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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, inflamma-
tion, pain, and cancer. Certain proteases, peptides, and non-
peptides 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 the imidazopyridazine compound
I-191 (4-(8-(tert-butyl)-6-(4-fluorophenyl)imidazo[1,2-b]pyridazine-
2-carbonyl)-3,3-dimethylpiperazin-2-one) 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
cells of the human colon adenocarcinoma grade II cell line
(HT29). I-191 potently attenuated multiple PAR2-mediated in-
tracellular signaling pathways leading to Ca21 release, extracel-
lular signal-regulated kinase 1/2 (ERK1/2) phosphorylation, Ras

homologue gene family, member A (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 noncompetitive and a negative allosteric
modulator of the agonist 2f-LIGRL-NH2. The compound
alone did not activate these PAR2-mediated pathways, even
at high micromolar concentrations, indicating no bias in
these signaling properties. I-191 also potently inhibited
PAR2-mediated downstream functional responses, includ-
ing expression and secretion of inflammatory cytokines and
cell apoptosis and migration, in human colon adenocarci-
noma grade II cell line (HT29) and human breast adenocar-
cinoma cells (MDA-MB-231). 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 characterizing PAR2
functions in cancer and in other cellular, physiological, and
disease settings.

Introduction
Protease-activated receptors (PARs) are unusual rhodopsin-

likeG-protein coupled receptors (GPCRs) in being activated by
proteases (e.g., trypsin, thrombin), which cleave within the
extracellular N terminus to expose an activating sequence

(Coughlin, 2000; Arora et al., 2007; Tuteja, 2009; Yau et al.,
2013). Protease-activated receptor 2 (PAR2) is themost highly
expressed PAR in certain immune and cancer cells. Upon
activation, PAR2 mediates intracellular coupling to hetero-
trimeric G proteins that trigger pathway-dependent signaling
(e.g., Ca21 release, extracellular signal-regulated kinase 1/2
[ERK1/2] phosphorylation, Ras homologue gene family, mem-
ber A [RhoA] activation) as well as G protein-independent
b-arrestin 1/2 signaling (Rothmeier and Ruf, 2012; Suen et al.,
2014). PAR2 signaling pathways are involved in circulatory,
cardiovascular, central nervous, gastrointestinal, metabolic,
and respiratory systems (Ossovskaya and Bunnett, 2004;
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fluorophenyl)imidazo[1,2-b]pyridazine-2-carbonyl)-3,3-dimethylpiperazin-2-one; IL-6, interleukin-6; IL-8, interleukin-8; IFN-g, interferon g; K-14585, {N-[1-(2,6-
dichlorophenyl)methyl]-3-(1-pyrrolidinylmethyl)-1H-indol-5-yl}aminocarbonyl}-glycinyl-L-lysinyl-L-phenylalanyle-N-benzhydrylamide; MDA-MB-231, human breast
adenocarcinoma cells; PARs, protease-activated receptors; PAR2, protease-activated receptor 2; PBS, phosphate-buffered saline; RhoA, Ras homologue gene
family, member A; SLIGRL-NH2, H-Ser-Leu-Ile-Gly-Arg-Leu-NH2; TNF, tumor necrosis factor.
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Saito and Bunnett, 2005; Lam and Schmidt, 2010; Rothmeier
and Ruf, 2012). The consequent modulation by PAR2 of a wide
range of physiological and disease processes in these tissues,
including inflammation, cancer, and respiratory and central
nervous system dysfunction, highlights PAR2 as a potential
unexploited therapeutic target (Knight et al., 2001; Reed et al.,
2003; Matej et al., 2007).
PAR2 is mainly activated by serine proteases (e.g., trypsin,

tryptase, TF-FVIIa-FXa, matriptase) (Darmoul et al., 2004;
Seitz et al., 2007; McLarty et al., 2011; Ramachandran et al.,
2011; Mihara et al., 2016), while some proteases cleave at a
noncanonical 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.,
H-Ser-Leu-Ile-Gly-Arg-Leu-NH2 [SLIGRL-NH2], 2-furoyl-LIGRL-
NH2) (Kawabata et al., 2005; Barry et al., 2010; Yau et al., 2015),
some being biased agonists (e.g., 2f-LAAAAI-NH2, Isox-Cha-Chg-
NH2, Isox-Cha-Chg-Ala-Arg-NH2) that signal more effectively
through one pathway than another (Jiang et al., 2017). The
beneficial effects of PAR2 activation in vivo remain uncertain and
context dependent, with pathway-selective biased ligands poten-
tially being helpful in elucidating and harnessing therapeutic
potential.
PAR2 antagonists might have disease-modifying properties,

but only a fewweakly potent antagonists are known to test this
possibility. ENMD-1068 (N1-3-methylbutyryl-N4-6-aminohexa-
noyl-pipera-zine) weakly inhibits PAR2-mediated Ca21signal-
ing in vitro (IC50 5 mM) and joint inflammation in vivo (Kelso
et al., 2006), although it is uncertain if this is viaPAR2.K-14585
({N-[1-(2,6-dichlorophenyl)methyl]-3-(1-pyrrolidinylmethyl)-1H-
indol-5-yl)aminocarbonyl}-glycinyl-L-lysinyl-L-phenylala-
nyle-N-benzhydrylamide), a more potent peptidic PAR2
antagonist, inhibits p38 mitogen-activated protein kinase
activation and interleukin 8 (IL-8) secretion, but promotes
them above 10 mM concentrations (Goh et al., 2009). GB83 (5-
Isoxazoyl-Cha-Ile-spiroindane-1,49-piperidine) and GB88 (5-
Isoxazoyl-Cha-Ile-spiroindene-1,49-piperidine) (IC50 1–10 mM)
and analogs inhibit PAR2 activation by proteases (e.g., trypsin,
tryptase), peptides (e.g., SLIGRL-NH2, 2-furoyl-LIGRLO-
NH2), and nonpeptides (e.g., GB110, 5-Isoxazoyl-Cha-Ile-(3-[ami-
nomethyl]phenyl)-(4-[aminomethyl]piperidin-1- yl)methanone)
as measured by Ca21 release in multiple cell types (Barry
et al., 2010; Suen et al., 2012; Yau et al., 2016b). Although
GB88 is an antagonist in inhibiting PAR2-induced calcium
mobilization, it is an agonist in stimulating RhoA activation,
promoting ERK1/2 phosphorylation, and reducing forskolin-
stimulated cAMP (Suen et al., 2014). A different peptidomimetic
C391 (2S)-6-amino-N-((S)-1-(((S)-1-amino-3-(4-hydroxyphenyl)-1-
oxopropan-2-yl)amino)-4-methyl-1-oxopentan-2-yl)-2- ((3S)-1-(furan-
2-carbonyl)-3-(3-methylbutanamido)-4,7-dioxooctahydro-8H-
pyrazino[1,2-a]pyrimidin-8-yl)hexanamide] is a weak PAR2
antagonist of Ca21 (IC50 1.3 mM) and pERK (IC50 14 mM)
signaling, as well as pain responses in vivo (Boitano et al.,
2015). Heptares and Astra-Zeneca reported an imidazole ((S)-
(4-fluoro-2-propylphenyl)-(1H-imidazol-2-yl)methanol [AZ8838],
IC50 4.2mMvs. trypsin; 2.3mMvs. SLIGRL) andabenzimidazole
(2-(6-bromo-1,3-benzodioxol-5-yl)-N-(4-cyanophenyl)-1-[(1S)-
1-cyclohexylethyl]benzimidazole-5-carboxamide [AZ3451],
IC50 6.6 mM vs. trypsin; 5.4 nM vs. SLIGRL) that bind at
different sites in PAR2 crystal structures and inhibit Ca21

(Cheng et al., 2017). In summary, most PAR2 antagonists
are active at only micromolar concentrations and do not

inhibit all types of PAR2 agonists (proteases, peptides, non-
peptides); their activity can be context and cell dependent, or
they have only been reported to date to be capable of inhibiting
Ca21 signaling (Yau et al., 2016a,b).
A diverse series of imidazopyridazine derivatives was re-

cently claimed in a patent to antagonize PAR2-induced
intracellular Ca21 release at micromolar–nanomolar concen-
trations (Farmer et al., 2015), although there was no evidence
supporting selective binding to PAR2. Here we show that one
imidazopyridazine derivative, I-191 [4-(8-(tert-butyl)-6-(4-
fluorophenyl)imidazo[1,2-b]pyridazine-2-carbonyl)-3,3-
dimethylpiperazin-2-one] displaces the binding of a fluores-
cent 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-
NH2)–induced Ca21 release, ERK1/2 phosphorylation, RhoA
activation, and inhibition of forskolin-induced cAMP accumu-
lation in the human colon adenocarcinoma grade II HT29 cell
line. Furthermore, I-191 also inhibits ERK1/2 phosphoryla-
tion, RhoA activation, and inhibition of forskolin-stimulated
cAMP accumulation induced by micromolar concentrations of
biased ligand GB88. 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 HT29 or human breast
adenocarcinoma MDA-MB-231 cells. These findings indicate
that I-191 is a potentially valuable tool in vitro for probing
roles of PAR2 in physiology.

Materials and Methods
Cell Culture. All cell culture reagents were purchased from

Invitrogen (Carlsbad, CA) and Sigma-Aldrich (St. Louis, MO). The
HT29 andMDA-MB-231 cells were a gift from theQueenslandMedical
Research Institute (Brisbane, Australia). HT29 cells were maintained
in Dulbecco’s modified Eagle’s medium at 37°C and 5% CO2, and the
MDA-MB-231 cells were cultured in Leibovitz’s L15 medium at 37°C
without CO2. All media were supplemented with 10% fetal bovine
serum (FBS), 100 U/ml penicillin, and 100 U/ml streptomycin.

Binding Assay. Assays were performed as previously described
elsewhere (Hoffman et al., 2012; Suen et al., 2014). The cells were
seeded overnight in a 384-well plate at 2.4 � 104 cells/well, followed
by phosphate-buffered saline (PBS) with 2% bovine serum albumin
(BSA) blocking for 1 hour at 37°C. The cells were simultaneously
exposed to 2f-LIGRLO (diethylenetriaminepentaacetate-europium)-
NH2 (300 nM) and PAR2 ligands for 30 minutes. The cells were
washed with PBS mixed with 20 mM EDTA, 0.01% Tween and
0.2% BSA. Finally, the cells were incubated with DELFIA enhance-
ment solution (Perkin Elmer, Waltham, MA) for 90 minutes. Fluores-
cence was measured using a Pherastar FS fluorimeter (BMGLabtech,
Ortenberg, Germany).

Intracellular Calcium Mobilization. Cells were seeded over-
night in 96-well plates at 5 � 104 cells/well and then incubated in dye
loading buffer (Hanks’ balanced salt solution [HBSS] with 4 mMFluo-
3, 0.04% pluronic acid, 1% FBS and 2.5 mM probenecid) for 1 hour at
37°C. The cells were washed with HBSS before adding antagonists for
30 minutes. The plates were transferred to a FLIPR Tetra instrument
(Molecular Devices, Sunnyvale, CA). PAR2 agonists were added
10 seconds after reading commenced, and the calcium signals were
measured in real time (excitation at 480 nm and emission at 520 nm).
Receptor residence time was determined by washout experiments.
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Antagonists were preincubated with cells for 30 minutes at 37°C;
then unbound antagonists were removed by washing with HBSS
buffer. At every indicated time point, the plates were read after
agonist addition. We used 2f-LIGRL-NH2 alone (5 mM) to measure
maximum fluorescence due to Ca21 sequestration by Fluo-3, with
individual results normalized accordingly.

The agonist concentration–response curves with increasing concen-
tration of antagonists were fitted to an operational model of alloster-
ism (Gregory et al., 2012; Kenakin, 2013):

Effect5
Em½tA½A�ðKB 1ab½B�1 tB½B�KAÞ�n

ð½A�KB 1KAKB 1KA ½B�1a½A�½B�Þn 1 ½tA ½A�ðKB 1ab½B�Þ1 tB½B�KA �n

where Em is the maximum possible response, [A] is the molar
concentration of agonist 2f-LIGRL-NH2, KA is the equilibrium disso-
ciation constant of agonist 2f-LIGRL-NH2, [B] is the molar concentra-
tion, and KB is the equilibrium dissociation constant for the allosteric
modulator. The cooperativity factor a is related to the affinity of the
agonist, b represents the efficacy of the agonist, and tA and tB
represent the capacity of the agonist and allosteric modulator to
regulate receptor activation, respectively. Because I-191 showed no
agonist activity, tB 5 0, and the formula simplified to:

Effect5
Em½tA½A�ðKB 1ab½B�Þ�n

ð½A�KB 1KAKB 1KA½B�1a½A�½B�Þn 1 ½tA½A�ðKB 1ab½B�Þ�n

The parameters that were held constant were KA 5 1027, KB 5 1028,
tA 5 10, and Em 5 100.

AlphaLISA Surefire pERK1/2 Assay. Cells were seeded over-
night in 384-well proxiplates at 2 � 103 cells/well and then were
serum-starved for 2 hours at 37°C before treatmentwith PAR2 ligands
dissolved in serum-free medium. The antagonists were preincubated
for 10minutes followed by stimulationwith the agonist for 10minutes.
The supernatant was removed, and cell lysis buffer was added with
shaking for 30 minutes at room temperature, followed by adding
reaction mixture for 2 hours. Phosphorylation of ERK1/2 was mea-
sured according to themanufacturer’s instructions (PerkinElmer) and
was read using a Pherastar FS fluorimeter (BMG Labtech).

G-LISA RhoA Activation. The cells were seeded at 2 � 105

cells/well and were serum-starved for 2 days. After treatment with a
PAR2 agonist for 20 minutes at 37°C, the cells were lysed for RhoA
detection. An antagonist was added to the cells 1 hour before the
agonist. RhoA activation was measured using a G-LISA Biochem kit
according to the manufacturer’s instructions (Cytoskeleton, Denver,
CO).

Briefly, cell lysates were added to the binding buffer and incubated
at 4°C for 30 minutes. Antigen-presenting buffer was then added for
2 minutes after washing. The cells were incubated with anti-RhoA
primary antibody for 45 minutes, and subsequently were incubated
with secondary antibodies for 45 minutes. The mixed horseradish
peroxidase detection reagent was added for 15 minutes then stopped
with buffer before the signal was read bymeasuring the absorbance at
490 nm using a microplate spectrophotometer (Suen et al., 2014).

cAMPAccumulation Assay. The cells were seeded overnight in
384-well proxiplates at 2.4 � 103 cells/well. The antagonists were
preincubated for 10 minutes, followed by stimulation with agonist
for 30 minutes before treatment with PAR2 agonists and forskolin
for 30 minutes at room temperature. Next cAMP detection reagent
was added for 1 hour at room temperature. The cAMP accumula-
tion was measured according to the manufacturer’s instructions
(PerkinElmer) and read using a Pherastar FS fluorimeter (BMG
Labtech).

Cytokine-Induced Cleavage of Caspases 3 and 8. As pre-
viously described elsewhere (Iablokov et al., 2014), the cells were
seeded overnight at 5 � 105 cells per well. After serum starving for
1 hour, the cells were incubated for 30 minutes with different
concentrations of a PAR2 antagonist before the addition of a PAR2

agonist. Caspase 3/8 cleavage was then induced through addition of
interferon-g (IFN-g , 40 ng ml21) for 5 minutes before adding tumor
necrosis factor (TNF, 10 ng ml21) and incubating for 6 hours more.

Immunoblot. After treatment, cell lysates were prepared using
lysis buffer supplemented with a protease and phosphatase inhibitor
cocktail (Cell Signaling Technology, Beverly, MA). Cell lysates were
separated by electrophoresis in a Bolt Bis-Tris Plus 4%–12% gel
(Thermo Fisher Scientific, Waltham, MA), followed by electrical
transfer using the iBlot 2 Dry Blotting System (Thermo Fisher
Scientific). The membranes were incubated with primary antibodies
and secondary antibodies (cleaved caspase 3; Cell Signaling Technol-
ogy 9661; cleaved caspase 8, Cell Signaling Tech 9496; anti-rabbit
antibody conjugated to horseradish peroxidase; Cell Signaling Tech-
nology) using the iBind Western System (Life Technologies, Cama-
rillo, CA) according to the manufacturer’s instructions. Exposure
times were varied to eliminate signal saturation. GAPDH (Sigma
Aldrich) was used as a loading control, and the band intensity was
calculated with ImageJ software (U.S. National Institutes of Health,
Bethesda, MD).

Reverse-Transcription Polymerase Chain Reaction. The
cells were seeded overnight at a density of 5 � 105 cells per well in
12-well plates. The cells were serum-starved overnight then were
preincubated with different antagonist concentrations for 30 minutes
before adding a PAR2 agonist for 1 hour. The cells were then lysed, and
RNA was isolated using the ISOLATE II RNA Mini Kit (Bioline,
London, United Kingdom). Total RNA was extracted from the cells;
random oligo dT were initially incubated at 70°C for 10 minutes, and
then cooled on ice for at least 1 minute before being reverse
transcribed with Superscript III (Invitrogen) at 50°C for 50 minutes
then at 70°C for 10 minutes. Quantitative real-time polymerase chain
reaction was performed using a ViiATM 7 Real-Time PCR System
(Life Technologies, Carlsbad, CA), cDNA, SYBER Green master mix
(Life Technologies), and primers. The genes were amplified for
40 cycles, and the relative gene expression was normalized against
HPRT1 (forward: TCAGGCAGTATAATCCAAAGATGGT; reverse:
AGTCTGGCTTATATCCAAC ACTTCG).

ELISA. The cells were seeded overnight at a density of 5 � 105

cells/well in 12-well plates. The cells were serum-starved overnight
before exposure to various concentrations of an antagonist for
30 minutes. The cells were then treated with a PAR2 agonist for
24 hours. The cell supernatants were collected, and the cytokine
secretion was measured using an ELISA for human IL-8, according to
manufacturer’s instructions (BD Biosciences, San Jose, CA).

Cell Migration In Vitro. HT29 cells were seeded overnight at a
density of 2 � 105 cells/well in 12-well plates. As described previously
elsewhere (Lam and Schmidt, 2010), after cells formed a confluent
monolayer, a scratch gap was created using a p200 pipette tip. The
cells were washed to remove floating cells and were incubated with or
without PAR2 agonists in serum-free medium. Antagonists were
added for 30 minutes before scratching the monolayer. The images
of the scratch gap were acquired (at 0, 24, and 48 hours) using a Nikon
Ti-U inverted brightfield microscope (Nikon, Tokyo, Japan). The
scratch gap sizewas calculated using ImageJ (U.S. National Institutes
of Health). Scratch gap size was measured as the gap area at 48 hours
divided by the initial gap area at 0 hours.

Transwell Chemotaxis Assay. The transwell system (polycar-
bonate filter insert with 8 mm pore size membrane; Corning,
Corning, NY) was used to investigate cell migration. Both sides of
the membrane were coated with collagen I and air dried for
2 minutes. The cells were dissociated using nonenzymatic cell
dissociation solution and resuspended in serum-free L-15 with
0.1% BSA. The cells were seeded (2.5 � 105/insert) and allowed to
incubate for 3 hours at 37°C. PAR2 ligands were diluted in serum-
free L-15 with 0.1% BSA and added to the bottom chamber to
stimulate cell migration. Antagonists were preincubated for 30 min-
utes in the upper chamber before agonist addition. The transwell
plates were incubated at 37°C, and the cells were allowed to migrate
for 24 hours.
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After incubation, the cells in the top chamber of themembranewere
removed carefully using a cotton swab and fixed in 4% paraformalde-
hyde. The membrane was washed twice with PBS and stained with
4,6-diamidino-2-phenylindole. Migrated cells on the underside of the
membrane were counted using a Nikon Ti-U inverted brightfield
microscope.

Statistical Analysis. GraphPad Prism 7.0 (GraphPad Software,
San Diego, CA) was used to analyze all data. Statistically significance
of differences between groups were measured using one-way analysis
of variance, followed by Dunnett’s multiple comparisons test or
Student’s t test. Data are presented as the mean of the entire data
set 6 S.E.M.

Materials. Bovine trypsin was purchased from Sigma-Aldrich
(Cat. No. T1426). I-191 was synthesized and characterized as de-
scribed in the supplemental information. PAR2 activating pep-
tide agonist 2f-LIGRL-NH2 and an Eu-tagged ornithine-containing
peptide 2f-LIGRLO(diethylenetriaminepentaacetate-europium)-NH2

were synthesized in house, as described elsewhere (Suen et al., 2012,
2014).

Results
Inhibition of PAR2 Specific Binding in HT29 Cells.

The compound I-191 (Fig. 1A) is among a series of imidazopyr-
idazine compounds recently described in a patent application
by Vertex Pharmaceuticals (Farmer et al., 2015). Here we
investigate PAR2 binding, signaling, and functional properties
for I-191 in HT29 human colon adenocarcinoma cells, which
express higher levels of PAR2 than other PARs (Fig. 1B).
A fluorescent analog of the well-established PAR2 agonist

peptide 2f-LIGRLO-NH2 (Suen et al., 2014), labeled on the
ornithine sidechain with europium diethylenetriaminepentaa-
cetate, was used in competitive binding experiments to assess
specific ligand binding to PAR2. The unlabeled 2f-LIGRL-NH2

was able to compete with the Eu-tagged peptide analog for
binding to HT29 cells (Fig. 1C) in a concentration-dependent
manner (pIC50 6.4 6 0.2). I-191 similarly displaced the

Eu-tagged peptide for binding to HT29 cells (Fig. 1C) in a
concentration-dependent manner (pIC50 7.1 6 0.2), consistent
with specific binding of I-191 to PAR2 on HT29 cells. However,
unlike 2f-LIGRL-NH2, even the highest concentrations of the
antagonist I-191 did not fully displace the binding of Eu-tagged
2f-LIGLRLO-NH2 (∼25% remaining) from HT29 cells. The
binding study is consistentwith an insurmountablemechanism.
To investigate whether themechanism of binding of I-191 to

PAR2 was competitive or noncompetitive with a peptide
agonist, we measured the binding affinity with varying
concentrations of 2f-LIGRL-NH2 in the presence of
Eu-tagged 2f-LIGRLO-NH2 (300 nM) and with increasing
concentrations of I-191 (Fig. 1D). There was no significant
rightward shift in the plots, and the IC50 for 2f-LIGRL-NH2

was almost invariant in the presence of increasing concentra-
tions of I-191 (30 nM to 3 mM). At the highest concentrations of
I-191 (10, 30 mM), the agonist peptide was not completely
displaced (only 75%) from the cells. This indicates that I-191 is
noncompetitive with 2f-LIGRL-NH2 in binding to PAR2 on
HT29 cells.

Inhibition of PAR2-Mediated Ca21 Release in HT29
Cells. Next, we studied I-191 for inhibition of PAR2-induced
calcium signaling. I-191 was a potent antagonist in inhibiting
intracellular Ca21 release induced by either 2f-LIGRL-NH2

(pIC50 7.2 6 0.1) or bovine trypsin (pIC50 6.7 6 0.1) in HT29
cells (Fig. 2A). I-191 was an order of magnitude more potent
than our previously reported antagonist GB88 under the same
conditions (Fig. 2B; Table 1). I-191 did not induce any agonist-
induced calcium response at concentrations up to 100mM (Fig.
2A), and it was about 100-fold more selective for PAR2 than
PAR1 in PC3 cells (Supplemental Fig. 1) and HT29 cells
(Farmer et al., 2015).
The duration of inhibition, reflecting receptor residence

time, was determined throughwashout experiments using the
calcium assay (Fig. 2, C and D). After 1 hour of incubation,

Fig. 1. Specific binding of I-191 to PAR2 in
HT29 cells. (A) Structure of PAR2 ligand, I-191.
(B) Relative humanmRNA expression of PAR1-4
genes (F2R, F2RL1, F2RL2, F2RL3) in HT29
cells, PAR2 having the highest expression. (C)
Concentration-dependent binding with 300 nM
Eu-labeled 2f-LIGRLO-NH2 of 2f-LIGRL-NH2
(pIC50 6.4 6 0.2) or I-191 (pIC50 7.1 6 0.2). 2f-
LIGRLO-NH2 and 2f-LIGRL-NH2 are well-
established PAR2-selective agonist ligands.
(D) Concentration-dependent response of 2f-
LIGRL-NH2 in displacing 300 nM Eu-tagged
2f-LIGRLO-NH2 binding to PAR2, in the pres-
ence of increasing concentrations of I-191 in
HT29 cells. Statistical analysis was by one-
way analysis of variance followed by Dunnett’s
multiple comparisons test, each data point
representing the mean 6 S.E.M. ***P , 0.001
(n $ 3).
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I-191 (1mM) inhibitedmore than 50% of the intracellular Ca21

release induced by 2f-LIGRL-NH2 (5 mM), and no antagonist
activity was observed after 3 hours. The corresponding re-
ceptor residence time half-life was 51 minutes for I-191 at
37°C, compared with ∼200 minutes for GB88 (20 mM). Thus,
I-191 is a potent full antagonist of PAR2 in inhibiting Ca21

release in HT29 colon cancer cells.
The mechanism of PAR2 antagonism by I-191 was further

investigated for the Ca21 signaling pathway in HT29 cells

through inhibitory effects on PAR2-induced calcium mobili-
zation, after pretreatment of the cells with escalating concen-
trations of I-191. The agonist-induced calcium response curve
showed a rightward shift, but a depression in the maximum
response at the highest concentration of 2f-LIGRL-NH2

supported a noncompetitive and insurmountable mechanism
of I-191 (Fig. 2E).
In addition, we measured the effect of I-191 on the Ca21

response elicited by the native PAR2 agonist trypsin (Fig. 2F).

Fig. 2. I-191 attenuates PAR2-induced Ca2+ signaling in HT29 cells. (A) I-191 attenuates Ca2+ induced in HT29 cells by 5 mM 2f-LIGRL-NH2 (pink) or
50 nM bovine trypsin (blue), but alone shows no agonist activity (black). (B) Known antagonist GB88 similarly attenuates Ca2+ in HT29 cells but at
10-fold higher concentrations. (C and D) Duration of inhibition by (C) I-191 (1 mM) or (D) GB88 (20 mM) of Ca2+ release induced by 2f-LIGRL-NH2 (5 mM)
in HT29 cells. (E) I-191 is a noncompetitive and insurmountable antagonist inhibiting 2f-LIGRL-NH2-induced Ca2+ release in HT29 cells. The affinity
parameter a = 0.85 and efficacy parameter b = 0.04 indicate that I-191 is a negative allosteric modulator of the agonist 2f-LIGRL-NH2. (F) I-191 is a
noncompetitive and insurmountable antagonist in blocking trypsin-induced Ca2+ release in HT29 cells. Each data point representing the mean6 S.E.M.
(n $ 3).
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The inhibitory pattern for I-191 was similar against trypsin as
for 2f-LIGRL-NH2. Further, at 1–30 mM of I-191 against 2f-
LIGRL-NH2 (Fig. 2E) or 2–60 mM I-191 against trypsin (Fig.
2F), no further antagonism of the Ca21 response was obtained.
This saturation effect is a hallmark of allostericmodulation. An
allosteric modulator occupies its own binding site, and once the
site is saturated no further allosteric antagonist effect can be
achieved (Kenakin et al., 2006; Kenakin, 2007).
Using an operational model of allosterism (Gregory et al.,

2012; Kenakin, 2013; Watterson et al., 2017), we calculated the
cooperativity for both affinity (a) and efficacy (b) of the “probe”
2f-LIGRL-NH2 in the calcium response. The finding that a 5
0.85 , 1.0 and b 5 0.04 , 1.0 suggests that I-191 may be a
negative allosteric modulator of 2f-LIGRL-NH2–induced PAR2
activation in Ca21 mobilization. This calculated binding cooper-
ativity (a 5 0.85) is consistent with I-191 being noncompetitive
and insurmountable with the agonist probe 2f-LIGRL-NH2.
Together, the mechanistic data for binding and calcium release
reveal that I-191 is anegative allostericmodulator that binds at a
site on PAR2 that is distinct from 2f-LIGRL-NH2.
Inhibition of Other PAR2 Signaling Pathways in

HT29 Cells. I-191 was also an antagonist in attenuating
ERK1/2 phosphorylation (Fig. 3A) induced by either 5 mM 2f-
LIGRL-NH2 (pIC50 7.8 6 0.2) or 50 nM bovine trypsin (pIC50

7.2 6 0.2). In addition, the agonist effect of the biased ligand
GB88, which on its own stimulates ERK1/2 phosphorylation,
was inhibited by I-191 (pIC50 7.4 6 0.2). I-191 had greater
antagonist activity in this ERK1/2 assay than in the calcium
assay (5-fold greater against 2f-LIGRL-NH2 and 3-fold against

trypsin), suggesting it is a more potent ERK1/2 pathway
inhibitor.
Further, the PAR2 agonists 2f-LIGRL-NH2, trypsin, and the

calcium-biased PAR2 antagonist GB88 each significantly
stimulated RhoA activation in HT29 cells, with around a
3-fold increase compared with untreated cells (Fig. 3B). This
activation of RhoA was inhibited by preincubation of HT29
cells with I-191 (10mM), highlighting I-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 mM, suggest-
ing that it is an antagonist in another PAR2-dependent
signaling pathway (Fig. 3C).
To summarize, I-191 is the first antagonist reported to date

to potently inhibit all these signaling pathways in HT29 cells.
Inhibition of PAR2-Mediated Cytokine Production

and PAR2-Attenuated Cytokine-Induced Cleavage of
Caspases in HT29 Cells. In addition to examining the effect
of I-191 on the three different PAR2 signaling pathways, we
also studied its effects on related functional responses in
cancer cells. First, we investigated whether I-191 could inhibit
gene expression and secretion of the inflammatory cytokine
IL-8, which has been associated with ERK1/2 signaling in
HT29 cells (Wang et al., 2010; Jiang et al., 2017). For gene
expression (Fig. 4A), 2f-LIGRL-NH2 induced a 2.5-fold in-
crease in CXCL8mRNA expression (IL-8) in HT29 cells. I-191
(1 and 10 mM) decreased this expression to baseline, but lower
concentrations had little effect. Similar results were observed

TABLE 1
Comparative inhibition of PAR2-induced signals in HT29 cells

Compound (Agonist) iCa2+
(pIC50 6 S.E.M.)

pERK1/2
(pIC50 6 S.E.M.)

cAMP
(pIC50 6 S.E.M.)

RhoA
(pIC50)

I-191 (2f-LIGRL-NH2)
a 7.2 6 0.1 7.8 6 0.2 6.8 6 0.3 ∼5.5e

I-191 (trypsin)b 6.7 6 0.1 7.2 6 0.2 6.6 6 0.3 ∼5.5e
I-191 (GB88)c — 7.4 6 0.2 6.5 6 0.3 ∼5.5e
GB88 (2f-LIGRL-NH2)

d 6.0 6 0.1 — — —
GB88 (trypsin)d 5.7 6 0.1 — — —

aI-191 inhibits PAR2 signaling pathways activated by 2f-LIGRL-NH2.
bI-191 inhibits PAR2 signaling pathways activated by bovine trypsin.
cI-191 inhibits PAR2 signaling pathways activated by GB88.
dGB88 inhibits iCa2+ release induced by 2f-LIGRL-NH2 or bovine trypsin.
eEstimated from Fig. 3B. n $ 3 for all data.

Fig. 3. I-191 inhibits PAR2-induced ERK1/2, RhoA, and cAMP signaling in HT29 cells. (A) I-191 inhibits ERK1/2 phosphorylation induced in HT29 cells
by three PAR2 agonists, 2f-LIGRL-NH2 (5 mM, pink), bovine trypsin (50 nM, blue) or biased ligand GB88 (10 mM, green), in a concentration-dependent
manner. (B) I-191 (10 mM) inhibits RhoA activation induced in HT29 cells by 2f-LIGRL-NH2 (10 mM), bovine trypsin (10 nM), or GB88 (50 mM). (C) I-191
inhibits PAR2-reduced 100 nM forskolin-induced cAMP accumulation by 1 mM 2f-LIGRL-NH2 (pink), 50 nM bovine trypsin (blue), or 5 mMGB88 (green)
in a concentration-dependent manner, under conditions where the I-191 concentration was below 10 mM. Statistical analysis was by one-way analysis of
variance followed by Dunnett’s multiple comparisons test, each data point representing the mean 6 S.E.M., *P , 0.05; **P , 0.01 (n $ 3).
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for IL-8 protein secretion induced by 2f-LIGRL-NH2, which
was also inhibited by I-191 (IC50 ∼100 nM) (Fig. 4B).
Although PAR2 agonists do not induce expression of certain

cytokines (such as IFN-g and TNF), they do inhibit caspase
3 and caspase 8 cleavage induced by a combination of IFN-g
and TNF. These caspase cleavages are hallmarks of cell
apoptosis in HT29 cells (Iablokov et al., 2014), and we have
previously linked PAR2 inhibition of these caspase cleavages
to PAR2-dependent ERK1/2 signaling in HT29 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 (Fig. 4C) and caspase 8 (Fig. 4D). In the presence
of 2f-LIGRL-NH2, the IFN-g/TNF combination failed to induce
any caspase cleavages, but pretreatment with I-191 (0.1, 1, or
10 mM) 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
HT29 colon cancer cells.
Inhibition of PAR2-Activated Migration of HT29

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 PAR2 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 HT29 cells into the
scratch gap. In the absence of FBS, 2f-LIGRL-NH2 narrowed
the scratch gap size to ∼60% after 24 hours and ∼36% after
48 hours (Fig. 5). On the other hand, I-191 showed a
concentration-dependent inhibition of this narrowing, with
1 mM and 10 mM almost halting migration after 48 hours
(∼80%) compared with the effect of 2f-LIGRL-NH2 alone (Fig.
5). Even 100 nM I-191 could significantly reduce PAR2-
stimulated cell migration after 48 hours (gap size ∼56%), but
there was no detectable effect at lower concentrations. Thus,
I-191 potently attenuates PAR2 agonist-triggered migration
of HT29 cells, a property we have associated with inhibition of
PAR2-mediated signaling through ERK1/2 phosphorylation.
Inhibition of PAR2-Stimulated Migration and Cyto-

kine Expression in MDA-MB-231 Breast Cancer Cells.
MDA-MB-231 breast cancer cells express more PAR2 than
other PARs (Fig. 6A). PAR2 is activated in MDA-MB-231 cells
by the agonists 2f-LIGRL-NH2 or trypsin (Ge et al., 2004;
Matej et al., 2007), and this is inhibited by I-191
(Supplemental Fig. 2). Therefore, I-191 was examined in
transwell chambers to create two separate compartments for
detecting PAR2-stimulated cell migration (chemotaxis).
2f-LIGRL-NH2 (100 nM) stimulated∼3-fold themigration of

MDA-MB-231 cells (Fig. 6B). The biased antagonist GB88

Fig. 4. I-191 inhibits PAR2-induced cytokine gene expression, cytokine protein secretion, and PAR2-inhibited cytokine-induced caspase cleavages in
HT29 cells. (A and B). Concentration-dependent inhibition by I-191 of (A) CXCL8 gene expression and (B) IL-8 protein secretion induced by 2f-LIGRL-
NH2 (10 mM). (C and D). PAR2 agonist 2f-LIGRL-NH2 (1 mM) blocks apoptosis induced by the combination of IFN-g (40 ng ml21) and TNF (10 ng ml21)
through inhibiting (C) caspase 3 and (D) caspase 8 cleavages, whereas I-191 inhibits these effects in a concentration-dependent manner. Statistical
analysis was by one-way analysis of variance followed by Dunnett’s multiple comparisons test. *P , 0.05; **P , 0.01; *** P , 0.001 (n $ 3).
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(3, 10 mM) that only inhibits the Gq-Ca21-PKC signaling
pathway (Suen et al., 2014) did not inhibit PAR2-mediated
migration, nor was it an agonist alone in inducing migration
(Supplemental Fig. 3). In contrast, pretreatment with I-191
(1 mM) led to inhibition of the migration of MDA-MB-231 cells
induced by 2f-LIGRL-NH2 (Fig. 6B).
Further, four important signaling proteins that regulate

physiological responses were used to probe the effect of I-191
(Fig. 6, C–F). 2f-LIGRL-NH2 significantly enhances gene
expression of interleukin 6 (IL6, ∼25-fold increase), IL-8
(CXCL8, ∼90-fold increase), connective tissue growth factor
(CTGF, ∼6-fold increase), and granulocyte macrophage
colony-stimulating factor (CSF2, ∼14-fold increase) in MDA-
MB-231 cells. I-191 (10 or 1 mM) significantly inhibited
the expression of all four cytokine genes induced by 2f-
LIGRL-NH2.
These data for breast cancer cells are consistent with earlier

findings for colorectal carcinoma cells, supporting I-191 as an
inhibitor of PAR2-induced chemotaxis and cytokine produc-
tion in MDA-MB-231 breast cancer cells.

Discussion
GPCRs play pivotal roles in cellular sensing and intracel-

lular 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 aGPCR 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 et 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 trans-
duction, as well as antagonists that block just one or a few
downstream 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 asso-
ciated with metastasis, proliferation, angiogenesis, and other
functions promoting tumor development (Dorsam and Gut-
kind, 2007; Chang et al., 2013; Xie et al., 2015; Chanakira

Fig. 5. I-191 attenuates PAR2-induced migration of HT29 cells in a concentration-dependent manner. (A) Concentration-dependent inhibition by I-191
of cell migration induced by PAR2 agonist 2f-LIGRL-NH2 (1 mM) into a scratch gap over 48 hours. (B) Temporal effect on cell migration into a scratch gap
over 48 hours by 2f-LIGRL-NH2 (1 mM) alone and with varying concentrations of I-191 (1, 10, 100 nM and 1, 10 mM). (C) Concentration-dependent
inhibition by I-191 of cell migration over 48 hours induced by PAR2 agonist 2f-LIGRL-NH2 (1 mM) into a scratch gap. Statistical analysis was by one-way
analysis of variance followed by Dunnett’s multiple comparisons test. **P , 0.01; ***P , 0.001 (n $ 3).
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et al., 2017), whereas in other settings it may be more
desirable to dampen some signaling such as that leading to
proinflammatory 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 and acts
as an antagonist of different agonists; we studied the mech-
anism of antagonism and whether it inhibits multiple PAR2
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; it

acts in a concentration-dependent manner to displace a PAR2

ligand, fluorescence-labeled 2f-LIGRLO-NH2, for binding to
PAR2 in HT29 colon cancer cells. I-191 had a surprisingly
short residence time on PAR2 (Fig. 2C) but was still able to
attenuate calcium release induced in HT29 cells by either a
proteolytic (trypsin) or peptidic (2f-LIGRL-NH2.) agonist of
PAR2. The potency of I-191 was about 10-fold higher than the
antagonist GB88 under the same conditions (Table 1). Fur-
thermore, I-191 showed no agonist activity even at high
micromolar concentrations. This capacity to antagonize both
proteolytic and nonproteolytic 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-NH2 to
PAR2 in a concentration-dependent manner, but it could not
completely displace the agonist even at high concentrations.

Fig. 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-NH2 (100 nM) is inhibited by I-191 (1 mM). (C and F) 2f-LIGRL-NH2
(1 mM) induces mRNA expression of (C) IL6, (D) CXCL8, (E) CTGF, or (F) CSF2, which are inhibited by I-191 (1 or 10 mM). Statistical analysis was by
one-way analysis of variance followed by Dunnett’s multiple comparisons test. *P , 0.05; **P , 0.01; ***P , 0.001 (n $ 3).
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This noncompetitive and insurmountable binding suggested
that I-191 may be an allosteric modulator (Christopoulos,
2002). Increasing concentrations of I-191 in PAR2 agonist-
induced calcium release revealed a saturation phenomenon,
supporting allosteric binding of I-191 to PAR2.
A characteristic of allosterism is cooperativity between

orthosteric and allosteric ligands, knownas “probe dependence”
(Valant et al., 2012). Allosteric modulators can use different
mechanisms of inhibition against different agonists of GPCRs
(Watterson et al., 2017). However, for PARs it is difficult to
characterize allosteric mechanisms because there is no exoge-
nous 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-
NH2 was used as an 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-NH2. I-191
proved to be a negative allostericmodulator (a5 0.85, 1.0,b5
0.04 , 1.0) of 2f-LIGRL-NH2 based on an operational model of
allosterism (Gregory et al., 2012; Kenakin, 2013).
This mechanistic interpretation needs qualification. First,

the agonist is not the endogenous PAR2 agonist. Most
synthetic agonists are analogs of the tethered sequence
SLIGKV, such as SLIGRL-NH2, 2f-LIGRL-NH2, GB110, and
AY77(5-Isoxazoyl-Cha-Chg-NH2). Structurally diverse PAR2
agonists may enhance our understanding of PAR2 activation
mechanisms and permit better mechanistic descriptions of
antagonist mechanisms. Second, Ca21 mobilization induced
by 2f-LIGRL-NH2 (or SLIGRL-NH2) versus trypsin is differ-
entially 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-NH2 or tethered agonist.
Third, allosteric behavior is context dependent, and these
ligands may behave differently under different conditions, in

other cell types and signaling 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-NH2, GB88) were used to produce these
reporters in HT29 cells and to measure inhibition by I-191.
I-191 is also the first antagonist reported to inhibit PAR2
activation of ERK1/2, RhoA, and cAMP by the biased ligand
GB88. It was a more potent antagonist than the recently
reported C391 (IC50 14 mM, pERK1/2) (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 PAR2 antagonist has been reported to inhibit this
pathway until now.
Finally, we demonstrate that I-191 antagonizes different

cellular functions stimulated by PAR2 agonists in colon and
breast cancer cells. PAR2 activation is known to induce
migration, cytokine release, and apoptosis in HT29 cells
(Darmoul et al., 2004; Wang et al., 2010; Iablokov et al.,
2014). PAR2 agonists may thus have some benefit in pro-
moting 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 HT29 cells
(Jiang et al., 2017). Consistent with I-191 being a potent PAR2
antagonist of ERK1/2 phosphorylation in HT29 cells, I-191
was found to inhibit 1) PAR2 agonist-induced IL-8 gene
expression and protein secretion, 2) PAR2 agonist-attenuation
of IFN-g/TNF-induced caspase3/8 cleavages related to apoptosis,
and 3) cell migration into a scratch gap in HT29 cell monolayers.
Breast cancer progression and metastasis is another conse-

quence of PAR2 activation (Ge et al., 2004; 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

Fig. 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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cells overexpress PAR2 and migrate along a PAR2 agonist
gradient (Su et al., 2009). The inhibitory effects of I-191 on
PAR2-induced migration of MDA-MB-231 breast cancer cells
are consistent with observations for HT29 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-NH2–induced migration of MDA-MB-231
cells. When MDA-MB-231 cells were pretreated with I-191,
the latter antagonized 2f-LIGRL-NH2–stimulated expression
of cytokines (IL-6, IL-8, granulocyte macrophage colony-
stimulating factor, CTGF). I-191 also inhibited PAR2-
induced calcium release in normal human cells that highly
express PAR2, such asHEK293 andHUVEC cells, but was not
cytotoxic (Supplemental Fig. 4).
In conclusion, this study supports I-191 as a potent, un-

biased 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 Ca21 mobilization, ERK1/2 phosphor-
ylation, RhoA activation, and foskolin-induced cAMP accu-
mulation. These PAR2 antagonist properties are manifested
in inhibition in vitro of known PAR2-activated functional
responses, namely cytokine expression, apoptosis, and cell
migration in colorectal or breast cancer cells (Fig. 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 diseases.
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Supplemental Figure 1. The effect of I-191 against PAR1 and PAR2 in PC prostate cancer 

cells.  I-191 shows reduced potency and efficacy in inhibiting Ca2+ induced by PAR1 agonists 

(compared to PAR2 agonists). I-191 at 100 µM could not completely inhibit either TFLLR- or 

Thrombin-mediated PAR1 calcium release (50%~65%) (n ≥ 3).   
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Supplemental Figure 2. I-191 inhibits calcium release induced in MDA-MB-231 cells by 2f-

LIGRL-NH2 (3 µM) or bovine trypsin (70 nM). Statistical analysis by one-way ANOVA 

followed by Dunnett’s multiple comparisons test, each data point represents the mean ± SEM (n 

≥ 3). 

 

 

 

 

 

 

 
 

Supplemental Figure 3. The effect of GB88 on PAR2-induced migration of MDA-MB-231 

cells into a scratch gap. GB88 only failed to induce any statistically significant cell migration and 

did not inhibit 2f-LIGRL-NH2 induced migration. Statistical analysis by one-way ANOVA 

followed by Dunnett’s multiple comparisons test, ns=Not significant, *** p < 0.001 (n ≥ 3). 
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Supplemental Figure 4. Antagonism and toxicity of I-191 in normal human cells. (A-B). 

Concentration-response plots of I-191 showing inhibition of calcium release induced by 2f-

LIGRL-NH2 or trypsin in HEK293 (A) and HUVEC (B) cells. (C-D). Low toxicity induced by I-

191 in HEK293 (C) and HUVEC (D) cells, measured by MTT assay. ns= no significant 

statistical difference vs control. 

 
Compound characterization 

 
 
 
Scheme 1. Synthesis of PAR2 antagonist, I-191.  
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All chemicals were obtained from commercial suppliers and used as received, unless stated 

otherwise. LCMS analysis (8 min run) was carried out on a Shimadzu LCMS-2020 system 

equipped with a Phenomenex Luna 3 micron C18(2) 150 × 2.00 mm column (P/No 00F-4251-

BO) and a SPD-M20A diode array detector. The temperatures for the sample and column 

chambers were 15 °C and 40 °C, respectively. LCMS mobile phases were defined as follows: 

solvent A was MilliQ H2O with 0.1% formic acid, and solvent B was MeCN–H2O (9:1, v/v) with 

0.1% formic acid. The flow rate was 0.4 mL/min with a linear gradient 0% to 100% solvent B 

over 6 min and then a further 2 min at isocratic 100% solvent B. Analytical HPLC was 

performed using an Agilent 1200 Series with a diode-array detector on a Phenomenex Luna 5 

µm, C18(2) 250 × 4.60 mm column. The HPLC mobile phases were the same as LCMS except 

0.1% TFA was used instead of 0.1% formic acid. Electrospray ionization high-resolution mass 

spectra (ESI-HRMS) measurements were obtained on a Bruker micrOTOF mass spectrometer 

equipped with an Agilent 1100 Series LC/MSD mass detector in positive ion mode by direct 

infusion in MeCN at 100 µL/h using sodium formate clusters as an internal calibrant.  

1H and 13C NMR spectra were recorded on either a Bruker Avance III HD 600 spectrometer 

equipped with a cryoprobe at 298 K in the solvents indicated and referenced to residual signals in 

the deuterated solvents (1H at δ 7.26 for CDCl3 and 2.50 for DMSO-d6; 13C at δ 77.16 for CDCl3 

and 39.52 for DMSO-d6). 

 

Synthesis of ethyl 6-chloroimidazo[1,2-b]pyridazine-2-carboxylate (2) 

 

 

 

       

To a solution of 3-amino-6-chloropyridazine (1, 31 g, 240 mmol) in EtOH (1 L) was added ethyl 

bromopyruvate (39.2 mL, 312 mmol) dropwise. The reaction mixture was refluxed for 18 hours. 

Upon completion, the reaction mixture was evaporated to dryness. The residue was dissolved in 

EtOAc (800 mL) and H2O (800 mL) was added. The organic layer was washed with H2O (4 × 

800 mL), and the combined organic extracts were dried over MgSO4, filtered and evaporated to 

dryness. H2O (400 mL) was added and stirred at RT for at least 15 min and the solid formed was 

N NCl

N

O

O
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filtered, washed with H2O to give ethyl 6-chloroimidazo[1,2-b]pyridazine-2-carboxylate (2) as a 

beige solid (25 g, 46%). LCMS: tR 4.03 min, m/z 225.94 [MH]+; 1H NMR (600 MHz, CDCl3), δ 

8.47 (d, 1H, J = 0.6 Hz), 8.00 (dd, 1H, J = 0.6, 9.6 Hz), 7.17 (d, 1H, J = 9.6 Hz), 4.50 (q, 2H, J = 

7.2 Hz), 1.47 (t, 3H, J = 7.2 Hz); 13C NMR (150 MHz, CDCl3), δ 162.5, 148.8, 137.7, 137.1, 

128.4, 121.2, 61.6, 14.4.  

 

Synthesis of ethyl 8-(tert-butyl)-6-chloroimidazo[1,2-b]pyridazine-2-carboxylate (3) 

 
To a three-necked round bottom flask under N2, equipped with a condenser was added H2O (123 

mL) and TFA (13.6 mL). Ethyl 6-chloroimidazo[1,2-b]pyridazine-2-carboxylate (2, 24.8 g, 110 

mmol) and 2,2-dimethylpropanoic acid (44.8 g, 232 mmol) in MeCN (250 mL) were added to 

the flask followed by AgNO3 (9.32 g, 54.8 mmol). The reaction mixture was wrapped with 

aluminium foil and warmed to 80 oC, stirred for 15 min. The reaction was then cooled to RT and 

ammonium persulfate (45 g, 196 mmol) in H2O (123 mL) was added. The reaction mixture was 

heated at 80 80 oC for 30 min and then cooled to RT. The cooled reaction mixture was filtered 

and the filtrate was cooled in an ice-bath, basified with NH4OH (57 mL) to pH 8 and left 

standing in ice-bath for 20 min. It was then filtered through a pad of celite and washed with 

EtOAc. The layers were separated and the aqueous layer was extracted with EtOAc (1 × 400 

mL). The combined organic extracts were washed with 1 M NaOH/brine (1:1, 400 mL). The 

organic phase was filtered through a pad of celite and the filtrate was dried over MgSO4, filtered 

and evaporated to dryness. The residue was purified on silica flash chromatography with 

petroleum ether/ethyl acetate (9:1) to yield ethyl 8-(tert-butyl)-6-chloroimidazo[1,2-

b]pyridazine-2-carboxylate (3, 6.50 g, 21%) as a pale yellow solid. LCMS: tR 6.17 min, m/z 

282.09 [MH]+; 
1H NMR (600 MHz, DMSO-d6), δ 8.81 (s, 1H), 7,17 (s, 1H), 4.36 (q, 2H, J = 7.1 

Hz), 1.53 (s, 9H), 1.33 (t, 3H, J = 7.2 Hz).   
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Synthesis of ethyl 8-(tert-butyl)-6-(4-fluorophenyl)imidazo[1,2-b]pyridazine-2-carboxylate 

(4) 

 
 

To a solution of ethyl 8-(tert-butyl)-6-chloroimidazo[1,2-b]pyridazine-2-carboxylate (3, 6.45 g, 

22.9 mmol) in DMF (90 mL) was added 4-fluorophenylboronic acid (3.50 g, 25.2 mmol) and 

PdCl2(dppf)-DCM catalyst (0.37 g, 0.45 mmol), followed by Na2CO3 (4.85 g, 45.7 mmol) in 

H2O (23 mL). The reaction mixture was degassed by bubbling N2 for 5 min and then heated to 

80 oC for 2 h. The reaction mixture was filtered through a pad of celite, and H2O (90 mL) and 

EtOAc (90 mL) were added to the filtrate. The separated organic extract was washed with H2O 

(1 × 60 mL) and brine (1 × 60 mL), dried over MgSO4, filtered and concentrated in vacuo. The 

residue was purified on silica flash chromatography with petroleum ether/ethyl acetate (4:1) to 

yield product (4, 7.15 g, 92%) as a pale yellow solid. LCMS: tR 6.92 min, m/z 342.16 [MH]+. 

 

Synthesis of 8-(tert-butyl)-6-(4-fluorophenyl)imidazo[1,2-b]pyridazine-2-carboxylic acid (5) 

 

 
 

The ethyl 8-(tert-butyl)-6-(4-fluorophenyl)imidazo[1,2-b]pyridazine-2-carboxylate (4, 7.15 g, 21 

mmol) was treated with 1M NaOH/EtOH/THF/ (3:3:1, 210 mL) and stirred at RT for 2 h. Upon 

completion, the reaction was evaporated and the solution remaining was acidified with 6 M HCl 

to pH 2–3. It was then extracted with EtOAc (3 × 100 mL). The combined organic extracts were 

dried over MgSO4, filtered and evaporated to dryness to afford desired product (5, 6.40 g, 98%) 
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as a pale yellow solid. It was used for the next step without purification. LCMS: tR 4.74 min, m/z 

314.05 [MH]+. 

 

Synthesis of 4-(8-(tert-butyl)-6-(4-fluorophenyl)imidazo[1,2-b]pyridazine-2-carbonyl)-3,3-

dimethylpiperazin-2-one (I-191) 

 

 
 

To a solution of 8-(tert-butyl)-6-(4-fluorophenyl)imidazo[1,2-b]pyridazine-2-carboxylic acid (5, 

5.82 g, 18.6 mmol) in DMF (90 mL) was added HATU (7.07 g, 18.6 mmol) and DIPEA (3.2 mL, 

18.6 mmol) and the reaction mixture was stirred at RT for 15 min. After 15 min, 3,3-

dimethylpiperazin-2-one (1.98 g, 15.5 mmol) was added and the reaction mixture was stirred at 

RT for 18 h. The reaction mixture was evaporated and EtOAc was added, washed with sat. 

NaHCO3 (3 × 80 mL) and the organic phase was dried over MgSO4, filtered and evaporated to 

dryness. The residue was triturated with MeCN and the resulting white precipitate was collected 

by filtration, washed with H2O (2 × 50 mL) and MeCN (2 × 50 mL). The white precipitate was 

the desired product I-191 and the filtrate also contained a mixture of desired product and 

impurities. The filtrate was concentrated and purified on reverse-phase C18 column to afford a 

total of 3.50 g of I-191 as a white solid (44%). HPLC: tR 16.5 min; ESI-HRMS: calcd for 

C23H27F1N5O2
+ [MH]+: 424.2143, found: 424.2148; 1H NMR (600 MHz, DMSO-d6), δ 8.56 (s, 

1H), 8.14 (m, 2H), 8.10 (br s, 1H), 7.49 (s, 1H), 7.41 (t, 2H, J = 8.9 Hz), 3.97 (t, 2H, J = 4.8 Hz), 

3.39 (m, 2H), 1.70 (s, 6H), 1.58 (s, 9H); 13C NMR (150 MHz, DMSO-d6), δ 173.7, 164.5, 163.1, 

152.0, 149.4, 140.3, 136.6, 130.1, 130.0, 119.8, 116.5, 116.4, 113.4, 63.0, 44.4, 41.2, 36.0, 29.1, 

23.4.  
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Proton NMR spectrum of I-191 in DMSO-d6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Carbon NMR spectrum of I-191 in DMSO-d6 
 

 
	


