 2f-LIGRL-NH,, trypsin, and the calcium-biased PAR2
antagonist GB88, each significantly stimulated RhoA activation in HT-29 cells, with around a 3-
fold increase compared to untreated cells (Figure 3B). This activation of RhoA was inhibited by
pre-incubation of HT29 cells with I-191 (10 uM), highlighting 1-191 as an antagonist of PAR2-
mediated RhoA signaling.

I-191 was also found to stimulate an inhibition curve in PAR2 agonist-reduced forskolin-
induced cAMP, under certain conditions where its concentration was below 10 pM, suggesting
that it is an antagonist in another PAR2-dependent signaling pathway (Figure 3C).

To summarize, 1-191 is the first antagonist reported to date to potently inhibit all these

signaling pathways in HT-29 cells.

Inhibition of PAR2-mediated cytokine production and PAR2-attenuated cytokine-induced
cleavage of caspases in HT-29 cells.

In addition to examining the effect of I-191 on three different PAR2 signaling pathways
above, we also aimed to study its effects on related functional responses in cancer cells. First, we
investigated whether 1-191 could inhibit gene expression and secretion of the inflammatory
cytokine, IL-8, that has been associated with ERK1/2 signaling in HT-29 cells (Jiang et al., 2017;
Wang et al., 2010). For gene expression (Figure 4A), 2f-LIGRL-NH, induced a 2.5-fold
increase in CXCL8 mRNA expression (IL-8) in HT-29 cells. I-191 (1 and 10 uM) decreased this
expression to baseline, but lower concentrations had little effect. Similar results were observed
for IL-8 protein secretion induced by 2f-LIGRL-NH,, which was also inhibited by I-191 (ICs

~100 nM, Figure 4B).
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Although PAR2 agonists do not induce expression of certain cytokines like IFN-y and
TNF, they do inhibit caspase-3 and caspase-8 cleavage induced by a combination of IFN-y and
TNF. These caspase cleavages are hallmarks of cell apoptosis in HT-29 cells (Iablokov ef al.,
2014), and we have previously linked PAR2 inhibition of these caspase cleavages to PAR2-
dependent ERK1/2 signaling in HT-29 cells (Jiang et al., 2017). Here, we studied the inhibitory
effect of I-191 on this PAR2 attenuation of cytokine-triggered cleavage of caspase 3 (Figure 4C)
and caspase 8 (Figure 4D). In the presence of 2f-LIGRL-NH,, the IFN-y/TNF combination
failed to induce any caspase cleavages, but pre-treatment with I-191 (0.1, 1 or 10 uM) resulted in
caspase cleavages. Lower concentrations of I-191 (1, 10 nM) had no effect. These results for I-
191 support the conclusion that PAR2 antagonism can inhibit cytokine production, as well as

cytokine-related caspase cleavages, via ERK1/2 signaling in HT-29 colon cancer cells.

Inhibition of PAR2-activated migration of HT-29 cells.

Scratching of the surface of cell monolayers is a convenient and commonly used approach
to measure the effects of compounds on cell migration, through monitoring the capacity of the
cells over time to close the scratch gap (Liang et al., 2007). This effect has also been used to
screen for compounds that can promote wound healing. Recently we reported the effects of
PAR?2 agonists in promoting cell migration and linked this property to the ERK1/2 pathway
(Jiang et al., 2017). Here, we studied whether I-191 could inhibit PAR2-mediated migration of
HT-29 cells into the scratch gap. In the absence of FBS, 2f-LIGRL-NH, narrowed the scratch
gap size to ~60% after 24h and ~36% after 48h (Figure 5). On the other hand, I-191 showed a
concentration-dependent inhibition of this narrowing, with 1 uM and 10 pM almost halting

migration after 48h (~80%) compared to the effect of 2f-LIGRL-NH; alone (Figure 5). Even 100
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nM I-191 could significantly reduce PAR2 stimulated cell migration after 48h (gap size ~56%)
but there was no detectable effect at lower concentrations. Thus, I-191 potently attenuates PAR2
agonist-triggered migration of HT-29 cells, a property we have associated with inhibition of

PAR2-mediated signaling through ERK1/2 phosphorylation.

Inhibition of PAR2-stimulated migration and cytokine expression in MDA-MB-231
breast cancer cells.

MDA-MB-231 breast cancer cells express PAR2 more highly than other PARs (Figure
6A). PAR2 is activated in MDA-MB-231 cells by the agonists, 2f-LIGRL-NH: or trypsin (Ge et
al., 2004b; Matej et al., 2007) and this is inhibited by [-191 (Supplemental Figure 2). Therefore,
[-191 was examined in transwell chambers to create two separate compartments for detecting
PAR2-stimulated cell migration (chemotaxis). 2f-LIGRL-NH, (100 nM) stimulated ~3-fold cell
migration of MDA-MB-231 cells (Figure 6B). The biased antagonist GB88 (3 uM, 10 uM) that
only inhibits the Gq-Ca*"-PKC signaling pathway (Suen et al., 2014) did not inhibit PAR2-
mediated migration nor was it an agonist alone in inducing migration (Supplemental Figure 3).
In contrast, pre-treatment with [-191 (1 uM) led to inhibition of the migration of MDA-MB-231
cells induced by 2f-LIGRL-NH; (Figure 6B).

Further, four important signaling proteins that regulate physiological responses were used
to probe the effect of [-191 (Figure 6C-F). 2f-LIGRL-NH,; significantly enhances gene
expression of IL-6 (/L6, ~25-fold increase), IL-8 (CXCLS, ~90-fold increase), CTGF (CTGF, ~6-
fold increase) and GM-CSF (CSF2, ~14-fold increase) in MDA-MB-231 cells. I-191 (10 uM or
1 uM) significantly inhibited the expression of all four cytokine genes induced by 2f-LIGRL-

NH,. These data for breast cancer cells are consistent with findings above for colorectal
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carcinoma cells, supporting [-191 as an inhibitor of PAR2-induced chemotaxis and cytokine

production in MDA-MB-231 breast cancer cells.

DISCUSSION

G protein-coupled receptors play pivotal roles in cellular sensing and intracellular
responses to extracellular ligands (Marinissen and Gutkind, 2001). About 30% of all
pharmaceuticals target GPCRs and were developed to either turn their functions on or off.
However, each membrane-spanning GPCR protein is linked to multiple G-protein dependent and
independent signaling pathways, in turn linked to different physiological functions. Thus,
although switching a GPCR on or off was once thought to activate all or none of the associated
signaling pathways and functional responses linked to that GPCR, we now know that some
ligands exhibit biased signaling and activate or inhibit only one or a subset of these pathways and
functions. Biased signaling was originally thought to involve either G protein coupling or beta
arrestin signaling, but it is now known to apply to differential modulation of all individual
pathways linked to a GPCR (Hollenberg ef al., 2014; Suen et al., 2014; Rankovic et al., 2016). It
is therefore conceivable that ligands can be developed to modulate one or a few signaling
pathways linked to a GPCR without affecting other pathways, or at least without similarly
affecting all other signaling and functional responses. Indeed, antagonists may even be more
beneficial if they only inhibited a single GPCR-linked pathway associated with a disease,
without inhibiting other pathways linked to the same GPCR but responsible for beneficial
functional responses in the cell.

In the context of PAR2, it would be useful to have antagonists that can block all PAR2-

mediated signal transduction, as well as antagonists that block just one or a few downstream
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signaling pathways (Suen et al., 2014). They could be helpful molecular tools for teasing out the
relative merits of complete versus selective blockade of individual PAR2-linked signaling
pathways in cells. In disease settings like cancer, where PAR2 is highly expressed it may be
more desirable to inhibit multiple PAR2-dependent signaling associated with metastasis,
proliferation, angiogenesis, and other functions promoting tumour development (Chanakira et
al., 2017; Chang et al., 2013; Dorsam and Gutkind, 2007; Xie et al., 2015), whereas in other
settings it may be more desirable to dampen some signaling such as that leading to pro-
inflammatory functions while still engaging signaling that leads to beneficial anti-inflammatory
actions. To date, no antagonists have been found to potently inhibit all types of PAR2 agonists
(proteases, peptides, nonpeptide), nor has any antagonist been shown to potently inhibit all
known signaling pathways and functions activated by PAR2. Here we investigated whether a
new imidazopyridazine compound I-191 (Farmer et al., 2015) binds to PAR2, acts as an
antagonist of different agonists, the mechanism of antagonism, and whether it inhibits multiple
PAR?2 signaling functions or only blocks one or a subset of PAR2 signaling responses like GB88
(Suen et al., 2014).

This study provides evidence that I-191 binds to PAR2, since it acts in a concentration-
dependent manner to displace a PAR2 ligand, fluorescence labeled 2f-LIGRLO-NH,, for binding
to PAR2 in HT-29 colon cancer cells. [-191 had a surprisingly short residence time on PAR2
(Figure 2C), but was still able to attenuate calcium release induced in HT-29 cells by either a
proteolytic (trypsin) or peptidic (2f-LIGRL-NH;) agonist of PAR2. The potency of I-191 was
about ten-fold higher than antagonist GB88 under the same conditions (Table 1). Furthermore, I-

191 showed no agonist activity even at high uM concentrations. This capacity to antagonize both
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proteolytic and non-proteolytic agonists of PAR2, as well as not displaying agonist activity at
high concentrations, is not shared by all reported antagonists of PAR2 (Yau et al, 2013).

The antagonist mechanism for I-191 was also investigated. I-191 inhibited the binding of
Eu-tagged 2f-LIGRLO-NH, to PAR2 in a concentration-dependent manner, but it could not
completely displace the agonist even at high concentrations. This non-competitive and
insurmountable binding suggested that [-191 may be an allosteric modulator (Christopoulos,
2002). Increasing concentrations of 1-191 in PAR2 agonist-induced calcium release revealed a
saturation phenomenon, supporting allosteric binding of 1-191 to PAR2. A characteristic of
allosterism 1is cooperativity between orthosteric and allosteric ligands, known as “probe
dependence” (Valant et al, 2012). Allosteric modulators can use different mechanisms of
inhibition against different agonists of GPCRs (Watterson ef al., 2017). However, for PARs it is
difficult to characterize allosteric mechanisms since there is no exogenous orthosteric ligand.
Instead it is the protease-cleaved N-terminus of the receptor itself that acts as the tethered
orthosteric agonist. Therefore, the close surrogate 2f-LIGRL-NH, was used as agonist and the
definition of orthosteric versus allosteric relates specifically to whether I-191 binds to the same
or different site on PAR2 as 2f-LIGRL-NH,. I-191 proved to be a negative allosteric modulator
(o =0.85< 1.0, B = 0.04 < 1.0) of 2f-LIGRL-NH; based on an operational model of allosterism
(Gregory et al., 2012; Kenakin, 2013).

This mechanistic interpretation needs qualification. Firstly, the agonist is not the
endogenous PAR2 agonist. Most synthetic agonists are analogues of the tethered sequence
SLIGKYV, such as SLIGRL-NH,, 2f-LIGRL-NH,, GB110, AY77. Structurally diverse PAR2
agonists may enhance our understanding of PAR2 activation mechanisms and permit better

mechanistic descriptions of antagonist mechanisms. Secondly, Ca*" mobilisation induced by 2f-
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LIGRL-NH; (or SLIGRL-NH,) versus trypsin is differentially influenced by PAR2 mutagenesis
(Suen et al., 2017), suggesting that even synthetic peptide agonists might bind to a different site
on PAR2 than the tethered ligand unmasked by trypsin. Our results indicate that I-191 is a
negative allosteric modulator that may bind at a site on PAR2 that is different from that occupied
by 2f-LIGRL-NH; or tethered agonist. Thirdly, allosteric behaviour is context dependent and
these ligands may behave differently under different conditions, in other cell types and signalling
pathways (Gao and Jacobson, 2017). The description here of allosteric modulation may be
context and system dependent.

I-191 is also the first PAR2 antagonist reported to potently inhibit ERK1/2 phosphorylation,
RhoA and cAMP activation induced by PAR2 agonists. Three different PAR2 agonists (trypsin,
2f-LIGRL-NH,, GB88) were used to produce these reporters in HT-29 cells and to measure
inhibition by I-191. 1-191 is also the first antagonist reported to inhibit PAR2 activation of
ERK1/2, RhoA and cAMP by the biased ligand GBS88. It was a more potent antagonist than the
recently reported C391 (ICso 14 puM, pERKI1/2) (Boitano et al, 2015). RhoA and cAMP
signaling is mediated by PAR2 activation (Greenberg et al, 2003; Sriwai et al, 2013; Suen et al.,
2014), but no PAR?2 antagonist has been reported to inhibit this pathway until now.

Finally, we demonstrate that I-191 antagonises different cellular functions stimulated by
PAR?2 agonists in colon and breast cancer cells. PAR2 activation is known to induce migration,
cytokine release and apoptosis in HT-29 cells (Darmoul ef al, 2004; Iablokov et al., 2014; Wang
et al, 2010). PAR2 agonists may therefore have some benefit in promoting cell survival in
normal cells, whereas antagonists might promote apoptosis but inhibit cytokine release in, and
migration of, cancer cells and prevent disease progression. I-191 was found here to affect three

PAR2-intiated functions linked previously to ERK1/2 phosphorylation in HT-29 cells (Jiang et
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al., 2017). Consistent with I-191 being a potent PAR2 antagonist of ERK1/2 phosphorylation in
HT-29 cells, 1-191 was found to inhibit (a) PAR2 agonist-induced IL-8 gene expression and
protein secretion, (b) PAR2 agonist-attenuation of IFN-y/TNF-induced caspase 3/8 cleavages
related to apoptosis, and (c) cell migration into a scratch gap in HT29 cell monolayers.

Breast cancer progression and metastasis is another consequence of PAR2 activation (Ge
et al, 2004a; Matej et al, 2007; Parisis et al, 2013). PAR2 is overexpressed in 72% of breast
cancer tissues but only 21% of normal tissues. MDA-MB-231 cells overexpress PAR2 and
migrate along a PAR2 agonist gradient (Su et al., 2009). Inhibitory effects of I-191 on PAR2-
induced migration of MDA-MB-231 breast cancer cells are consistent with observations for HT-
29 colon cancer cells, indicating potent antagonist properties in different cancer cell lines. Unlike
the biased ligand GB88, which does not inhibit ERK1/2 activation or PAR2-induced migration,
I-191 strongly inhibited 2f-LIGRL-NH,-induced migration of MDA-MB-231 cells. When MDA -
MB-231 cells were pretreated with 1-191, the latter antagonized 2f-LIGRL-NH, stimulated
expression of cytokines (IL-6, IL-8, GM-CSF, CTGF). I-191 also inhibited PAR2-induced
calcium release in normal human cells that highly express PAR2, such as HEK293 and HUVEC
cells but was not cytotoxic (Supplemental Figure S4).

In conclusion, this study supports I-191 as a potent, unbiased and full antagonist of human
PAR2 in cancer cell lines. It inhibited PAR2-induced signaling activated in vitro by three
different types of PAR2 agonists (protease, peptide, nonpeptide). It is the first potent antagonist
in vitro of PAR2-mediated intracellular signaling through different pathways in HT29 cells,
namely Ca*" mobilization, ERK1/2 phosphorylation, RhoA activation and foskolin-induced
cAMP accumulation. These PAR2 antagonist properties are manifested in inhibition in vitro of

known PAR2-activated functional responses, namely cytokine expression, apoptosis and cell
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migration in colorectal or breast cancer cells (Figure 7). This establishes I-191 as a potentially
valuable new molecular tool for interrogating and better understanding the roles of PAR2 in
physiology and disease settings, and this study could lay the groundwork for developing a new

therapeutic agent for treating PAR2-mediated disease.
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FIGURE LEGENDS

Figure 1. Specific binding of I-191 to PAR2 in HT-29 cells. (A) Structure of PAR2 ligand, I-
191. (B). Relative human mRNA expression of PAR1-4 genes (F2R, F2RLI, F2RL2, F2RL3) in
HT-29 cells, PAR2 having the highest expression. (C) Concentration-dependent binding with
300 nM Eu-labelled 2f-LIGRLO-NH, of 2f-LIGRL-NH; (pICsg 6.4 + 0.2) or I-191 (pICsp 7.1 +
0.2). 2f-LIGRLO-NH; and 2f-LIGRL-NH, are well-established PAR2-selective agonist ligands.
(D). Concentration-dependent response of 2f-LIGRL-NH; in displacing 300 nM Eu-tagged 2f-
LIGRLO-NH; binding to PAR2, in the presence of increasing concentrations of I-191 in HT-29
cells. Statistical analysis by one-way ANOVA followed by Dunnett’s multiple comparisons test,

each data point represents the mean + SEM. *** p <0.001 (n > 3).

Figure 2. I-191 attenuates PAR2-induced Ca®* signaling in HT-29 cells.

(A) 1-191 attenuates Ca®" induced in HT-29 cells by 5 pM 2f-LIGRL-NH, (pink) or 50 nM
bovine trypsin (blue), but alone shows no agonist activity (black). (B) Known antagonist GB88
similarly attenuates Ca>" in HT-29 cells but at ten-fold higher concentrations. (C, D) Duration of
inhibition by (C) I-191 (1 uM) or (D) GB88 (20 uM) of Ca*" release induced by 2f-LIGRL-NH,
(5 uM) in HT-29 cells. (E) I-191 is a non-competitive and insurmountable antagonist inhibiting
2f-LIGRL-NH,-induced Ca*" release in HT-29 cells. The affinity parameter a = 0.85 and
efficacy parameter B = 0.04 indicate that [-191 is a negative allosteric modulator of the agonist
2f-LIGRL-NH,. (F). I-191 is a non-competitive and insurmountable antagonist in blocking
trypsin-induced Ca”" release in HT-29 cells. Statistical analysis by one-way ANOVA followed

by Dunnett’s multiple comparisons test, each data point represents the mean + SEM (n > 3).
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Figure 3. I-191 inhibits PAR2-induced ERK1/2, RhoA and cAMP signaling in HT-29 cells.

(A). I-191 inhibits ERK1/2 phosphorylation induced in HT-29 cells by three PAR2 agonists, 2f-
LIGRL-NH; (5 uM, pink), bovine trypsin (50 nM, blue) or biased ligand GB88 (10 uM, green),
in a concentration-dependent manner. (B) I-191 (10 uM) inhibits RhoA activation induced in
HT-29 cells by 2f-LIGRL-NH; (10 uM), bovine trypsin (10 nM) or GB88 (50 uM). (C). I-191
inhibits PAR2-reduced 100 nM forskolin-induced cAMP accumulation by 1 uM 2f-LIGRL-NH,
(pink), 50 nM bovine trypsin (blue), or SuM GB88 (green) in a concentration-dependent manner,
under conditions where the I-191 concentration was below 10 pM. Statistical analysis by one-
way ANOVA followed by Dunnett’s multiple comparisons test, each data point represents the

mean = SEM, * p <0.05, ** p <0.01 (n> 3).

Figure 4. I-191 inhibits PAR2-induced cytokine gene expression, cytokine protein secretion,
and PAR2-inhibited cytokine-induced caspase cleavages in HT-29 cells. (A-B).
Concentration-dependent inhibition by I-191 of (A) CXCLS gene expression and (B) IL-8 protein
secretion induced by 2f-LIGRL-NH; (10 puM). (C-D). PAR2 agonist 2{-LIGRL-NH; (1 pM)
blocks apoptosis induced by the combination of IFN-y (40 ng. mL™") and TNF (10 ng. mL™)
through inhibiting: (C) caspase 3 and (D) caspase 8 cleavages, whereas [-191 inhibits these
effects in a concentration-dependent manner. Statistical analysis by one-way ANOVA followed

by Dunnett’s multiple comparisons test, *p < 0.05, **p < 0.01, *** p <0.001 (n > 3).

Figure 5. 1I-191 attenuates PAR2-induced migration of HT-29 cells in a concentration-

dependent manner. (A) Concentration dependent inhibition by I-191 of cell migration induced

by PAR2 agonist 2f-LIGRL-NH; (1 uM) into a scratch gap over 48 h. (B) Temporal effect on
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cell migration into a scratch gap over 48h by 2f-LIGRL-NH; (1 uM) alone and with varying
concentrations of I-191 (1 nM, 10 nM, 100 nM, 1 uM, 10 uM). (C) Concentration-dependent
inhibition by 1-191 of cell migration over 48 h induced by PAR2 agonist 2f-LIGRL-NH, (1 uM)
into a scratch gap. Statistical analysis by one-way ANOVA followed by Dunnett’s multiple

comparisons test, ** p < 0.01, *** p <0.001 (n > 3).

Figure 6. I-191 inhibits PAR2-induced migration and cytokine gene expression in MDA-
MB-231 cells. (A) Cells expressed the PAR2 mRNA more highly than PAR1, PAR3 and PAR4.
(B) Cell migration induced by PAR2 agonist 2f-LIGRL-NH, (100 nM) is inhibited by I-191 (1
uM). (C-F) 2f-LIGRL-NH; (1 uM) induces mRNA expression of (C) /L6, (D) CXCLS, (E)
CTGF or (F) CSF2, which are inhibited by I-191 (1uM or 10 uM). Statistical analysis by one-
way ANOVA followed by Dunnett’s multiple comparisons test, * p < 0.05, ** p < 0.01, *** p <

0.001 (n>3).

Figure 7. Effect of I-191 (red cross) on intracellular signaling and cell functions induced by

three different types of PAR2 agonist.
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TABLES

Table 1. Comparative inhibition of PAR2-induced signals in HT-29 cells.

Compound (agonist) iCa™ pERK1/2 cAMP RhoA
(pICso = SEM)  (pICso + SEM)  (pICs + SEM) (pICso)
1-191 (2f-LIGRL-NH,)* 7.2+0.1 7.8+0.2 6.8+ 0.3 ~5.5°
I-191 (Trypsin)® 6.7+0.1 72402 6.6+ 0.3 ~5.5°
1-191 (GB88)° - 74+02 6.5+ 0.3 ~5.5°
GB88 (2f-LIGRL-NH,)" 6.0+ 0.1 - - -
GB88 (Trypsin)* 5.7+ 0.1 - - -

“1-191 inhibits PAR2 signaling pathways activated by 2f-LIGRL-NH,. "I-191 inhibits PAR2 signaling
pathways activated by bovine trypsin. ‘I-191 inhibits PAR2 signaling pathways activated by GB88.
4GB8$ inhibits iCa”" release induced by 2f-LIGRL-NH, or bovine trypsin. ‘Estimated from Figure 3B. n
> 3 for all data.
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Figure 7
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