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Abstract: Protease-activated receptor 2 (PAR2) is a G-protein-coupled receptor (GPCR) activated
by proteolytic cleavage of its N-terminal domain. Once activated, PAR2 is rapidly desensitized
and internalized by phosphorylation and β-arrestin recruitment. Due to its irreversible activation
mechanism, some agonists that rapidly desensitized PAR2 have been misconceived as antagonists,
and this has impeded a better understanding of the pathophysiological role of PAR2. In the present
study, we found that GB83, initially identified as a PAR2 antagonist, is a bona fide agonist of PAR2 that
induces unique cellular signaling, distinct from trypsin and PAR2-activating peptide (AP). Activation
of PAR2 by GB83 markedly elicited an increase in intracellular calcium levels and phosphorylation of
MAPKs, but in a delayed and sustained manner compared to the rapid and transient signals induced
by trypsin and PAR2-AP. Interestingly, unlike PAR2-AP, GB83 and trypsin induced sustained receptor
endocytosis and PAR2 colocalization with β-arrestin. Moreover, the recovery of the localization and
function of PAR2 was significantly delayed after stimulation by GB83, which may be the reason why
GB83 is recognized as an antagonist of PAR2. Our results revealed that GB83 is a bona fide agonist of
PAR2 that uniquely modulates PAR2-mediated cellular signaling and is a useful pharmacological
tool for studying the pathophysiological role of PAR2.

Keywords: PAR2; GB83; agonist; desensitization

1. Introduction

Protease-activated receptor 2 (PAR2), also known as thrombin receptor-like 1 (F2RL1),
is a G-protein-coupled receptor (GPCR) expressed in many cell types, such as immune
cells and epithelial cells of various tissues, including the gastrointestinal tract, lungs, and
skin [1–3]. PAR2 is activated by proteolytic cleavage of the N-terminus by extracellular ser-
ine proteases such as trypsin, tryptase, and neutrophil elastase, unmasking self-activating
endogenous tether ligands [4]. Activation of PAR2 induces multiple G-protein-mediated
signaling pathways, which are involved in a wide range of physiological responses such as
inflammation, cell proliferation, and angiogenesis [4–6].

Activation of PAR2 triggers intracellular calcium increase through phospholipase
C/Ca2+/protein kinase C signaling, along with the activation of NF-κB signaling path-
ways [7]. Downstream of these signaling pathways leading to the production of inflam-
matory cytokines initiates the PAR2-mediated inflammatory axis [8,9]. Research over the
past two decades has revealed the critical roles of PAR2 in various inflammatory diseases
such as arthritis, atopic dermatitis, asthma, colitis, and inflammatory bowel disease [10–14].
Moreover, a recent protein–protein interaction study identified the direct interaction be-
tween PAR2 and SARS-CoV-2 viral protein, ORF9c [15], which suggests that PAR2 is one of
the druggable potential targets to treat severe COVID-19-associated hyperinflammation.

In response to activation of PAR2 by ligands, PAR2 undergoes rapid desensitization,
which requires receptor phosphorylation by G-protein-coupled regulatory kinases (GRKs)
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that provides binding sites to β-arrestins [16]. It is well established that recruited β-arrestins
regulate uncoupling from G proteins and endocytosis of activated PAR2 [17]. Proteolytic
activation of PAR2 by trypsin induces rapid translocation of β-arrestins from the cytosol to
the plasma membrane forming PAR2/β-arrestin complexes, followed by association with
clathrin-coated vesicles for endocytosis [18]. Internalized PAR2 remains stably associated
with β-arrestins in endosomes, consequently degraded in lysosomes, and slowly recovers
its distribution at the plasma membrane. Because resensitization of irreversibly activated
PAR2 requires a long process, several compounds that actually induce activation of PAR2,
along with receptor desensitization have been misrecognized as PAR2 antagonists, such
as K-14585, C391, and GB88 [19–21]. In this study, surprisingly, we found that GB83,
developed as a PAR2 selective antagonist [22], is a bona fide agonist of PAR2. Interestingly,
although the signaling mechanisms induced by GB83 have not been clearly elucidated,
several previous studies have shown that GB83 attenuates a wide range of PAR2-mediated
inflammatory responses [23–27]. Moreover, our previous study showed that GB83 acts as a
positive allosteric modulator of PAR1 [28].

The lack of a clear understanding of the pharmacological properties and mechanism
of action of GB83 may impede a better understanding of the pathophysiological role of
PAR2. Therefore, in this study, we investigated the PAR2 signaling pathway triggered by
GB83 in comparison to that induced by trypsin and PAR2-AP.

2. Results
2.1. GB83 Is a Bona Fide PAR2 Agonist and Induces Elevation of Intracellular Calcium through
Activation of PAR2

GB83 was developed as a non-peptide antagonist that reversibly inhibits PAR2 at
low micromolar concentrations [22]. Consistent with the previous report, pretreatment
of GB83 potently inhibited PAR2-AP-induced intracellular calcium increase in human
colorectal adenocarcinoma HT-29 cells with IC50 of 2.1 ± 0.45 µM (Figure 1A,B). However,
unexpectedly, when we treated cells with GB83 and observed the changes in intracellular
calcium concentrations, we found that GB83 is not an antagonist of PAR2 but an agonist of
PAR2. To investigate the characteristics of GB83 as a PAR2 agonist, GB83 was compared
with two major PAR2 agonists, trypsin, the predominant endogenous protease that acti-
vates PAR2, and PAR2-AP, a synthetic peptide that selectively activates PAR2. As shown
in Figure 1C–E, trypsin, GB83, and PAR2-AP induced intracellular calcium increases in
HT-29 cells in a dose-dependent manner. In contrast to a rapid and transient calcium spike
triggered by both trypsin and PAR2-AP, GB83 weakly and slowly induced calcium increase.
In addition, trypsin and PAR2-AP reached a calcium peak within 20 s after application,
whereas GB83 reached a calcium peak over 60 s after application. It is noteworthy that
trypsin-, GB83- and PAR2-AP-induced intracellular calcium increases were almost com-
pletely blocked by pretreatment of AZ3451, a potent and selective antagonist of PAR2
with IC50 of 23 nM [29]. These results suggest that GB83 induces elevation of intracellular
calcium through activation of PAR2.

To clearly elucidate PAR2 activation by GB83, additional experiments were performed
using human melanoma A2058 cells deficient in endogenous expression of PAR2. As
shown in Figure 2A, application of PAR2-AP and GB83 did not change the intracellular
calcium concentration in A2058 cells, but PAR1-AP treatment resulted in a rapid and robust
increase in intracellular calcium concentration. To investigate the effect of GB83 on human
PAR2, A2058 cells were stably transfected with human PAR2. As shown in Figure 2B,
PAR2-AP strongly increased intracellular calcium levels in a dose-dependent manner in
A2058-PAR2 cells. Notably, GB83 also markedly elicited intracellular calcium increase in
A2058-PAR2 cells in a dose-dependent manner (EC50 = 2.1 ± 0.17 µM). Both PAR2-AP and
GB83-induced increases in intracellular calcium levels were completely blocked by 1 µM of
AZ3451 (Figure 2B,C). These results clearly show that GB83 is a bona fide agonist of PAR2.
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Figure 1. Effect of GB83 on PAR-2-mediated increase in intracellular calcium levels in HT-29 cells. 
(A) Inhibitory effect of GB83 on PAR2-mediated intracellular calcium increase. HT-29 cells were 
pretreated with GB83 at indicated concentrations and AZ3451 (1 µM) for 15 min before PAR2 stim-
ulation by PAR2-AP (30 µM). (B) Summary of dose–responses (mean ± S.E., n = 6). (C–E) Intracellu-
lar calcium levels were increased by the indicated concentrations of trypsin, GB83, and PAR2-AP in 
HT-29 cells. Intracellular calcium increase induced by trypsin (30 U/mL), GB83 (30 µM), and PAR2-
AP (30 µM) were inhibited by 1 µM of AZ3451, a potent and selective PAR2 antagonist. 
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As shown in Figure 2A, application of PAR2-AP and GB83 did not change the intracellular 
calcium concentration in A2058 cells, but PAR1-AP treatment resulted in a rapid and ro-
bust increase in intracellular calcium concentration. To investigate the effect of GB83 on 
human PAR2, A2058 cells were stably transfected with human PAR2. As shown in Figure 
2B, PAR2-AP strongly increased intracellular calcium levels in a dose-dependent manner 
in A2058-PAR2 cells. Notably, GB83 also markedly elicited intracellular calcium increase 
in A2058-PAR2 cells in a dose-dependent manner (EC50 = 2.1 ± 0.17 µM). Both PAR2-AP 
and GB83-induced increases in intracellular calcium levels were completely blocked by 1 
µM of AZ3451 (Figure 2B,C). These results clearly show that GB83 is a bona fide agonist 
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Figure 2. GB83 potently induced a PAR2-mediated increase in intracellular calcium concentration. 
(A) Effect of PAR2-AP (30 µM), GB83 (30 µM), and PAR1-AP (30 µM) on intracellular calcium levels 

Figure 1. Effect of GB83 on PAR-2-mediated increase in intracellular calcium levels in HT-29 cells.
(A) Inhibitory effect of GB83 on PAR2-mediated intracellular calcium increase. HT-29 cells were pre-
treated with GB83 at indicated concentrations and AZ3451 (1 µM) for 15 min before PAR2 stimulation
by PAR2-AP (30 µM). (B) Summary of dose–responses (mean ± S.E., n = 6). (C–E) Intracellular cal-
cium levels were increased by the indicated concentrations of trypsin, GB83, and PAR2-AP in HT-29
cells. Intracellular calcium increase induced by trypsin (30 U/mL), GB83 (30 µM), and PAR2-AP
(30 µM) were inhibited by 1 µM of AZ3451, a potent and selective PAR2 antagonist.
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(A) Effect of PAR2-AP (30 µM), GB83 (30 µM), and PAR1-AP (30 µM) on intracellular calcium levels 
Figure 2. GB83 potently induced a PAR2-mediated increase in intracellular calcium concentration.
(A) Effect of PAR2-AP (30 µM), GB83 (30 µM), and PAR1-AP (30 µM) on intracellular calcium levels in
A2058 cells not expressing PAR2. (B,C) Effect of PAR2-AP and GB83 on PAR2-mediated intracellular
calcium increase in A2058 cells stably transfected with human PAR2. Arrowheads indicate when PAR2-
AP and GB83 were applied. AZ3451 (1 µM) was pretreated 15 min before application of PAR2-AP and
GB83. (D) Dose–response curve for GB83-induced PAR2 activation (mean ± S.E., n = 5).

2.2. GB83 Induces PAR2-Mediated Phosphorylation of ERK1/2 and p38

Activation of MAPKs including p42/44 (ERK1/2) and p38 is a typical signaling path-
way triggered by PAR2 activation. It is well known that PAR2 promotes cell proliferation
and migration via ERK1/2 and p38 MAPK signaling pathways [30,31]. To investigate the
effect of GB83 on PAR2-mediated MAPK signaling compared to trypsin and PAR2-AP,
HT-29 cells were treated with trypsin, GB83, and PAR2-AP. Trypsin, GB83, and PAR2-AP
all significantly increased phosphorylation of ERK1/2 (Figure 3A,B). To determine whether
phosphorylation of ERK1/2 by GB83 is mediated by a PAR2-mediated signaling pathway,
HT-29 cells were pretreated with AZ3451. As shown in Figure 3C,D, the phosphoryla-
tion of ERK1/2 by GB83 was completely inhibited by AZ3451. In the case of p38 MAPK,
GB83, trypsin, and PAR2-AP significantly stimulated phosphorylation of p38, but GB83
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showed longer activation of p38 compared to trypsin and PAR2-AP (Figure 4A,B). GB83-
induced phosphorylation of p38 MAPK was significantly blocked by AZ3451 (Figure 4C,D).
These findings indicate that GB83 triggers phosphorylation of ERK1/2 and p38 MAPK via
PAR2 activation.
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Figure 3. GB83 induced phosphorylation of ERK1/2 through PAR2 activation in HT-29 cells.
(A) Representative immunoblots of ERK1/2 phosphorylation. PAR2 stimulated by trypsin
(30 U/mL), GB83 (30 µM), and PAR2-AP (30 µM). (B) p-ERK1/2 band intensity was normalized to
β-actin (mean ± S.E., n = 5). Statistical significance of differences was assessed by one-way ANOVA
with Tukey’s post-hoc test. * p < 0.05, Trypsin and PAR2-AP versus GB83. (C) PAR2-mediated
phosphorylation of ERK1/2 by GB83. AZ3451 (1 µM) was pretreated 15 min prior to stimulation
with GB83 (30 µM). (D) p-ERK1/2 band intensity was normalized to β-actin (mean ± S.E., n = 5).
Statistical significance of differences between indicated groups was assessed by one-way ANOVA
with Tukey’s post-hoc test. ** p < 0.01.
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Figure 4. GB83 induced phosphorylation of p38 MAPK through PAR2 activation in HT-29 cells.
(A) Representative immunoblots of p38 phosphorylation. PAR2 stimulated by trypsin (30 U/mL),
GB83 (30 µM), and PAR2-AP (30 µM). (B) p-p38 band intensity was normalized to β-actin
(mean ± S.E., n = 5). Statistical significance of differences was assessed by one-way ANOVA with
Tukey’s post-hoc test. * p < 0.05 and ** p < 0.01 compared to GB83. (C) PAR2-mediated phosphoryla-
tion of p38 by GB83. AZ3451 (1 µM) was pretreated 15 min prior to stimulation with GB83 (30 µM).
(D) p-p38 band intensity was normalized to β-actin (mean ± S.E., n = 5). Statistical significance of
differences between indicated groups was assessed by one-way ANOVA with Tukey’s post-hoc test.
*** p < 0.001.
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2.3. GB83 Induces Sustained Endocytosis of PAR2

It is well established that agonist-induced activation of PARs leads to receptor internal-
ization. To investigate the effect of GB83 on internalization of PAR2, HT-29 cells were stably
transfected with EGFP-tagged PAR2 or PAR4, and agonist-induced receptor internalization
was examined in live cells using an automated fluorescence microscopy system. Trypsin,
GB83, and PAR2-AP significantly induced internalization of PAR2, but PAR4-AP did not
induce PAR2 internalization (Figure 5A). The extent of receptor internalization induced
by these agonists was quantitatively compared by measuring the number of GFP puncta.
Notably, PAR2 internalization induced by trypsin and GB83 was maintained for a longer
period of time, whereas that induced by PAR2-AP was rapidly decreased (Figure 5B). In
the case of PAR4 internalization, GB83 and PAR2-AP did not affect internalization of PAR4
(Figure 5C). However, trypsin induced internalization of PAR4 like PAR4-AP, but this result
is not surprising, as previous studies have shown that thrombin and trypsin can induce
activation of PAR4 [32]. The extent of PAR2 and PAR4 internalization induced by agonists
was further analyzed through quantitative measurement of fold change in the number of
GFP puncta (Figure 5D). These results indicated that GB83 and PAR2-AP selectively induce
internalization of PAR2.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 6 of 14 
 

 

 
Figure 5. GB83 selectively and strongly internalized PAR2 in HT-29 cells. (A) EGFP-tagged PAR2 
expressing HT-29 cells were treated with trypsin (30 U/mL), GB83 (30 µM), PAR2-AP (30 µM), and 
PAR4-AP (100 µM). Changes in cellular localization of EGFP-tagged PAR2 were observed at the 
indicated time points. (B) Quantitative analysis of the effect of trypsin, GB83, PAR2-AP, and PAR4-
AP on PAR2 internalization. Summary of fold change in the number of puncta (mean ± S.E., n = 5). 
(C) EGFP-tagged PAR4 expressing HT-29 cells were treated with trypsin (30 U/mL), GB83 (30 µM), 
PAR2-AP (30 µM), and PAR4-AP (100 µM). Changes in cellular localization of EGFP-tagged PAR4 
were observed at the indicated time points. (D) Quantitative analysis of the effect of trypsin, GB83, 
PAR2-AP, and PAR4-AP on PAR2 and PAR4 internalization. Summary of fold change in the num-
ber of puncta at 60 min (mean ± S.E., n = 5). Statistical significance of differences between indicated 
group with that before treatment was assessed by one-way ANOVA with Tukey’s post-hoc test. * p 
< 0.05, ** p < 0.01, *** p < 0.001, ns, not significant. 

2.4. GB83 Induces Sustained Colocalization of PAR2 and β-Arrestins 
It is well known that β-arrestins bind to activated GPCRs and regulate their desensi-

tization, signal attenuation, and receptor trafficking [17]. We examined the effect of tryp-
sin, GB83, and PAR2-AP on translocation of EGFP-tagged PAR2 and its colocalization 
with RFP-tagged β-arrestin1/2. To examine the colocalization of PAR2 and β-arrestin1/2, 
HT-29 cells were co-transfected with EGFP-tagged PAR2 and RFP-tagged β-arrestin1 or 
β-arrestin2. Interestingly, trypsin- and GB83-induced internalized PAR2 demonstrated 
colocalization with β-arrestin1, whereas PAR2-AP-induced internalized PAR2 showed 
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Figure 5. GB83 selectively and strongly internalized PAR2 in HT-29 cells. (A) EGFP-tagged PAR2
expressing HT-29 cells were treated with trypsin (30 U/mL), GB83 (30 µM), PAR2-AP (30 µM), and
PAR4-AP (100 µM). Changes in cellular localization of EGFP-tagged PAR2 were observed at the
indicated time points. (B) Quantitative analysis of the effect of trypsin, GB83, PAR2-AP, and PAR4-AP
on PAR2 internalization. Summary of fold change in the number of puncta (mean ± S.E., n = 5).
(C) EGFP-tagged PAR4 expressing HT-29 cells were treated with trypsin (30 U/mL), GB83 (30 µM),
PAR2-AP (30 µM), and PAR4-AP (100 µM). Changes in cellular localization of EGFP-tagged PAR4
were observed at the indicated time points. (D) Quantitative analysis of the effect of trypsin, GB83,
PAR2-AP, and PAR4-AP on PAR2 and PAR4 internalization. Summary of fold change in the number
of puncta at 60 min (mean ± S.E., n = 5). Statistical significance of differences between indicated
group with that before treatment was assessed by one-way ANOVA with Tukey’s post-hoc test.
* p < 0.05, ** p < 0.01, *** p < 0.001, ns, not significant.
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2.4. GB83 Induces Sustained Colocalization of PAR2 and β-Arrestins

It is well known that β-arrestins bind to activated GPCRs and regulate their desensiti-
zation, signal attenuation, and receptor trafficking [17]. We examined the effect of trypsin,
GB83, and PAR2-AP on translocation of EGFP-tagged PAR2 and its colocalization with RFP-
tagged β-arrestin1/2. To examine the colocalization of PAR2 and β-arrestin1/2, HT-29 cells
were co-transfected with EGFP-tagged PAR2 and RFP-tagged β-arrestin1 or β-arrestin2.
Interestingly, trypsin- and GB83-induced internalized PAR2 demonstrated colocalization
with β-arrestin1, whereas PAR2-AP-induced internalized PAR2 showed less overlap with
β-arrestin1 (Figure 6). The extent of colocalization between PAR2 and β-arrestin1 was
precisely quantified as Pearson’s correlation coefficient (PCC). As a result, a high degree
of colocalization was induced by trypsin and GB83, whereas a low level of colocalization
between PAR2 and β-arrestin1 was induced by PAR2-AP (Figure 6D). The colocalization of
PAR2 and β-arrestin2 also showed similar results to β-arrestin1 (Figure 7). These results
suggest that GB83 and trypsin share the capacity of inducing sustained colocalization of
internalized PAR2 and β-arrestins.
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Figure 6. GB83 induces sustained colocalization of PAR2 and β-arrestin1. (A–C) Effect of trypsin,
GB83, and PAR2-AP on the localization of PAR2 and β-arrestin1 (βarr1) in HT-29 cells expressing
EGFP-tagged PAR2 and RFP-tagged β-arrestin1. Cells were treated with trypsin (30 U/mL), GB83
(30 µM), PAR2-AP (30 µM), and the cellular localization of PAR2 (green) and β-arrestin1 (red) were
observed at 0, 10, 30, and 60 min after treatment of each agonist. (D) Quantitative analysis of
colocalization of PAR2 and β-arrestin1 (mean ± S.E., n = 5). Colocalization values were calculated
in Pearson’s correlation coefficient using the colocalization plugin JACoP. Statistical significance of
differences between indicated groups was assessed by one-way ANOVA with Tukey’s post-hoc test.
*** p < 0.001, ns, not significant.



Int. J. Mol. Sci. 2022, 23, 10631 7 of 13

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 7 of 14 
 

 

 
Figure 6. GB83 induces sustained colocalization of PAR2 and β-arrestin1. (A–C) Effect of trypsin, 
GB83, and PAR2-AP on the localization of PAR2 and β-arrestin1 (βarr1) in HT-29 cells expressing 
EGFP-tagged PAR2 and RFP-tagged β-arrestin1. Cells were treated with trypsin (30 U/mL), GB83 
(30 µM), PAR2-AP (30 µM), and the cellular localization of PAR2 (green) and β-arrestin1 (red) were 
observed at 0, 10, 30, and 60 min after treatment of each agonist. (D) Quantitative analysis of colo-
calization of PAR2 and β-arrestin1 (mean ± S.E., n = 5). Colocalization values were calculated in 
Pearson’s correlation coefficient using the colocalization plugin JACoP. Statistical significance of 
differences between indicated groups was assessed by one-way ANOVA with Tukey’s post-hoc test. 
*** p < 0.001, ns, not significant. 

 
Figure 7. GB83 induces sustained colocalization of PAR2 and β-arrestin2. (A–C) Effect of trypsin, 
GB83, and PAR2-AP on the localization of PAR2 and β-arrestin2 (βarr2) in HT-29 cells expressing 
EGFP-tagged PAR2 and RFP-tagged β-arrestin2. Cells were treated with trypsin (30 U/mL), GB83 
(30 µM), PAR2-AP (30 µM), and the cellular localization of PAR2 (green) and β-arrestin2 (red) were 
observed at 0, 10, 30, and 60 min after treatment of each agonist. (D) Quantitative analysis of 

Figure 7. GB83 induces sustained colocalization of PAR2 and β-arrestin2. (A–C) Effect of trypsin,
GB83, and PAR2-AP on the localization of PAR2 and β-arrestin2 (βarr2) in HT-29 cells expressing
EGFP-tagged PAR2 and RFP-tagged β-arrestin2. Cells were treated with trypsin (30 U/mL), GB83
(30 µM), PAR2-AP (30 µM), and the cellular localization of PAR2 (green) and β-arrestin2 (red) were
observed at 0, 10, 30, and 60 min after treatment of each agonist. (D) Quantitative analysis of
colocalization of PAR2 and β-arrestin2 (mean ± S.E., n = 5). Colocalization values were calculated
in Pearson’s correlation coefficient using the colocalization plugin JACoP. Statistical significance of
differences between indicated groups was assessed by one-way ANOVA with Tukey’s post-hoc test.
** p < 0.01, *** p < 0.001, ns, not significant.

2.5. GB83 Induces Prolonged PAR2 Desensitization and Slow Recovery of Cell Surface PAR2

Since several studies have provided evidence for the inhibitory effect of GB83 on
PAR2 [23–27], we attempted to investigate the possibility that GB83 interferes with recovery
of cell surface PAR2. First, we observed the recovery of PAR2 on the plasma membrane
after initial stimulation by trypsin, GB83, and PAR2-AP in HT-29 cells stably expressing
EGFP-tagged PAR2. Interestingly, GB83 showed a more delayed recovery of PAR2 on the
plasma membrane compared to trypsin and PAR2-AP. After 12 h of stimulation, trypsin
and PAR2-AP treated cells restored PAR2 to pre-stimulation levels, but internalized PAR2
was still largely observed in GB83 treated cells (Figure 8A). Next, we investigated the
functional recovery of PAR2 in HT-29 cells after initial stimulation with trypsin, GB83,
and PAR2-AP. As shown in Figure 8B–E, non-enzymatic activation of PAR2 by PAR2-AP
showed a significantly faster recovery of cell surface PAR2 compared to trypsin and GB83
3 h after stimulation. Notably, GB83 showed significantly slower recovery of cell surface
PAR2 compared to trypsin and PAR2-AP 6 h after stimulation. These results showed
that GB83 induces delayed functional recovery of PAR2, and this effect of GB83 on PAR2
suggests that long-term use of GB83 may exert an inhibitory effect on PAR2.
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Figure 8. GB83 induced prolonged PAR2 desensitization and slow recovery of PAR2 in HT-29 cells.
(A) Effect of trypsin, GB83, and PAR2-AP on cellular localization of EGFP-tagged PAR2 were observed
at the indicated time points. Cells were treated with trypsin (30 U/mL), GB83 (30 µM) or PAR2-AP
(30 µM) for 30 min, washed 3 times with PBS, and then replaced with culture medium. (B–D) Effect
of trypsin, GB83, and PAR2-AP on functional recovery of PAR2. HT-29 cells were treated with
trypsin (30 U/mL), GB83 (30 µM), or PAR2-AP (30 µM) for 30 min, washed 3 times with PBS, and
then replaced with culture medium. PAR2-AP-mediated increases in intracellular calcium levels
were measured at the indicated time points after wash out. (E) Summary of functional recovery of
PAR2 (mean ± S.E., n = 5). Statistical significance of differences was assessed by one-way ANOVA
with Tukey’s post-hoc test. ** p < 0.01 and *** p < 0.001 compared to GB83; ### p < 0.001 compared
to trypsin.

3. Discussion

PAR2 is activated by several serine proteases, including trypsin and tryptase that
induce N-terminal proteolytic cleavage, and synthetic agonist peptides, and the activated
PAR2 couples to G proteins to trigger a variety of cellular responses. Once activated, PAR2
is phosphorylated by G-protein-coupled receptor kinases (GRKs), and β-arrestin binds to
phosphorylated PAR2, triggering desensitization and internalization of PAR2 [17]. Since
internalized PAR2 is degraded in lysosomes, resensitization occurs through recovery of
PAR2 at the plasma membrane by intracellular storage mobilization and de novo synthesis
of PAR2 [33]. The unique regulatory mechanisms of PAR2 have hindered the development
of PAR2 modulators. For example, PAR2 modulators such as K-14585, C391, and GB88
were initially identified as PAR2 antagonists but were found to exhibit partial agonist
activity [19–21]. The lack of a clear distinction between PAR2 agonists and antagonists
has hampered a better understanding of the pathophysiological role of PAR2. In this
study, we evaluated the properties of GB83, initially identified and widely used as a potent
PAR2 antagonist, and found that GB83 is a bona fide agonist of PAR2 that induces a
PAR2-mediated cellular response distinct from trypsin and PAR2-AP.

GB83 was identified as the first non-peptidyl antagonist of PAR2 that reversibly inhibits
PAR2 at low micromolar concentrations (IC50 = 2 µM) [22]. In HT-29 cells, intracellular
calcium increase by PAR2-AP was potently inhibited by pretreatment of GB83 with an IC50
of 2.1 µM, which is consistent with the results of Barry et al. (Figure 1A,B). Because there
are cases in which PAR2 modulators acting as PAR2 agonists have been identified among
PAR2 antagonists [19–21], we observed whether GB83 activates PAR2. Surprisingly, GB83
showed a significant increase in calcium concentration, although lower than the increase
in intracellular calcium levels by trypsin and PAR2-AP, and the GB83-induced intracel-
lular calcium increase was completely blocked by AZ3451, a selective PAR2 antagonist
(Figure 1C–E). In addition, GB83 did not induce intracellular calcium increase in A2058
cells not expressing functional PAR2 but strongly increased intracellular calcium levels
in A2058 cells overexpressing human PAR2 (Figure 2). These results clearly revealed that
GB83 induces intracellular calcium increase through PAR2 activation.
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Trypsin and PAR2-AP rapidly induced strong and transient calcium signals, whereas
GB83 induced a slow and prolonged calcium signal (Figure 1C–E and Figure S1). As shown
in Figure S1B,C, when intracellular calcium signaling via PAR2 activation by PAR2-AP
and GB83 was observed at the single-cell level, the increase in intracellular calcium levels
induced by GB83 was similar to that of PAR2-AP. However, PAR2-AP induced PAR2 activa-
tion simultaneously in most cells, whereas GB83 induced asynchronous PAR2 activation. In
this study, we did not elucidate the underlying mechanism of GB83-induced asynchronous
PAR2 activation, but this phenomenon may be attributed to the pharmacological properties
of GB83, such as membrane permeability and solubility, or the binding mechanism between
GB83 and PAR2.

Interestingly, GB83 has been used as a PAR2 antagonist in several in vivo studies and
exhibited PAR2 inhibitory effects similar to those seen in PAR2 KO mice. For example, GB83
significantly reduced the increase in vascular perfusion and rolling leukocytes in neutrophil
elastase-induced joint inflammation, similar to PAR2 KO [24]. The reduction of oxidative
stress and inflammation for UVB-induced skin photoaging in PAR2 KO mice was also
shown in normal mice treated with GB83 [24]. In inflammation in a high-fat diet environ-
ment, proinflammatory cytokine levels were significantly increased in PAR2 KO mice and
GB83-treated normal mice compared to wild-type mice and vehicle-treated normal mice,
respectively [34]. In the present study, we showed that GB83 induces sustained endocytosis
of PAR2 to similar levels elicited by trypsin (Figure 5), but both locational and functional
recovery of PAR2 was markedly delayed after stimulation by GB83 (Figure 8). In addition,
brefeldin A treatment strongly blocked the restoration of cell membrane expression of
PAR2 from GB83, PAR2-AP, and trypsin-induced endocytosis of PAR2 (Figure S2). These
results suggest that the recovery of PAR2 from GB83-induced endocytosis is mainly due to
the neo-synthesis of PAR2. Although the underlying mechanism for the delayed recovery
has not been fully understood, these results suggest that long-term treatment of GB83
may exert PAR2 inhibitory effects by inducing receptor desensitization and endocytosis
and interfering with resensitization, providing a rationale for why GB83 exhibits PAR2
inhibitory effects in vivo.

β-Arrestin is a key component linking GPCRs to the endocytic machinery, and the
stability of the GPCR/β-arrestin complex determines the trafficking of receptors that are
rapidly redistributed to the plasma membrane or degraded and slowly recovered [35,36].
We visualized the interaction of PAR2 with β-arrestins and found important differences
between the two synthetic PAR2 agonists, GB83 and PAR2-AP. While GB83 markedly in-
duced colocalization of PAR2 and β-arrestin, PAR2-AP elicited a low level of colocalization
of the two proteins (Figures 6 and 7). These results suggest that GB83 is a PAR2 agonist
with different properties from PAR2-AP and successfully induces both G-protein-mediated
signaling and β-arrestin recruitment. Notably, β-arrestins have recently been recognized
as an activator of G-protein-independent signaling involved in various physiological pro-
cesses [37]. For example, β-arrestin2 acts as an important regulator of the PAR2-induced
inflammatory response in asthma [38]. Given the role of β-arrestin in the PAR2-mediated
inflammatory responses, GB83 could be a useful pharmacological tool to investigate the
role of β-arrestin signaling by PAR2 in several inflammatory diseases.

In summary, we found that GB83 is an agonist of PAR2. GB83 markedly elicited
sustained intracellular calcium increase, MAPK phosphorylation, β-arrestin recruitment,
and receptor endocytosis. Moreover, compared with PAR2-AP and trypsin, GB83 particu-
larly induced a delay in cell surface recovery of PAR2, which provides a rationale for why
GB83 has exhibited PAR2 inhibitory effects in previous in vitro and in vivo studies. Taken
together, GB83 has a different mode of action compared to trypsin and PAR2-AP, so it can
be usefully used to investigate the pathophysiological roles of PAR2 in various diseases.
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4. Materials and Methods
4.1. Cell Culture and Cell Lines

Human colorectal adenocarcinoma (HT-29) and human metastatic melanoma (A2058)
cells were cultured at 37 ◦C and 5% CO2. A2058 cells were grown in DMEM high-glucose
medium (Welgene Inc., Gyeongsan, Korea), and HT-29 cells were grown in RPMI1640
medium (Welgene Inc., Gyeongsan, Korea). All media were supplemented with 10% FBS,
100 units/mL penicillin, and 100 µg/mL streptomycin, and all cells were purchased from
the Korean Cell line Bank (Seoul, Korea).

4.2. Materials and Reagents

Trypsin was purchased from Sigma-Aldrich (St. Louis, MO, USA), AZ3451 from Tocris
Bioscience (Atlantic Road, Bristol, UK), and GB83 from Axon Medchem (Groningen, The
Netherlands). PAR2-AP (SLIGRL-NH2) was synthesized from Cosmogenetech Co., Ltd.
(Seoul, Korea).

4.3. Molecular Cloning of Plasmid Constructs

The PAR2 coding sequence was amplified by polymerase chain reaction (PCR) using
PAR2 plasmid (Genbank Accession No. NM_005252.5) purchased from OriGene Technolo-
gies (Rockville, MD, USA) as the template (forward primer: TTTTT GAATTC CACC ATG
CGG AGC CCC AGC, reverse primer: TTTTT TCTAGA TTA ATA GGA GGT CTT AAC
AGT GG). The PCR products were digested using EcoR1 and Xba1 restriction enzymes
(Enzynomics, Daejeon, Korea) and inserted into pLVX-EF1α-IRES-puro (pLVX-EIP) vector
(a kind gift from Professor Jinu Lee).

The PAR2-EGFP construct was generated by inserting the EGFP coding sequence (for-
ward primer: TTTTA TCTAGA GGA GGA AGC AAG GGC GAG GAG, reverse primer:
TTTTT GGATCC TTA CTT GTA CAG CTC GTCC) to the pLVX-EIP vector using Xba1 and
BamH1 as restriction enzymes and, subsequently, the PAR2 coding sequence with a stop
codon substituted with a codon encoding glycine (forward primer: TTTTT GAATTC CACC
ATG CGG AGC CCC AGC, reverse primer: TTTTT TCTAGA GCC ATA GGA GGT CTT AAC
AGT GG) digested with EcoR1 and Xba1. The PAR4-EGFP construct was generated likewise
using PAR4 plasmid (Genbank Accession No. NM_003950.4) purchased from Sino Biological
(Beijing, China) as the template (forward primer: TTTTT G AATTC ACC ATG TGG GGG
CGA CTGC, reverse primer: TTTTT TCTAGA ACC CTG GAG CAA AGA GGA GTG).

The BARR1-mCherry and BARR2-mCherry constructs were generated by the inserting
mCherry coding sequence into the pLVX-EF1α-IRES-Bla (pLVX-EIBla) vector, a kind gift from
Professor Jinu Lee (forward primer: TTTTT ACTAGT GGA GGA AGC AAG GGC GAA
GAGG, reverse primer: TTTTT GAATTC TTA CTT GTA CAG CTC GTCC) digested with Spe1
and BamH1, and subsequently β-arrestin1 and β-arrestin2 coding sequences, respectively.
Templates for β-arrestin1/2 were purchased from the Korea Human Gene Bank (Daejeon,
Korea). All inserted regions were sequenced by Bionics Co., Ltd. (Seoul, Korea).

4.4. Generation of Stable Cell Line

All stable cell lines were generated through lentiviral transduction. Lentivirus was
produced by transfecting generated transfer plasmids to HEK293T cells with packaging
and envelope plasmids, psPAX2 (Addgene Plasmid No. 12260) and pMD2.G (Addgene
Plasmid No. 12259). Transfection was performed with Lipofectamine 3000 transfection
reagent (Thermo Scientific, Waltham, MA, USA), following the manufacturer’s instruction.
Transfected cells were incubated at 37 ◦C and viral supernatants were harvested at 48 h and
72 h post transfection and filtered with a 0.45 µm PES filter. A mixture of viral supernatant
and culture media with a ratio of 1:1 was applied to HT-29 cells, and successfully transduced
cells were selected by applying puromycin (2 µg/mL) or blasticidin (20 µg/mL) 72 h
post transduction.
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4.5. Intracellular Calcium Measurement

HT-29 and A-2058 cells were grown on 96-well clear-bottom black wall plates (Corn-
ing Inc., Corning, NY, USA). The intracellular calcium was measured using the Fluo-
4 NW kit (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s instructions.
Briefly, cells were incubated with 100 µL assay buffer with Fluo-4 dye for 1 h. The fluo-
rescence was measured using the FLUOstar Omega microplate reader (BMG LABTECH,
Offenburg, Germany).

4.6. Immunoblotting

For Western blot analysis, HT-29 cells were plated on 6-well-plates and incubated
overnight. Cells were treated with compounds accordingly, washed twice with ice-cold
PBS, and lysed for 15 min in RIPA buffer supplemented with a protease inhibitor cocktail.
Lysed samples were centrifuged at 13,000 rpm for 20 min at 4 ◦C. Extracted proteins
were quantified using the Bradford protein assay kit (Thermo Scientific, Waltham, MA,
USA), and 30 µg of total proteins was loaded to each well and separated by 4–12% Tris-
glycine precast gel (Koma Biotech, Seoul, Korea). Proteins were transferred to PVDF
membranes (Millipore, Billerica, MA, USA), followed by blocking for 1 h with 5% BSA
in Tris-buffered saline with 0.1% Tween-20 (TBST). The membranes were incubated with
primary antibodies overnight at 4 ◦C with the indicated primary antibodies; anti-p38
(Santa Cruz Biotechnologies, Santa Cruz, CA, USA, Cat. No. sc-7972, RRID: AB_628079),
anti-phospho-p38 (Santa Cruz Biotechnologies, Santa Cruz, CA, USA, Cat. No. sc-166182,
RRID: AB_2141746), anti-p42/44 (Cell Signaling, Danvers, MA, USA, Cat. No. 9102, RRID:
AB_330744), anti-phospho-p42/44 (Cell Signaling, Danvers, MA, USA, Cat. No. 9101,
RRID: AB_331646), and anti-β-actin (Santa Cruz Biotechnologies, Santa Cruz, CA, USA,
Cat. No. sc-47778, RRID: AB_626632). Then, the membranes were washed three times
in TBST and incubated with horseradish peroxidase-conjugated secondary antibodies
for 1 h. After being washed three times, membranes were detected using the ECL Plus
immunoblotting detection system (GE Healthcare, Piscataway, NJ, USA). All experiments
were repeated 5 times independently, and ImageJ software (NIH, Bethesda, MD, USA) was
used for result analysis.

4.7. Live Cell Imaging

Cells were grown overnight on 96-well clear-bottom black wall plates (Corning Inc.,
Corning, NY, USA). Culture media were aspirated and exchanged with HEPES-buffered
solution. Live cell images were taken using the BioTek Lionheart FX automated microscope
(Agilent, Santa Clara, CA, USA). Beacons were used to define specific x/y offsets for
imaging, and the specific regions were observed before and after stimulation. Number of
puncta was automatically measured using Lionheart analysis software.

4.8. Quantification of Colocalization

Colocalization analysis of PAR2-EGFP and β-arrestin1/2-mCherry was performed
using ImageJ. Colocalization values were calculated in Pearson’s correlation coefficient
from 5 representative images using the colocalization plugin Just Another Colocalization
Plugin (JACoP).

4.9. Data and Statistical Analysis

For all statistically analyzed studies, experiments were performed at least five times
independently. The experiments were carried out in a randomized manner. The results are
presented as the mean ± SEM. Statistical analysis was performed with one-way analysis of
variance (ANOVA), followed by Tukey’s multiple comparison test for post-hoc analysis. A
value of p < 0.05 was considered statistically significant. Concentrations of response curves
were fitted in GraphPad Prism 5.0 (GraphPad software, San Diego, CA, USA).



Int. J. Mol. Sci. 2022, 23, 10631 12 of 13

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/ijms231810631/s1.

Author Contributions: Conceptualization, Y.H., E.Y. and W.N.; methodology, Y.H. and E.Y.; software,
Y.H.; validation, Y.H.; formal analysis, Y.H.; investigation, Y.H., E.Y., Y.S., K.R., H.J. and Y.L.; resources,
W.N.; data curation, Y.H., E.Y. and W.N.; writing—original draft preparation, Y.H. and E.Y.; writing—
review and editing, Y.H., E.Y. and W.N.; supervision, W.N.; project administration, W.N.; funding
acquisition, W.N. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by a Basic Science Research Program through the National Re-
search Foundation of Korea (NRF) funded by the Ministry of Education (NRF-2018R1A6A1A03023718).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AP Activating peptide
GPCR G-protein-coupled receptor
PAR Protease-activated receptor
PCC Pearson’s correlation coefficient

References
1. Schmidlin, F.; Amadesi, S.; Vidil, R.; Trevisani, M.; Martinet, N.; Caughey, G.; Tognetto, M.; Cavallesco, G.; Mapp, C.; Geppetti,

P.; et al. Expression and function of proteinase-activated receptor 2 in human bronchial smooth muscle. Am. J. Respir. Crit. Care
Med. 2001, 164, 1276–1281. [CrossRef] [PubMed]

2. Rattenholl, A.; Steinhoff, M. Proteinase-activated receptor-2 in the skin: Receptor expression, activation and function during
health and disease. Drug News Perspect. 2008, 21, 369–381. [CrossRef] [PubMed]

3. Vergnolle, N. Clinical relevance of proteinase activated receptors (pars) in the gut. Gut 2005, 54, 867–874. [CrossRef] [PubMed]
4. Heuberger, D.; Schuepbach, R. Protease-activated receptors (PARs): Mechanisms of action and potential therapeutic modulators

in PAR-driven inflammatory diseases. Thromb. J. 2019, 17, 1–24. [CrossRef]
5. Frungieri, M.; Weidinger, S.; Meineke, V.; Köhn, F.; Mayerhofer, A. Proliferative action of mast-cell tryptase is mediated by

PAR2, COX2, prostaglandins, and PPARgamma: Possible relevance to human fibrotic disorders. Proc. Natl. Acad. Sci. USA 2002,
99, 15072–15077. [CrossRef]

6. Rothmeier, A.; Liu, E.; Chakrabarty, S.; Disse, J.; Mueller, B.; Østergaard, H.; Ruf, W. Identification of the integrin-binding site on
coagulation factor VIIa required for proangiogenic PAR2 signaling. Blood 2018, 131, 674–685. [CrossRef]

7. Johnson, J.J.; Miller, D.L.; Jiang, R.; Liu, Y.; Shi, Z.; Tarwater, L.; Williams, R.; Balsara, R.; Sauter, E.R.; Stack, M.S. Protease-activated
Receptor-2 (PAR-2)-mediated Nf-κB Activation Suppresses Inflammation-associated Tumor Suppressor MicroRNAs in Oral
Squamous Cell Carcinoma. J. Biol. Chem. 2016, 291, 6936–6945. [CrossRef]

8. Yang, Y.; Kim, S.C.; Yu, T.; Yi, Y.-S.; Rhee, M.H.; Sung, G.-H.; Yoo, B.C.; Cho, J.Y. Functional roles of p38 mitogen-activated protein
kinase in macrophage-mediated inflammatory responses. Mediat. Inflamm. 2014, 2014, 352371. [CrossRef]

9. Fyfe, M.; Bergström, M.; Aspengren, S.; Peterson, A. PAR-2 activation in intestinal epithelial cells potentiates interleukin-1beta-
induced chemokine secretion via MAP kinase signaling pathways. Cytokine 2005, 31, 358–367. [CrossRef]

10. Frateschi, S.; Camerer, E.; Crisante, G.; Rieser, S.; Membrez, M.; Charles, R.; Beermann, F.; Stehle, J.; Breiden, B.; Sandhoff, K.; et al.
PAR2 absence completely rescues inflammation and ichthyosis caused by altered CAP1/Prss8 expression in mouse skin. Nat.
Commun. 2011, 2, 161. [CrossRef]

11. Huang, X.; Ni, B.; Xi, Y.; Chu, X.; Zhang, R.; You, H. Protease-activated receptor 2 (PAR-2) antagonist AZ3451 as a novel
therapeutic agent for osteoarthritis. Aging 2019, 11, 12532–12545. [CrossRef] [PubMed]

12. Kim, H.; Lee, S.; Jeong, S.; Hong, S. Protease-Activated Receptors 2-Antagonist Suppresses Asthma by Inhibiting Reactive Oxygen
Species-Thymic Stromal Lymphopoietin Inflammation and Epithelial Tight Junction Degradation. Allergy Asthma Immunol. Res.
2019, 11, 560–571. [CrossRef] [PubMed]

13. McCulloch, K.; McGrath, S.; Huesa, C.; Dunning, L.; Litherland, G.; Crilly, A.; Hultin, L.; Ferrell, W.; Lockhart, J.; Goodyear, C.
Rheumatic Disease: Protease-Activated Receptor-2 in Synovial Joint Pathobiology. Front. Endocrinol. 2018, 9, 00257. [CrossRef]
[PubMed]

14. Sébert, M.; Sola-Tapias, N.; Mas, E.; Barreau, F.; Ferrand, A. Protease-Activated Receptors in the Intestine: Focus on Inflammation
and Cancer. Front. Endocrinol. 2019, 10, 717. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms231810631/s1
https://www.mdpi.com/article/10.3390/ijms231810631/s1
http://doi.org/10.1164/ajrccm.164.7.2101157
http://www.ncbi.nlm.nih.gov/pubmed/11673222
http://doi.org/10.1358/dnp.2008.21.7.1255294
http://www.ncbi.nlm.nih.gov/pubmed/19259550
http://doi.org/10.1136/gut.2004.048876
http://www.ncbi.nlm.nih.gov/pubmed/15888798
http://doi.org/10.1186/s12959-019-0194-8
http://doi.org/10.1073/pnas.232422999
http://doi.org/10.1182/blood-2017-02-768218
http://doi.org/10.1074/jbc.M115.692640
http://doi.org/10.1155/2014/352371
http://doi.org/10.1016/j.cyto.2005.06.004
http://doi.org/10.1038/ncomms1162
http://doi.org/10.18632/aging.102586
http://www.ncbi.nlm.nih.gov/pubmed/31841119
http://doi.org/10.4168/aair.2019.11.4.560
http://www.ncbi.nlm.nih.gov/pubmed/31172724
http://doi.org/10.3389/fendo.2018.00257
http://www.ncbi.nlm.nih.gov/pubmed/29875735
http://doi.org/10.3389/fendo.2019.00717


Int. J. Mol. Sci. 2022, 23, 10631 13 of 13

15. Subramaniam, S.; Ruf, W.; Bosmann, M. Advocacy of targeting protease-activated receptors in severe coronavirus disease 2019.
Br. J. Pharmacol. 2021, 179, 2086–2099. [CrossRef]

16. Rajagopal, S.; Shenoy, S. GPCR desensitization: Acute and prolonged phases. Cell. Signal. 2018, 41, 9–16. [CrossRef]
17. Tian, X.; Kang, D.; Benovic, J. β-arrestins and G protein-coupled receptor trafficking. Handb. Exp. Pharmacol. 2014, 219, 173–186.

[CrossRef]
18. Déry, O.; Thoma, M.; Wong, H.; Grady, E.; Bunnett, N. Trafficking of proteinase-activated receptor-2 and beta-arrestin-1 tagged

with green fluorescent protein. beta-Arrestin-dependent endocytosis of a proteinase receptor. J. Biol. Chem. 1999, 274, 18524–18535.
[CrossRef]

19. Goh, F.; Ng, P.; Nilsson, M.; Kanke, T.; Plevin, R. Dual effect of the novel peptide antagonist K-14585 on proteinase-activated
receptor-2-mediated signalling. Br. J. Pharmacol. 2009, 158, 1695–1704. [CrossRef]

20. Boitano, S.; Hoffman, J.; Flynn, A.; Asiedu, M.; Tillu, D.; Zhang, Z.; Sherwood, C.; Rivas, C.; DeFea, K.; Vagner, J.; et al. The
novel PAR2 ligand C391 blocks multiple PAR2 signalling pathways in vitro and in vivo. Br. J. Pharmacol. 2015, 172, 4535–4545.
[CrossRef]

21. Suen, J.; Cotterell, A.; Lohman, R.; Lim, J.; Han, A.; Yau, M.; Liu, L.; Cooper, M.; Vesey, D.; Fairlie, D. Pathway-selective antagonism
of proteinase activated receptor 2. Br. J. Pharmacol. 2014, 171, 4112–4124. [CrossRef]

22. Barry, G.; Suen, J.; Le, G.; Cotterell, A.; Reid, R.; Fairlie, D. Novel agonists and antagonists for human protease activated receptor
2. J. Med. Chem. 2010, 53, 7428–7440. [CrossRef]

23. Pierre, O.; Fouchard, M.; Buscaglia, P.; Goux, N.L.; Leschiera, R.; Mignen, O.; Fluhr, J.; Misery, L.; Garrec, R.L. Calcium Increase
and Substance P Release Induced by the Neurotoxin Brevetoxin-1 in Sensory Neurons: Involvement of PAR2 Activation through
Both Cathepsin S and Canonical Signaling. Cells 2020, 9, 2704. [CrossRef]

24. Muley, M.; Reid, A.; Botz, B.; Bölcskei, K.; Helyes, Z.; McDougall, J. Neutrophil elastase induces inflammation and pain in mouse
knee joints via activation of proteinase-activated receptor-2. Br. J. Pharmacol. 2016, 173, 766–777. [CrossRef]

25. Indrakusuma, I.; Romacho, T.; Eckel, J. Protease-Activated Receptor 2 Promotes Pro-Atherogenic Effects through Transactivation
of the VEGF Receptor 2 in Human Vascular Smooth Muscle Cells. Front. Pharmacol. 2017, 7, 497. [CrossRef]

26. Bang, E.; Kim, D.; Chung, H. Protease-activated receptor 2 induces ROS-mediated inflammation through Akt-mediated NF-κB
and FoxO6 modulation during skin photoaging. Redox Biol. 2021, 44, 102022. [CrossRef]

27. Subramaniam, S.; Ogoti, Y.; Hernandez, I.; Zogg, M.; Botros, F.; Burns, R.; DeRousse, J.; Dockendorff, C.; Mackman, N.; Antoniak,
S.; et al. A thrombin-PAR1/2 feedback loop amplifies thromboinflammatory endothelial responses to the viral RNA analogue
poly(I:C). Blood Adv. 2021, 5, 2760–2774. [CrossRef]

28. Seo, Y.; Heo, Y.; Jo, S.; Park, S.; Lee, C.; Chang, J.; Jeon, D.; Kim, T.G.; Han, G.; Namkung, W. Novel positive allosteric modulator
of protease-activated receptor 1 promotes skin wound healing in hairless mice. Br. J. Pharmacol. 2021, 178, 3414–3427. [CrossRef]

29. Cheng, R.; Fiez-Vandal, C.; Schlenker, O.; Edman, K.; Aggeler, B.; Brown, D.; Brown, G.; Cooke, R.; Dumelin, C.; Doré, A.; et al.
Structural insight into allosteric modulation of protease-activated receptor 2. Nature 2017, 545, 112–115. [CrossRef]

30. Tanaka, Y.; Sekiguchi, F.; Hong, H.; Kawabata, A. PAR2 triggers IL-8 release via MEK/ERK and PI3-kinase/Akt pathways in GI
epithelial cells. Biochem. Biophys. Res. Commun. 2008, 377, 622–626. [CrossRef]

31. Pan, S.; Tao, K.; Guh, J.; Sun, H.; Huang, D.; Chang, Y.; Teng, C. The p38 mitogen-activated protein kinase pathway plays a critical
role in PAR2-induced endothelial IL-8 production and leukocyte adhesion. Shock 2008, 30, 496–502. [CrossRef]

32. Xu, W.; Andersen, H.; Whitmore, T.; Presnell, S.; Yee, D.; Ching, A.; Gilbert, T.; Davie, E.; Foster, D. Cloning and characterization
of human protease-activated receptor 4. Proc. Natl. Acad. Sci. USA 1998, 95, 6642–6646. [CrossRef]

33. Böhm, S.; Khitin, L.; Grady, E.; Aponte, G.; Payan, D.; Bunnett, N. Mechanisms of desensitization and resensitization of
proteinase-activated receptor-2. J. Biol. Chem. 1996, 271, 22003–22016. [CrossRef]

34. Her, J.; Lee, Y.; Kim, S.; Heo, G.; Choo, J.; Kim, Y.; Howe, C.; Rhee, S.; Yu, H.; Chung, H.; et al. Blockage of protease-activated
receptor 2 exacerbates inflammation in high-fat environment partly through autophagy inhibition. Am. J. Physiol. Gastrointest.
Liver Physiol. 2021, 320, G30–G42. [CrossRef]

35. Oakley, R.; Laporte, S.; Holt, J.; Caron, M.; Barak, L. Differential affinities of visual arrestin, beta arrestin1, and beta arrestin2 for G
protein-coupled receptors delineate two major classes of receptors. J. Biol. Chem. 2000, 275, 17201–17210. [CrossRef]

36. Oakley, R.; Laporte, S.; Holt, J.; Barak, L.; Caron, M. Molecular determinants underlying the formation of stable intracellular G
protein-coupled receptor-beta-arrestin complexes after receptor endocytosis *. J. Biol. Chem. 2001, 276, 19452–19460. [CrossRef]

37. Gastel, J.V.; Hendrickx, J.; Leysen, H.; Santos-Otte, P.; Luttrell, L.; Martin, B.; Maudsley, S. β-Arrestin Based Receptor Signaling
Paradigms: Potential Therapeutic Targets for Complex Age-Related Disorders. Front. Pharmacol. 2018, 9, 1369. [CrossRef]

38. Sharma, D.; Parameswaran, N. Multifaceted role of β-arrestins in inflammation and disease. Genes Immun. 2015, 16, 499–513.
[CrossRef]

http://doi.org/10.1111/bph.15587
http://doi.org/10.1016/j.cellsig.2017.01.024
http://doi.org/10.1007/978-3-642-41199-1_9
http://doi.org/10.1074/jbc.274.26.18524
http://doi.org/10.1111/j.1476-5381.2009.00415.x
http://doi.org/10.1111/bph.13238
http://doi.org/10.1111/bph.12757
http://doi.org/10.1021/jm100984y
http://doi.org/10.3390/cells9122704
http://doi.org/10.1111/bph.13237
http://doi.org/10.3389/fphar.2016.00497
http://doi.org/10.1016/j.redox.2021.102022
http://doi.org/10.1182/bloodadvances.2021004360
http://doi.org/10.1111/bph.15489
http://doi.org/10.1038/nature22309
http://doi.org/10.1016/j.bbrc.2008.10.018
http://doi.org/10.1097/SHK.0b013e3181673233
http://doi.org/10.1073/pnas.95.12.6642
http://doi.org/10.1074/jbc.271.36.22003
http://doi.org/10.1152/ajpgi.00203.2020
http://doi.org/10.1074/jbc.M910348199
http://doi.org/10.1074/jbc.M101450200
http://doi.org/10.3389/fphar.2018.01369
http://doi.org/10.1038/gene.2015.37

	Introduction 
	Results 
	GB83 Is a Bona Fide PAR2 Agonist and Induces Elevation of Intracellular Calcium through Activation of PAR2 
	GB83 Induces PAR2-Mediated Phosphorylation of ERK1/2 and p38 
	GB83 Induces Sustained Endocytosis of PAR2 
	GB83 Induces Sustained Colocalization of PAR2 and -Arrestins 
	GB83 Induces Prolonged PAR2 Desensitization and Slow Recovery of Cell Surface PAR2 

	Discussion 
	Materials and Methods 
	Cell Culture and Cell Lines 
	Materials and Reagents 
	Molecular Cloning of Plasmid Constructs 
	Generation of Stable Cell Line 
	Intracellular Calcium Measurement 
	Immunoblotting 
	Live Cell Imaging 
	Quantification of Colocalization 
	Data and Statistical Analysis 

	References

