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A B S T R A C T

Protease-activated receptor 2 (PAR2), a G protein-coupled receptor for trypsin, contributes to growth, anti-
apoptosis, and migration in lung cancer. Given that PAR2 activation in airway epithelial cells compromises the
airway epithelium barrier by disruption of E-cadherin adhesion, PAR2 may be involved in epithelial-mesench-
ymal transition (EMT) in lung adenocarcinoma cells. Although PAR2 is known to promote the migration of lung
cancer cells, the detailed mechanism of this event is still not clear. Here, we found that PAR2 is highly expressed
in several lung adenocarcinoma cell lines. In two lung adenocarcinoma cell lines, CL1-5 and H1299 cells, ac-
tivation of PAR2 induces migration and Slug-mediated EMT. The underlying mechanisms involved in PAR2-
induced migration and EMT in CL1-5 cells were further investigated. We showed that PAR2-induced migration of
CL1-5 cells is mediated by the Src/p38 mitogen-activated protein kinase (p38 MAPK) signaling pathway. β-
arrestin 1, not G protein, is involved in this PAR2-mediated Src/p38 MAPK signaling pathway. PAR2-induced
EMT in CL1-5 cells is dependent on the activation of extracellular-signal-regulated kinase 2 (ERK2). The acti-
vation of ERK2 further mediates Slug stabilization through suppressing the activity of glycogen synthase kinase
3β. In addition, a poor prognosis was observed in lung adenocarcinoma patients with a high expression of PAR2.
Thus, PAR2 regulates migration through β-arrestin 1-dependent activation of p38 MAPK and EMT through
ERK2-mediated stabilization of Slug in lung adenocarcinoma cells. Our finding also suggests that PAR2 might
serve as a therapeutic target for metastatic lung adenocarcinoma and a potential biomarker for predicting the
prognosis of lung adenocarcinoma.

1. Introduction

Lung cancer is the most frequently diagnosed cancer and the most
common cause of cancer-related death worldwide [1]. The survival rate

is poor for patients with metastatic lung cancer. Within the tumor mi-
croenvironment, both cancer cells and neighboring non-cancer cells
secrete proteases to facilitate cancer metastasis [2]. Serine proteases, a
class of proteases, are involved in cancer metastasis by activating
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specific surface proteins or receptors. Kallikrein-related peptidase 6
(KLK6) and trypsin, two serine proteases which activate protease-acti-
vated receptor 2 (PAR2), are associated with the proliferation and
metastasis of cancer cells and are overexpressed in lung adenocarci-
noma cells [3–5]. Hence, PAR2 may be involved in the development of
lung cancer mediated by the serine proteases.

PAR2 belongs to a four-member family of G protein-coupled re-
ceptors (GPCRs) which are activated by serine proteases [6]. In this
four-member family, PAR1, PAR3, and PAR4 are preferentially acti-
vated by thrombin, whereas PAR2 is mainly activated by trypsin [6].
The activation of PAR2 occurs through a proteolytic cleavage by serine
proteases at the specific sites within the extracellular N-terminal do-
main of PAR2 [7]. Trypsin cleaves human PAR2 at the canonical site,
R36↓S37, to reveal the new N-terminal sequence starting with SLIGKV
[7]. The newly exposed amino terminus acts as a tethered ligand to
trigger transmembrane signaling mediated by G proteins and β-ar-
restins [8–10]. The synthetic agonist peptide, SLIGKV-NH2, mimicking
the tethered ligand of PAR2 can directly induce receptor activation [7].
Other serine proteases, such as tryptase, coagulation factors VIIa/tissue
factor complex, acrosin, granzyme A, membrane-type serine protease 1,
transmembrane protease serine 2, and KLK2, 4, 5, 6, and 14, and the
cysteine protease gingipain-R from Porphyromonas gingivalis also acti-
vate PAR2 through the cleavage of this canonical site [6,11–20]. The
cleavage of PAR2 at the non-canonical cleavage sites also induce the
receptor activation. The cysteine protease cathepsin S is known to
cleave PAR2 at the non-canonical cleavage sites, G41↓K42 and E56↓T57,
to induce PAR2 signaling [21,22]. In addition, some serine proteases
cleave PAR2 at the non-canonical sites to disarm the activity of the
receptor by preventing the receptor activation through the canonical
mechanism. These serine proteases include elastase, which cleaves
PAR2 at S67↓V68, cathepsin G, which cleaves PAR2 at F64↓S65, and
proteinase 3, which cleaves PAR2 at V61↓D62 [23]. It has been reported
that matrix metalloproteases (MMPs), such as MMP-1, -3, -8, -9, and
-13, are activated by trypsin [24,25]. Among these MMPs, MMP-1 was
shown to activate PAR2 in cancer cells [26]. However, it is not clear
whether MMP1 activates PAR2 by a direct cleavage. Although PAR2 is
mainly activated by trypsin but not by thrombin, it has been shown that
high concentrations of thrombin can directly activate PAR2 through the
cleavage of PAR2 at the canonical site [27]. Such high level of active
thrombin can be generated in the patients with blunt trauma or cancer
[28,29]. Thus, thrombin may also active PAR2 at sites of acute injury or
in the tumor microenvironment.

PAR2 not only mediates a variety of physiological responses but also
participates in cancer progression [6]. Overexpression of PAR2 has
been found in various cancers, such as ovarian, uterine cervix, and lung
[30–32]. This receptor also promotes proliferation, migration, and
metastasis in these cancers [30,32–35]. Thus, overexpression or altered
activation of PAR2 in cancer cells may contribute to cancer progression.
It has been reported that PAR2 promotes proliferation of lung adeno-
carcinoma A549 cells through an epidermal growth factor receptor
(EGFR)-dependent signaling pathway and induces migration of these
cells by suppressing the expression of microRNA-125b [33–35]. How-
ever, the mechanism by which PAR2 regulates the proliferation and
migration of lung cancer cells is largely unknown.

Initiation of cancer metastasis requires cell invasion which is pro-
moted by epithelial-mesenchymal transition (EMT). The transition of
epithelial cells to mesenchymal cells is accomplished by the loss of cell-
cell adhesion and cell polarity and the acquisition of the ability to
migrate and invade [36]. Generally, adhesion of cells to other cells is
mediated by various adhesion molecules, such as E-cadherin. Sup-
pression of E-cadherin expression is considered to be a fundamental
event during the process of EMT. The expression of E-cadherin is mainly
regulated by EMT-inducing transcription factors (TFs), which include
the members of the Snail superfamily of zinc finger proteins, the Twist
family of bHLH proteins, and the ZEB family of zinc finger E-box-
binding homeobox proteins [36]. Among them, Snail1, Slug, ZEB1, and

Twist1 are able to suppress the expression of E-cadherin to induce EMT
in lung cancer cells [37–40]. In these cells, EMT can be triggered by
various extracellular factors, such as TGF-β1, bone morphogenetic
protein-2 (BMP-2), and thrombin [37,41–44]. Thrombin can activate
PAR1, PAR3, and PAR4 to induce EMT in lung cancer cells [42–44].
However, it is not clear whether PAR2 is able to induce EMT in lung
cancer cells. It has been reported that PAR2 activation induces the
permeability of lung vessel in mice [45]. Activation of PAR2 also dis-
rupts E-cadherin adhesion to increase the paracellular permeability of
airway epithelium [46]. These findings suggest that PAR2 induces
phenotypic changes of airway epithelial cells by interruption of E-
cadherin binding. Loss of E-cadherin adhesion is a critical hallmark of
EMT and is associated with tumor metastasis [36]. The evidence that
PAR2 activation disrupts E-cadherin-mediated binding of lung epithe-
lial cells supports the idea that PAR2 plays a role in the induction of
EMT in lung cancer cells.

Although it has been previously reported that PAR2 induces mi-
gration of lung adenocarcinoma cells, the mechanism underlying this
event is still unclear. It is also not known whether PAR2 promotes EMT
in lung adenocarcinoma cells. In the present study, we first investigated
how PAR2 regulates migration of lung adenocarcinoma cells and fur-
ther examined whether G proteins or β-arrestins are involved in PAR2-
mediated cell migration in lung adenocarcinoma cells. Then, we ex-
plored whether PAR2 induces EMT in lung adenocarcinoma cells and
characterized the signaling pathways involved in this process. Finally,
we examined whether the expression of PAR2 is correlated with the
survival rate of patients with lung adenocarcinoma by analyzing The
Cancer Genome Atlas (TCGA) database.

2. Materials and methods

2.1. Cell culture

The human lung adenocarcinoma cell lines, CL1-0 and CL1-5 [47],
were gifts from Dr. Cheng-Wen Wu. H1299 lung adenocarcinoma cells
were obtained from the American Type Culture Collection (Manassas,
VA, USA). All lung adenocarcinoma cells were cultured in RPMI-1640
medium (Thermo Fisher Scientific, Rockford, IL, USA) supplemented
with 10% characterized fetal bovine serum (FBS) (Hyclone, Piscataway,
NJ, USA), 100 units/ml penicillin, and 100 μg/ml streptomycin
(Thermo Fisher Scientific) in a humidified incubator with 5% CO2 at
37 °C.

2.2. Plasmids and small interfering RNAs

The pcDNA3.1 (+) mammalian expression vector containing com-
plementary DNA (cDNA) encoding wild-type human Slug [48], the
pcDNA3 mammalian expression vector containing cDNA encoding HA-
tagged constitutively active mitogen-activated protein kinase (MAPK)
kinase 2 (MEK2) [49], the pCMV5-myc mammalian expression vector
containing cDNA encoding the regulator of G protein signaling (RGS)
domain of p115-Rho guanine nucleotide exchange factor (p115-RGS)
[50], the PSP65SRα mammalian expression vector containing cDNA
encoding a kinase-dead mutant of Src (SrcK298A) or a kinase-dead and
autophosphorylation-defective mutant of Src (SrcK298AY419F) [51],
and the pOP13 mammalian expression vector containing cDNA en-
coding an inducible dominant-negative mutant of p38 MAPK
(T180AG181GY182F) [52], were used in the transfection experiments.
The SureSilencing short hairpin RNA (shRNA) plasmids targeting
human PAR2 and the scrambled shRNA plasmid were purchased from
Qiagen (Valencia, CA, USA). The sequences of shRNA targeting PAR2
are 5′‑TGGGAGACATGTTCAATTACT‑3′ (shPAR2 sequence 1, shPAR2
#1) and 5′‑CCATGTCTATGCCCTGTACAT‑3′ (shPAR2 sequence 4,
shPAR2 #4), and the sequence of scrambled shRNA is 5′‑ACACTAAG
TACGTCGTATTAC‑3′. The small interfering RNAs (siRNAs) targeting
human β-arrestin 1, β-arrestin 2, ERK1, and ERK2 were purchased from
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Dharmacon (Lafayette, CO, USA). The sequences of siRNA targeting β-
arrestin 1 and β-arrestin 2 are 5′‑AAAGCCUUCUGCGCGGAGAAU‑3′
and 5′‑AAGGACCGCAAAGUGUUUGUG‑3′ [53], respectively. The se-
quences of siRNA targeting ERK1 and ERK2 are 5′‑GCCAUGAGAGAU
GUCUACA‑3′ and 5′‑GAGGAUUGAAGUAGAACAG‑3′, respectively. The
sequence of scrambled siRNA is 5′‑AAUUCUCCGAACGUGUCACGU‑3′
[53].

2.3. Transient transfection of CL1-5 cells with shRNAs, siRNAs, and cDNAs

Transfection of shRNAs, siRNAs, and cDNAs was carried out using
lipofectamine 2000 (Thermo Fisher Scientific) according to the manu-
facturer's instructions. CL1-5 cells were seeded at a density of 8×105

cells per 60-mm culture dish at 37 °C for 24 h and then transfected with
8 μg of shRNAs, 200 nM siRNAs, or 8 μg of cDNAs. For studying whether
overexpression of Slug reverses the mesenchymal-epithelial transition
(MET) induced by PAR2 knockdown, cells were co-transfected with
6 μg of shRNA targeting PAR2 and 2 μg of the plasmid expressing Slug.
After 48 h of transfection, the cells were subjected to the subsequent
analysis.

2.4. Generation of CL1-0 cells stably expressing PAR2

CL1-0 cells were seeded at a density of 5×105 cells per 60-mm
culture dish at 37 °C for 24 h and then transfected with 2 μg of the
plasmid encoding a hygromycin resistance gene together with 2 μg of
the pBJ mammalian expression vector containing the cDNA encoding
Flag-tagged PAR2 [12] or 2 μg of the pBJ vector as a control. Trans-
fected cells were selected and grown under RPMI-1640 complete
medium containing 1000 μg/ml hygromycin B (Thermo Fisher Scien-
tific) for one month. Every three days, cells were changed to the fresh
medium containing hygromycin B within this one-month period. The
cell colonies were individually transferred into wells of 24-well plates
and grown until reaching 90% confluency. These colonies were first
screened for the expression of PAR2 on the cell surface by using a cell
surface ELISA. Then, the expression of PAR2 in these colonies was
confirmed by Western blotting using the anti-Flag M1 monoclonal an-
tibody (Sigma, St Louis, MO, USA).

2.5. Cell surface ELISA

CL1-0 and CL1-5 cells were seeded in a 24-well plate at a density of
8× 104 cells per well. After 24 h of cell attachment, the cells were
washed with Dulbecco's phosphate-buffered saline (D-PBS) and then
fixed with 4% paraformaldehyde in D-PBS at 4 °C for 10min. After
being washed with ice-cold the wash medium, which composed of
serum-free RPMI-1640 medium supplemented with 20mM HEPES,
pH 7.4 and 1mg/ml bovine serum albumin (BSA), for once, the cells
were incubated with one of the three anti-PAR2 antibodies and its
corresponding IgG antibody or serum listed in Supplementary Table S1
at a concentration of 2 μg/ml in the wash medium at room temperature
for 1 h. The cells were then washed with the wash medium once and
incubated with the species-appropriate horseradish peroxidase-con-
jugated secondary antibody (Jackson ImmunoResearch, West Grove,
PA, USA) at a dilution of 1:5000 in the wash medium at room tem-
perature for 1 h. After the cells were washed twice with the wash
medium and once with D-PBS, the amount of bound secondary antibody
was detected by incubating the cells with 250 μl of 1-Step ABTS
(2,2′‑azino‑bis‑3‑ethylbenzthiazoline‑6‑sulfonic acid, Thermo Fisher
Scientific) at room temperature for 30min. Aliquots of 200 μl were
transferred to the wells of a 96-well plate. The optical densities (OD) of
these aliquots were determined at 415 nm using iMARK Microplate
Absorbance Reader (Bio-Rad Laboratory, Hercules, CA, USA). The cells
were washed once with D-PBS and then were treated with 0.05%
trypsin/EDTA (Thermo Fisher Scientific) at room temperature for
3min. The detached cells were counted with a hemocytometer. The OD

value of each cell was calculated by dividing the OD value measure
from each well by the number of the cells counted in the same well. The
amounts of cell surface PAR2 expressed in each cell were obtained by
subtracting the OD value of each cell incubated with the IgG or serum
from the OD value of each cell incubated with the anti-PAR2 antibodies.

2.6. Treatment with the PAR2 agonist and inhibitors

The peptide SLIGKV-NH2, a PAR2 agonist, and palmitate-RSSAM-
DENSEKKRKSAIK-NH2 (P2pal-18S), a PAR2 pepducin antagonist, were
synthesized by Angene Biotech (Taipei, Taiwan) and used for treating
cells at a concentration of 100 and 10 μM, respectively. The peptide 2-
furoyl-LIGRLO-NH2 (2f-LI), a PAR2 agonist, and VKGILS-NH2 (VKGILS),
a control peptide for SLIGKV-NH2, were purchased from Tocris
Bioscience (Bristol, UK) and used for treating cells at a concentration of
1 and 100 μM, respectively. GB83 (Axon Medchem, Groningen, The
Netherlands), a PAR2 small molecule antagonist, was used for treating
cells at a concentration of 50 μM unless specified. Isopropyl β-
Dthiogalactopyranoside (IPTG) (Sigma) was used for treating cells at a
concentration of 5mM. GP antagonist-2A (GP-2A), an inhibitor of Gq,
E-64, an inhibitor of cysteine proteases, and GM6001, a broad-spectrum
inhibitor of MMPs, were purchased from Enzo Life Sciences
(Farmingdale, USA) and used for treating cells at a concentration of 5,
10, and 5 μM, respectively. Pertussis toxin (PTX) (Merck, Billerica, MA,
USA), a Gi inhibitor, was used for pretreating cells at a concentration of
0.1 μg/ml for 16 h. Dasatinib (Santa Cruz Biotechnology, Santa Cruz,
CA, USA), a Src inhibitor, was used for pretreating cells at a con-
centration of 100 nM for 1 h unless specified. PD98059, a MEK1/2 in-
hibitor, and SB202190, a p38 MAPK inhibitor, were purchased from
Adooq Bioscience (Irvine, CA, USA) and used for pretreating cells at a
concentration of 15 and 20 μM, respectively, for 1 h unless specified.
Phenylmethylsulfonyl fluoride (PMSF) (Roche, Basel, Switzerland), a
serine protease inhibitor, was used for treating cells at a concentration
of 1mM. Tunicamycin (Sigma) at a concentration of 2 μg/ml was used
for treating cells for 16 h to inhibit N-linked protein glycosylation.
TWS119 (AbMole BioScience, Houston, TX, USA) at a concentration of
50 nM was used for treating cells for 18 h to inactivate glycogen syn-
thase kinase 3β (GSK3β).

2.7. Migration and invasion assay

Migration assay was performed using 8 μm pore FluoroBlok trans-
well inserts (BD Biosciences, San Diego, CA, USA) coated with 100 μg/
ml gelatin (Sigma) as described in the manufacturer's protocol. Cells
were serum starved in serum-free RPMI-1640 medium at 37 °C for 24 h
and then trypsinized and suspended in serum-free RPMI-1640 medium.
The cells were treated with the PAR2 agonist or inhibitors and then
seeded at a density of 1.4× 105 cells/ml in the upper chamber of the
transwell insert. RPMI-1640 medium supplemented with 10% FBS,
which was used as chemoattractant, was added to the lower transwell
chamber. After 6 h of incubation, the migrated cells on the lower sur-
face of the transwell insert were stained with 50 μg/ml propidium io-
dide (Thermo Fisher Scientific) and visualized at a magnification of
200× using an Axiovert 200 inverted fluorescence microscope (Zeiss,
Germany). The migrated cells were counted from five randomly picked
fields using Image J software (NIH, Maryland, USA) and the average of
the numbers of migrated cells was calculated using Excel 2010
(Microsoft, Roselle, IL, USA). Invasion assay was performed in the same
manner as the migration assay except that cells were seeded at a density
of 7× 104 cells/ml in the upper chamber of the transwell insert coated
with 1mg/ml matrigel (BD Biosciences) with incubation for 24 h. These
two assays were both performed in duplicate.
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2.8. Analysis of the morphology changes of CL1-5 cells during the process of
MET

Photomicrographs were captured at a magnification of 200× using
an Axiovert 200 inverted fluorescence microscope (Zeiss) equipped
with AxioCam HRm CCD camera (Zeiss) controlled by Axio Vision 4
software (Zeiss). Cells that displayed an elongated shape were defined
as mesenchymal-like cells, whereas cells that displayed a round shape
were defined as epithelial-like cells. Cell circularity (C) was analyzed by
using Image J software (NIH) and calculated by using the formula
C=4π(area/perimeter2). The circularity value of 1 indicates a perfect
round shape, while the circularity value of 0 indicates an elongated
shape. A cell is considered to have a round shape or an elongated shape
when its circularity value is higher or lower than 0.6, respectively. The
cell circularity was analyzed for at least 1000 cells in each experimental
group. The percentage of cells with round or elongated shapes in each
group was analyzed by Excel 2010 (Microsoft).

2.9. RNA extraction, reverse transcription-polymerase chain reaction, and
quantitative real-time polymerase chain reaction

RNA extraction and reverse transcription-polymerase chain reaction
(RT-PCR) were carried out as previously described [54], except that
NucleoZOL (MACHEREY-NAGEL, Düren, Germany) was used to extract
total RNA from cells and that the primers, annealing temperatures, and
PCR cycle number listed in Supplementary Table S2 were used for PCR
amplification. For quantitative real-time PCR (qRT-PCR), the PCR was
carried out with 50 ng of the cDNA product, 2 μM primer pairs for the
gene of interest, and 2× SYBR green (Applied Biosystems, Foster City,
CA, USA) by using StepOnePlus real-time PCR system (Applied Bio-
systems) programmed with the following amplification conditions:
1 cycle of 95 °C for 6min, followed by 40 cycles of 95 °C for 45 s, 55 °C
for 30 s, and 72 °C for 30 s, and a final cycle of 72 °C for 5min. The
sequences of the primer pairs targeting PAR2, Slug, and hypoxanthine
phosphoribosyltransferase 1 (HPRT1) are listed in Supplementary Table
S2. The threshold cycle (CT) of PCR amplification was obtained by the
StepOne software (Applied Biosystems). Then, the comparative
threshold cycle method (2−ΔΔCT) was used to calculate the relative
expression levels of genes between different experimental groups.

2.10. Cell growth assay

Cell growth was assayed by using the alamar blue assay (Thermo
Fisher Scientific), according to the manufacturer's instructions. Briefly,
CL1-0 and CL1-5 cells were seeded in a 96-well plate at a density of
1× 104 and 5× 104 cells per well, respectively. After 24 h of cell at-
tachment, cells were serum starved with serum-free RPMI-1640
medium at 37 °C for 24 h. Then, serum-starved cells were treated with
100 μM VKGILS-NH2, 100 μM SLIGKV-NH2, 1 μM 2f-LI, 50 μMGB83,
10 μM P2pal-18S, 0.17% (v/v) dimethyl sulfoxide (DMSO) (Sigma), or
10% FBS, as a positive control, at 37 °C for 6, 24, 48, 72, and 96 h. For
determination of the viable cells, alamar blue was added to the culture
medium at a final concentration of 10% (v/v) for 1 h prior to mea-
surement of the fluorescence of each well at the indicated time. The
emission of fluorescence at 595 nm was measured with excitation at
530 nm by using a Victor 3 microplate reader (Perkin Elmer, Norwalk,
CT, USA). The assay was performed in triplicate.

2.11. Western blotting

Cells were harvested in a modified radioimmunoprecipitation assay
lysis (RIPA) buffer containing 10mM Tris-HCl, pH 7.4, 150mM NaCl,
0.05% SDS, 1% NP-40, 0.5mM EDTA, with the addition of 0.2mM
PMSF, 1 μg/ml aprotinin, 4 μM leupeptin, 1 mM Na3VO4, 1 μM pep-
statin A, and 1mM NaF. The cell suspension was sonicated thirty times
with 50% amplitude and 0.5 cycle on ice using an UP50H ultrasonic

processor (Dr. Hielscher, Berlin, Germany). The insoluble protein was
removed by centrifugation at 12,000×g at 4 °C for 15min. Protein
concentrations were determined by the Bradford method (Bio-Rad
protein Assay, Bio-Rad Laboratory). Equal amounts of cell lysates were
subjected to SDS-PAGE with gels containing 7.5%, 10%, or 15% acry-
lamide according to the molecular masses of the proteins of interest. In
this study, 7.5% and 15% gels were used to separate the proteins with
molecular masses above 100 kDa and below 30 kDa, respectively. A
10% gel was used to separate the proteins with molecular masses be-
tween 40 and 100 kDa. An excelband 3-color pre-stained protein
marker (SMOBiO, Hsinchu, Taiwan) was used as a molecular weight
standard. After electrophoresis, proteins were transferred onto a poly-
vinylidene difluoride (PVDF) membrane (Millipore, Bedford, MA, USA).
The membrane was blocked with 5% BSA in Tris-buffered saline (TBS)
with 0.1% Tween-20 (TBST) containing 50mM Tris-HCl, pH 7.4 and
15mM NaCl at room temperature for 1 h. Then, the membrane was
probed with the primary antibody which was prepared in TBST con-
taining 5% BSA at 4 °C overnight. Detailed descriptions and working
dilutions of the primary antibodies are listed in Supplementary Table
S1. The antibody-probed membrane was washed with TBST containing
5% fat-free milk (5% TBST/milk) three times for 10min and then
probed with the species-appropriate horseradish peroxidase-conjugated
secondary antibody (Jackson ImmunoResearch), which were prepared
in 5% TBST/milk at a dilution of 1:5000, at room temperature for 1 h.
After the membrane was washed three times for 10min by TBS, che-
miluminescent detection was performed using Immobilon Western
Chemiluminescent HRP Substrate (Millipore). The bands were imaged
by LAS-3000 imaging system (Fujifilm, Tokyo, Japan) and quantified
using densitometry by MultiGauge software version 3.0 (Fujifilm).

2.12. The cancer cell line encyclopedia database analysis

The dataset of 967 cancer cell lines across 36 types of cancer from
the Cancer Cell Line Encyclopedia (CCLE) database was obtained from
the UCSC Cancer Browser website (https://genome-cancer.ucsc.edu/
proj/site/hgHeatmap/). In this dataset, data of log2-transformed ex-
pression of PAR2 in these 967 cancer cell lines were downloaded. The
data of the fold-change of PAR2 expression in the 56 lung adeno-
carcinoma cell lines were selected and shown in Supplementary Table
S3 and created as a bar graph by Excel 2010 (Microsoft).

2.13. Survival analysis

The sources of gene expression profiling data of lung adenocarci-
noma and the corresponding clinicopathological parameters were
downloaded from TCGA (https://tcga-data.nci.nih.gov/docs/
publications/luad_2014/). The median level of PAR2 expression was
used as the cut-off point for survival correlation analysis.

2.14. Statistical analysis

Overall survival (OS) and recurrent free survival (RFS) were esti-
mated by the Kaplan-Meier method and both survival curves were
generated with Prism 5.0 (GraphPad Software Inc., San Diego, CA,
USA). The differences of OS and RFS between the high and low gene
expressing groups were compared by log-rank test. The correlation of
the mRNA expression of PAR2 and the number of migrated lung ade-
nocarcinoma cells was estimated by the Spearman's rank correlation
coefficient analysis using Excel 2010 (Microsoft). Significance of the
correlation coefficient was calculated by ANOVA. Statistical sig-
nificance of all other data was analyzed by a Student's t-test using Excel
2010. All data are presented as mean ± SD. P < 0.05 is considered as
statistically significant.
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3. Results

3.1. PAR2 is overexpressed in CL1-5, a lung adenocarcinoma cell line with
high invasion ability

To determine whether PAR2 is overexpressed in lung adenocarci-
noma cells, we examined the expression level of PAR2 in lung adeno-
carcinoma cell lines using the CCLE database. In the total of 56 avail-
able lung adenocarcinoma cell lines examined, 75% of them were
positive for PAR2 mRNA expression (Supplementary Fig. S1A). More
than 71% of these PAR2-positive cell lines showed an increase of PAR2
mRNA expression of at least 2-fold (Supplementary Fig. S1A). As shown
in the RT-PCR analysis depicted in Supplementary Fig. S1B, the mRNA
expression of PAR2 was much higher in four lung adenocarcinoma cell
lines, H1975, A549, H358, and H1299, than that in the normal bron-
chial epithelium cell line NL20. The mRNA expression of PAR2 was not
detectable in the lung adenocarcinoma cell line H1437 (Supplementary
Fig. S1B). The finding obtained by RT-PCR analysis for the cells listed in
CCLE database is consistent with the result obtained from this database.
Therefore, PAR2 overexpression is common in lung adenocarcinoma
cells.

We further investigated the relationship between the expression
level of PAR2 and the ability of migration and invasion in lung ade-
nocarcinoma cells. In this experiment, two lung adenocarcinoma cells,
CL1 cells, which are also designated as CL1-0 cells [47] and CL1-5 cells,
a subline of CL1 cells [55], were used for studying the migration and
invasion in response to PAR2 activation. The chosen of CL1-5 cells is
because these cells were selected from CL1-0 cells based on their high
invasiveness [55]. Consistent with the previous report [47,55], CL1-5
cells did show higher ability of migration and invasion as compared to
CL1-0 cells (Supplementary Fig. S2). In addition, we found that CL1-5
cells expressed more PAR2 than CL1-0 cells at the mRNA level (Fig. 1A).
We then examined whether CL1-5 cells expressed more cell-surface
PAR2 than CL1-0 cells by using a cell surface ELISA with three com-
mercially PAR2 antibodies, SAM11, D61D5, and N19. These three an-
tibodies are against the amino acid residues located near the N-ter-
minus of PAR2. Both SAM11 and D61D5 antibodies, not the N19
antibody, detected higher levels of PAR2 on the surface of CL1-5 cells
than that of CL1-0 cells (Fig. 1B). In addition, the level of cell-surface
PAR2 on CL1-5 cells detected by the D61D5 antibody was higher than
that detected by the SAM11 antibody (Fig. 1B). These results indicate
that both SAM11 and D61D5 antibodies are able to distinguish the
differential expression of surface PAR2 between CL1-0 and CL1-5 cells.
We also examined the protein expression of PAR2 in these two cells by
Western blot analysis with the three PAR2 antibodies. In CL1-5 cells, an
extra band at ~100 kDa was detected by the SAM11 antibody and the
additional smear bands, ranging from ~140 to ~45 kD, were detected
by the D61D5 antibody (Fig. 1C). However, a similar pattern of mul-
tiple bands ranging from ~140 to ~45 kD was detected in CL1-0 and
CL1-5 cells by the N19 antibody (Fig. 1C). To further confirm that the
extra band or the additional bands detected in CL1-5 cells by SAM11 or
D61D5 antibodies are PAR2-specific, we examined whether these bands
disappeared after knockdown of PAR2. As shown in Fig. 1D, the in-
tensities of the extra band and the additional smear bands detected by
SAM11 and D61D5 antibodies, respectively, were markedly reduced in
CL1-5 cells transfected with the two independent PAR2-specific
shRNAs. It has been previously reported that PAR2 migrated as the
smear bands ranging from 100 to 55 kDa, which is greater than the
predicted molecular mass of 44 kDa, due to differential glycosylation
[56]. To determine whether the smear bands detected by the D61D5
antibody are the differentially glycosylated forms of PAR2, we treated
CL1-0 and CL1-5 cells with tunicamycin, an inhibitor of N-linked gly-
cosylation, to examine whether inhibition of N-linked glycosylation
affects the pattern of protein bands detected by the D61D5 antibody.
After treatment of CL1-5 cells with tunicamycin, intense protein bands
ranging from ~37 to ~30 kDa were detected by the D61D5 antibody,

whereas only very faint bands appeared in the range of ~140 to ~45 kD
(Supplementary Fig. S3). Treatment of CL1-0 cells with tunicamycin did
not change the pattern of protein bands (Supplementary Fig. S3). These
results indicate that the additional smear bands detected by the D61D5
antibody in CL1-5 cells should be the differentially glycosylated forms
of PAR2. The extra band detected by the SAM11 antibody in CL1-5 cells
could also be one specific form of glycosylated PAR2. Although it has
been reported that the N19 antibody is able to specifically detect en-
dogenous PAR2 in the two prostate cancer cells, DU145 and PC3, by
Western blot analysis [57], it is not clear whether the multiple bands
detected by N19 in both CL1-0 and CL1-5 cells are PAR2-specific. The
finding that CL1-5 cells express more PAR2 than CL1-0 cells as detected
by SAM11 and D61D5 antibodies is consistent with the result obtained
by qRT-PCR analysis. Thus, the level of PAR2 expression is correlated
with the ability of migration and invasion in these two lung adeno-
carcinoma cells. Because the D61D5 antibody detected more cell-sur-
face PAR2 and more various forms of glycosylated PAR2 expressed in
CL1-5 cells as compared to the SAM11 antibody, the D61D5 antibody
was chosen to detect the expression of PAR2 in CL1-0 and CL1-5 cells.
Although the SAM11 antibody detected less surface-expressed PAR2 in
CL1-5 cells than the D61D5 antibody, both antibodies are able to detect
the differential expression of surface PAR2 in CL1-0 and CL1-5 cells.
When the SAM11 or D61D5 antibodies are used for detecting PAR2
expression, cell surface ELISA could serve as an alternative approach to
quantify the surface expression of PAR2 in different cell lines.

3.2. PAR2 mediates the migration and invasion of CL1-5 cells

To investigate whether the differential expression of PAR2 affects
the migration and invasion of CL1-5 and CL1-0 cells, we first examined
whether knockdown of PAR2 in CL1-5 cells affects their ability to mi-
grate and invade. Knockdown of PAR2 by the two independent PAR2-
specific shRNAs significantly reduced the migration and invasion in
these two PAR2-silenced CL1-5 cells (Fig. 1E). We then examined
whether overexpression of PAR2 promotes the migration of CL1-0 cells.
The mRNA expression of PAR2 in the two CL1-0 clones stably over-
expressing PAR2 was significantly higher than that in the vector control
CL1-0 clone but lower than that in CL1-5 cells (Supplementary Fig.
S4A). Also, the protein expression of PAR2 was markedly increased in
the two CL1-0 clones stably overexpressing PAR2 (Fig. 1F). These two
CL1-0 clones stably overexpressing PAR2 showed a 2.7-fold higher
migration ability than the vector control CL1-0 clone (Fig. 1G). In ad-
dition, we examined the mRNA expression of PAR2 and the basal mi-
gration of another lung adenocarcinoma H1299 cells. The mRNA ex-
pression of PAR2 in H1299 cells was higher than that in CL1-0 cells but
lower than that in CL1-5 cells (Supplementary Fig. S4A). The basal
migration of H1299 cells was also higher than that of CL1-0 cells but
lower than that of CL1-5 cells (Supplementary Fig. S4B). To determine
whether the increase of PAR2 expression correlates with the increased
migration of these lung adenocarcinoma cells, we further analyzed the
correlation of mRNA expression of PAR2 and cell migration among CL1-
0 cells, the vector control CL1-0 clone, the two CL1-0 clones stably
overexpressing PAR2, CL1-5 cells, and H1299 cells. As shown in Sup-
plementary Fig. S4C, there was a significant positive correlation be-
tween mRNA expression of PAR2 and cell migration among these six
analyzed cell lines. Thus, the level of PAR2 expression is correlated with
the degree of cell migration in lung adenocarcinoma cells.

We then treated CL1-0 and CL1-5 cells with the two PAR2 agonist
peptides, SLIGKV-NH2 and 2f-LI, to examine whether activation of
PAR2 induces the migration of these two cells. Activation of PAR2 in
CL1-0 cells by stimulation with SLIGKV-NH2 or 2f-LI significantly in-
creased the cell migration by 1.6- or 1.5-fold, respectively, while sti-
mulation of CL1-5 cells with SLIGKV-NH2 or 2f-LI led to a significant
but only 1.3-fold increase in the cell migration (Fig. 1H). Treatment of
CL1-0 and CL1-5 cells with the peptide VKGILS-NH2, a reversed amino
acid sequence control peptide for SLIGKV-NH2, did not affect the
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migration of both cells (Fig. 1H). These results indicate that the activity
of PAR2 is involved in the migration of CL1-0 and CL1-5 cells. Because
CL1-0 cells express much lower level of PAR2 than CL1-5 cells, we
examined whether activation of PAR2 also induces the phosphorylation

of extracellular-signal-regulated kinase 1/2 (ERK1/2) and p38 MAPK in
these two cells. In CL1-0 cells, treatment with SLIGKV-NH2 or 2f-LI
induced the phosphorylation of ERK1 by 4.1- or 4.0-fold, respectively,
and the phosphorylation of ERK2 by 3.7- or 3.8-fold, respectively

(caption on next page)
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(Supplementary Fig. S5). As to CL1-5 cells, treatment with SLIGKV-NH2

or 2f-LI induced the phosphorylation of ERK1 by 1.7- or 1.9-fold, re-
spectively, and the phosphorylation of ERK2 by 1.7-fold (Supplemen-
tary Fig. S5). Because of the higher basal activation of ERK1/2 in CL1-5
cells, the fold increase in the PAR2 agonist-induced phosphorylation of
ERK1/2 is greater in CL1-0 cells. Treatment of CL1-0 cells with SLIGKV-
NH2 or 2f-LI induced the phosphorylation of p38 MAPK by 3.0- or 3.3-
fold, respectively, while treatment of CL1-5 cells with SLIGKV-NH2 or
2f-LI induced the phosphorylation of p38 MAPK by 2.9- or 2.8-fold,
respectively (Supplementary Fig. S5). Interestingly, the ratios of fold
increase in cell migration to fold increase in the phosphorylation of p38
MAPK induced by 2f-LI are similar in CL1-0 and CL1-5 cells. When CL1-
0 and CL1-5 cells were treated with the negative control peptide,
VKGILS-NH2, the levels of phosphorylation of ERK1/2 and p38 MAPK
were not changed in both cells (Supplementary Fig. S5). Thus, specific
activation of PAR2 by its peptide agonists induces the phosphorylation
of ERK1/2 and p38 MAPK in CL1-0 and CL1-5 cells. These findings also
support the idea that PAR2 is functional in both CL1-0 and CL1-5 cells
even though the expression level of PAR2 in CL1-0 cells is low.

To further examine whether inactivation of PAR2 suppresses the
migration of CL1-5 cells, we treated this cell with a PAR2 small mole-
cule antagonist, GB83, and a PAR2 pepducin antagonist, P2pal-18S, to
inactivate PAR2. Treatment with 50 μM of GB83 significantly sup-
pressed the basal migration and invasion of CL1-5 cells by 70%
(Fig. 1I), while treatment with 10 μM of P2pal-18S almost completely
suppressed the basal migration of CL1-5 cells (Fig. 1J). Thus, P2pal-18S
is more potent than GB83 in inhibition of the basal migration of CL1-5
cells. These results also reveal that constitutive activation of PAR2 may
contribute to the basal migration and invasion of CL1-5 cells. It is
possible that the constitutive activation of PAR2 in CL1-5 cells is in-
duced by the serine proteases, cysteine proteases, or MMPs expressed
and/or secreted by this cells. To test this possibility, we treated CL1-5
cells with PMSF, an inhibitor of serine proteases, E-64, an inhibitor of
cysteine proteases, and GM6001, a broad-spectrum inhibitor of MMPs,
alone or in combination to examine their effects on cell migration and
invasion. Treatment with PMSF significantly suppressed the basal mi-
gration of CL1-5 cells by 43% (Fig. 1K). Treatment with E-64 or
GM6001 led to a significant but only 15% decrease in the migration of
CL1-5 cells (Fig. 1K). However, treatment of CL1-5 cells with PMSF
together with E-64 plus/minus GM6001 had no addictive effect on the
inhibition of cell migration (Fig. 1K). The inhibitory effects of PMSF
together with E-64 plus/minus GM6001 on the basal level of cell mi-
gration were similar to that of PMSF alone (Fig. 1K). In addition,
treatment of CL1-5 cells with these three inhibitors did not significantly
affect the cell viability (Supplementary Fig. S6A). In terms of invasion,
PMSF treatment significantly suppressed the basal invasion of CL1-5

cells by 48% (Fig. 1L). Consistent with the result obtained from the
migration assay, treatment of CL1-5 cells with PMSF together with E-64
plus/minus GM6001 had no addictive effect on the cell invasion
(Fig. 1L). These results indicate that serine proteases, cysteine pro-
teases, and MMPs secreted by CL1-5 cells all partially contribute the
basal migration and invasion. Next, we evaluated whether PAR2 is re-
sponsible for the migration and invasion of CL1-5 cells induced by
serine proteases, cysteine proteases, and MMPs secreted from this cell.
In CL1-5 cells treated with PMSF alone or together with E-64 plus/
minus GM6001, activation of PAR2 by 2f-LI, recovered the ability of
these cells to migrate and invade to a similar level as that of the 2f-LI-
treated control cells (Fig. 1K, L). Taken together, these results indicate
that the elevated basal migration and invasion of CL1-5 cells resulted
from the constitutive activation of PAR2 mediated by the serine pro-
teases, cysteine proteases, and MMPs secreted by these cells.

To rule out that the migration induced by PAR2 is cell-type specific,
we treated another lung adenocarcinoma H1299 cells, with the two
PAR2 agonists, SLIGKV-NH2 and 2f-LI, and the two PAR2 antagonists,
GB83 and P2pal-18S, to examine their effects on cell migration. In
H1299 cells, PAR2 was detected as multiple bands ranging from ~140
to ~45 kDa by the D61D5 antibody (Supplementary Fig. S7A).
Stimulation of H1299 cells with SLIGKV-NH2 or 2f-LI induced a 1.9-fold
increase in cell migration (Supplementary Fig. S7B). Treatment of this
cell with the negative control peptide, VKGILS-NH2, did not affect the
cell migration (Supplementary Fig. S7B). Inactivation of PAR2 in
H1299 cells with GB83 or P2pal-18S reduced the cell migration by 20%
or 77%, respectively (Supplementary Fig. S7C, D). These results in-
dicate that PAR2 is involved in the migration of H1299 cells. Therefore,
the activity of PAR2 is essential for regulating the migration of lung
adenocarcinoma cells.

We also investigated whether activation of PAR2 affects the growth
of CL1-5 and CL1-0 cells. A similar 4-day growth curve was observed in
both of these cells stimulated with SLIGKV-NH2 or 2f-LI or treated with
the negative control peptide, VKGILS-NH2 and the respective un-
stimulated cells (Supplementary Fig. S8A). This result indicates that
PAR2 activation does not induce the growth of these two cells. Since
PAR2 is constitutively activated in CL1-5 cells, we treated the cells with
increasing concentrations of GB83 to examine whether inactivation of
PAR2 inhibits the growth of CL1-5 cells. Treatment of GB83 at a con-
centration up to 50 μM did not affect the cell growth (Supplementary
Fig. S8B). We then treated the cells with the PAR2 antagonist, P2pal-
18S, to examine its effect on the growth of CL1-5 cells. Again, there is
no difference in the growth of CL1-5 cells treated with P2pal-18S or
DMSO (Supplementary Fig. S8C). These results indicate that PAR2 ac-
tivity does not contribute to the growth of CL1-5 cells. Therefore, PAR2
plays an important role for the migration but not the growth of CL1-5

Fig. 1. PAR2 promotes the migration of CL1-0 and CL1-5 cells. (A) CL1-0 and CL1-5 cells were lysed and the mRNAs extracted from cell lysates were subjected to the
reverse transcription reaction. The mRNA expression of PAR2 and HPRT1, as a loading control, was quantified by qRT-PCR. The mRNA expression of PAR2 was
normalized to that of HPRT1. The quantitative values were expressed as relative mRNA levels by defining the amounts of PAR2 expression in CL1-0 cells as 1. Data
are represented as the mean ± SD of three-independent experiments. (B) CL1-0 and CL1-5 cells were subjected to the cell surface ELISA to detect the cell surface
expression of PAR2. Data are represented as the mean ± SD of three-independent experiments. (C) CL1-0 and CL1-5 cells were lysed and cell lysates were subjected
to Western blotting for the detection of PAR2 and tubulin-α, as a loading control. Similar results were obtained in three-independent experiments. (D, E) CL1-5 cells
were left untransfected (━) or transfected with two PAR2-specific shRNAs (shPAR2 #1 and #4) and scrambled shRNA (shScramble) for 48 h. The cells were subjected
to Western blotting, migration, or invasion assays. (F, G) Parental CL1-0 cells, two CL1-0 clones stably expressing PAR2 (#2–4 and #2–8), or vector control CL1-0
clone (#1–4) were subjected to Western blotting or the migration assay. (H–J) Serum-starved CL1-5 cells were left untreated (━) or treated with 100 μM VKGILS-NH2

(VKGILS) (H), 100 μM SLIGKV-NH2 (SLIGKV) (H), 1 μM 2f-LI (H), 50 μMGB83 (I), 10 μM P2pal-18S (J), or DMSO (control) (I, J). The cells were then subjected to
migration or invasion assays. (K, L) Serum-starved CL1-5 cells were treated with 1mM PMSF, 10 μM E-64, 5 μM GM6001, 1 mM PMSF together with 10 μM E-64 plus/
minus 5 μM GM6001, or DMSO plus isopropanol (━) and then left unstimulated or stimulated with 1 μM 2f-LI. The cells were then subjected to migration or invasion
assays. (D, F) The cells were lysed and cell lysates were subjected to Western blotting for the detection of PAR2 and tubulin-α. The protein bands of PAR2 were
detected by the D61D5 antibody unless specified. Tubulin-α was used as a loading control. Similar results were obtained in three-independent experiments. (E, G–L)
The quantitative values were expressed as relative migration of the cells (E, G–K) or relative invasion of the cells (E, I, L) by defining the numbers of migrated or
invaded cells of the untransfected group, the parental group, or the untreated group as 1. Data are represented as the mean ± SD of three-independent experiments.
In A and B, *P < 0.05 compared to CL1-0 cells. In E, *P < 0.05 compared to cells transfected with scrambled shRNA. In G, *P < 0.05 compared to vector control
CL1-0 clone. In H, *P < 0.05 compared to untreated cells. In I and J, *P < 0.05 compared to DMSO-treated control cells. In K and L, *P < 0.05 compared to the
cells treated with DMSO plus isopropanol; #P < 0.05 compared to unstimulated cells in the same inhibitor-treated group.
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Fig. 2. p38 MAPK and Gi regulate PAR2-induced migration of CL1-5 cells. (A) CL1-5 cells were left untransfected (━) or transfected with two PAR2-specific shRNAs
(shPAR2 #1 and #4) and scrambled shRNA (shScramble) for 48 h. (B) Serum-starved CL1-5 cells were left untreated (━) or treated with 15 μM PD98059, 20 μM
SB202190, or DMSO (control). (C, D) CL1-5 cells were left untransfected (━) or transfected with 200 nM siRNAs specific to ERK1 and ERK2 or 200 nM scrambled
siRNA (siScramble) for 48 h. (E, F) CL1-5 cells were left untransfected (━) or transfected with the plasmid encoding an inducible dominant-negative mutant of p38
MAPK (DN-p38 MAPK) or the control vector. After 24 h of transfection, these cells were left untreated or treated with 5mM IPTG for 48 h. (G) Serum-starved CL1-5
cells were left untreated (━), treated with 5 μM GP-2A, or pretreated with 0.1 μg/ml PTX for 16 h. (H, I) CL1-5 cells were left untransfected (━) or transfected with the
plasmid encoding myc-tagged p115-RGS or the control vector for 48 h. (A, C, E, H) The cells were then lysed and cell lysates were subjected to Western blotting for
the detection of the indicated phospho-MAPKs and total MAPKs, PAR2, myc-p115-RGS, and tubulin-α. The protein bands of PAR2 were detected by the D61D5
antibody. The total MAPKs and tubulin-α were used as loading controls. Similar results were obtained in three-independent experiments. In A, the quantitative results
were expressed as fold increase by defining the amounts of phosphorylated kinases in untransfected cells as 1. Data are represented as the mean ± SD of three-
independent experiments. In C, the quantitative results of phospho-ERK1/2 and ERK1/2 in ERK1- and ERK2-silenced cells are shown in Fig. 7B. In E, the quantitative
results of phospho-p38 MAPK and p38 MAPK in DN-p38 MAPK-expressed cells are shown in Fig. 6F. (B, D, F, G, I) The treated or transfected cells were subjected to
the migration assay. The quantitative values were expressed as relative migration of the cells by defining the numbers of migrated cells of the untreated group or the
untransfected group as 1. Data are represented as the mean ± SD of three-independent experiments. In A and D, *P < 0.05 compared to cells transfected with
scrambled shRNA or scrambled siRNA. In B, *P < 0.05 compared to DMSO-treated control cells. In F and I, *P < 0.05 compared to cells transfected with vector
control. In G, *P < 0.05 compared to untreated cells.
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cells.

3.3. PAR2 induces migration of CL1-5 cells via Gi and Src/p38 MAPK
pathways

To determine whether MAPKs are involved in PAR2-mediated mi-
gration of CL1-5 cells, we first examined the effect of PAR2 knockdown
on the phosphorylation of ERK1/2, p38 MAPK, and c-Jun N-terminal
kinase (JNK) in this cell. Knockdown of PAR2 in CL1-5 cells sig-
nificantly reduced the phosphorylation of ERK1/2 and p38 MAPK but
not the phosphorylation of JNK (Fig. 2A). Treatment of CL1-5 cells with
PD98059, a MEK1/2 inhibitor which blocks ERK1/2 activation, sup-
pressed the phosphorylation of ERK1/2, while treatment of this cell
with SB202190, a p38 MAPK inhibitor, reduced the phosphorylation of
mitogen-activated protein kinase-activated protein kinase 2 (MAP-
KAPK2), a p38 MAPK downstream substrate (Supplementary Fig. S9).
These two inhibitors were then used to determine whether ERK1/2 and
p38 MAPK signaling are involved in the migration of CL1-5 cells.
PD98059 treatment did not affect the cell migration, while SB202190
treatment decreased the cell migration by 58% (Fig. 2B). In addition,
treatment of CL1-5 cells with these two inhibitors did not affect the cell
viability (Supplementary Fig. S6B). We also examined the effects of
knockdown of ERK1/2 on the migration of CL1-5 cells. The expression
of ERK1 and ERK2 in the cells transfected with their respective siRNAs
was significantly decreased by 50% and 46%, respectively (Fig. 2C).
Neither knockdown of ERK1 nor knockdown of ERK2 reduced the mi-
gration of CL1-5 cells (Fig. 2D). To further verify the involvement of
p38 MAPK signaling in PAR2-mediated migration of CL1-5 cells, we
transfected the cells with the plasmid encoding an inducible, dominant-
negative mutant of p38 MAPK to examine the effect of its expression on
cell migration. When treatment of CL1-5 cells with IPTG to induce the
expression of the dominant-negative mutant of p38 MAPK, both the
phosphorylation of p38 MAPK and cell migration were reduced
(Fig. 2E, F). Thus, p38 MAPK signaling is involved in PAR2-mediated
migration of CL1-5 cells.

PAR2-induced MAPK activation is mediated by various G proteins,
including Gi, Gq, or G12/13 [8,9]. G proteins may regulate PAR2-
mediated cell migration through the activation of p38 MAPK signaling
in CL1-5 cells. To test this possibility, we either treated the cells with
GP-2A or PTX to block Gq or Gi, respectively, or overexpressed myc-
tagged p115-RGS to block G12/13 signaling [58], to determine whether
Gq, Gi, or G12/13 contribute to PAR2-mediated migration of CL1-5
cells. The cell migration was significantly reduced by the treatment
with PTX but not by the treatment with GP-2A (Fig. 2G). Treatment of
CL1-5 cells with PTX and GP-2A did not affect the cell viability (Sup-
plementary Fig. S6B). In addition, overexpression of myc-tagged p115-
RGS did not inhibit the cell migration (Fig. 2H, I). These results indicate
that PAR2-induced migration of CL1-5 cells is mediated through a Gi-
dependent signaling pathway.

Gi-dependent Src activation is required for PAR2-induced chemo-
kinesis in breast cancer cells [59]. To determine whether Src acts
downstream of Gi to mediate PAR2-induced migration of CL1-5 cells,
we first investigated whether PAR2 knockdown affects Src activation by
examining the phosphorylation level of Src at tyrosine 419, an autop-
hosphorylation site of Src. Knockdown of PAR2 in CL1-5 cells sig-
nificantly reduced the phosphorylation of Src (Supplementary Fig. S10).
We then treated the cells with dasatinib, a Src inhibitor, to examine
whether Src regulates the migration of CL1-5 cells. Treatment of this
cell with dasatinib significantly suppressed the cell migration by 82%
(Fig. 3A). In addition, dasatinib treatment did not affect the viability of
CL1-5 cells (Supplementary Fig. S6B). To further verify the involvement
of Src in PAR2-mediated migration of CL1-5 cells, we overexpressed a
kinase-dead Src mutant K298A or a Src double-mutant K298AY419F,
which is kinase-dead and autophosphorylation-defective, in CL1-5 cells
to examine the effect of their expression on cell migration. Although the
phosphorylation of Src at tyrosine 419 in CL1-5 cells overexpressing the

kinase-dead Src mutant K298A was increased, the phosphorylation
level of Src at tyrosine 419 in cells overexpressing the Src double-mu-
tant K298AY419F was similar to that in cells transfected with the
control vector (Fig. 3B). The increased levels of the phosphorylation of
Src at tyrosine 419 in CL1-5 cells overexpressing the kinase-dead Src
mutant K298A could be due to the phosphorylation of the over-
expressed Src mutant K298A at tyrosine 419 by the endogenous Src
present in the cells. Overexpression of these two kinase-dead Src mu-
tants, K298A and K298AY419F, did suppress the migration of CL1-5
cells by 79% and 85%, respectively (Fig. 3C). These results indicate that
Src is required for PAR2-mediated migration of CL1-5 cells. Since both
ERK1/2 and p38 MAPK participate in PAR2-mediated signaling in CL1-
5 cells, Src may act as an upstream regulator of these two MAPKs. To
test this possibility, we treated the cells with dasatinib to examine its
effect on the activation of ERK1/2 and p38 MAPK in CL1-5 cells.
Treatment of this cell with dasatinib completely suppressed the phos-
phorylation of p38 MAPK and Src but not the phosphorylation of ERK1/
2 (Fig. 3D). We also overexpressed the two kinase-dead Src mutants,
K298A or K298AY419F, in CL1-5 cells to examine their effects on the
activation of p38 MAPK. Overexpression of these two kinase-dead Src
mutants suppressed the phosphorylation of p38 MAPK in these cells
(Fig. 3B). Thus, Src is an upstream modulator of the p38 MAPK sig-
naling pathway in CL1-5 cells. To further determine whether ERK1/2
and Src/p38 MAPK signaling pathways are downstream of Gi in CL1-5
cells, we examined the effect of PTX treatment on the activation of Src,
ERK1/2, and p38 MAPK in this cell. PTX Treatment did not reduce the
phosphorylation of these three kinases in CL1-5 cells (Fig. 3D). Thus, Gi
does not act upstream of ERK1/2 and Src/p38 MAPK signaling path-
ways in CL1-5 cells. Taken together, these results indicate that PAR2-
mediated migration of CL1-5 is regulated by two different signaling
pathways. One is the Src/p38 MAPK signaling pathway, and the other is
the PTX-sensitive Gi-dependent signaling pathway.

3.4. β-Arrestin 1 is involved in PAR2-mediated migration of CL1-5 cells
through the regulation of Src/p38 MAPK signaling pathway

To determine whether β-arrestin 1 and 2 regulate PAR2-mediated
cell migration by activation of the Src/p38 MAPK signaling pathway in
CL1-5 cells, we examined the effect of knockdown of β-arrestin 1 and 2
on the migration of CL1-5 cells and the activation of Src and p38 MAPK
in this cell. The expression of β-arrestin 1 and 2 in cells transfected with
the siRNAs targeting their respective β-arrestins was significantly de-
creased by 43% and 37%, respectively (Fig. 3E). Knockdown of β-ar-
restin 1 in CL1-5 cells significantly inhibited the cell migration by 72%,
while knockdown of β-arrestin 2 had no effect on the migration of CL1-
5 cells (Fig. 3F). In addition, knockdown of β-arrestin 1 suppressed the
phosphorylation of both Src and p38 MAPK, while knockdown of β-
arrestin 2 slightly suppressed the phosphorylation of Src without af-
fecting the phosphorylation of p38 MAPK (Fig. 3E). Thus, β-arrestin 1,
not β-arrestin 2, is involved in PAR2-mediated migration of CL1-5 cells
by activation of the Src/p38 MAPK signaling pathway.

3.5. Slug mediates PAR2-induced EMT in lung adenocarcinoma cells

In the course of this study, we noted that knockdown of PAR2 re-
sulted in a morphological change of CL1-5 cells. As shown in Fig. 4A,
knockdown of PAR2 in CL1-5 cells caused a reduction in the number of
elongated, mesenchymal-like cells with a concomitant 1.8-fold increase
in the number of round, epithelial-like cells. We further determined
whether the morphological changes of CL1-5 cells induced by knock-
down of PAR2 are accompanied by the changes in the expression pat-
tern of epithelial and mesenchymal markers. Knockdown of PAR2 in-
duced the expression of E-cadherin, an epithelial marker, and
suppressed the expression of N-cadherin and vimentin, mesenchymal
markers (Fig. 4B). These results indicate that PAR2 is involved in the
process of EMT in CL1-5 cells.
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To identify which EMT-inducing TFs are involved in PAR2-mediated
EMT in CL1-5 cells, we employed RT-PCR to examine the effect of PAR2
knockdown on the expression of Snail1, Slug, Snail3, Twist1, Twist2,
ZEB1, and ZEB2 in this cell. The mRNA expression of these TFs in PAR2-

silenced CL1-5 cells was similar to those in the scrambled control cells
(Supplementary Fig. S11). However, knockdown of PAR2 inhibited the
protein expression of Slug but not the protein expression of Snail1 and
Twist1/2 in CL1-5 cells (Fig. 4C). We further performed qRT-PCR to

Fig. 3. β-arrestin 1 regulates PAR2-induced migration of CL1-5 cells through the activation of the Src/p38 MAPK signaling pathway. (A) Serum-starved CL1-5 cells
were left untreated (━) or treated with 100 nM dasatinib or DMSO (control). (B, C) CL1-5 cells were left untransfected (━) or transfected with the plasmid encoding
kinase-dead mutant of Src (Src K298A), kinase-dead and autophosphorylation-defective mutant of Src (Src K298AY419F), or the control vector for 48 h. (D) Serum-
starved CL1-5 cells were left untreated (━) or pretreated with 0.1 μg/ml PTX for 16 h, or 100 nM dasatinib or DMSO (control) for 1 h. (E, F) CL1-5 cells were left
untransfected (━) or transfected with 200 nM siRNAs specific to β-arrestin 1 (siβ-arr 1) and β-arrestin 2 (siβ-arr 2) or 200 nM scrambled siRNA (siScramble) for 48 h.
(A, C, F) The treated or transfected cells were subjected to the migration assay. The quantitative values were expressed as relative migration of the cells by defining
the numbers of migrated cells of the untreated group or the untransfected group as 1. Data are represented as the mean ± SD of three-independent experiments. (B,
D, E) The cells were lysed and cell lysates were subjected to Western blotting for the detection of the indicated phospho-MAPKs and total MAPKs, phospho-Src, Src, β-
arrestin 1, β-arrestin 2, and tubulin-α. The total MAPKs, Src, and tubulin-α were used as loading controls. The quantitative results were expressed as fold increase by
defining the amounts of phosphorylated kinases and β-arrestins in untreated or untransfected cells as 1. Data are represented as the mean ± SD of three-independent
experiments. In A and D, *P < 0.05 compared to DMSO-treated control cells in dasatinib-treated group (A, D) or untreated cells in PTX-treated group (D). In B and C,
*P < 0.05 compared to cells transfected with vector control. In E and F, *P < 0.05 compared to cells transfected with scrambled siRNA.
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confirm that the reduced expression of Slug caused by knockdown of
PAR2 in CL1-5 cells is at the translational but not transcriptional level.
As shown in Fig. 4D, the mRNA expression of Slug was not reduced in
PAR2-silenced CL1-5 cells. These results indicate that PAR2 modulates
the protein expression of Slug in CL1-5 cells.

Involvement of PAR2 in the process of EMT in CL1-5 cells raises the
possibility that the activity of PAR2 may regulate EMT in the cells. We
then performed a time course experiment by treating the cells with
GB83 or P2pal-18S to examine whether inactivation of PAR2 induces
MET in CL1-5 cells. Treatment of cells with GB83 or P2pal-18S

increased the percentage of round cells in a time-dependent manner
with a nearly 2-fold increase over the control (Fig. 5A, B). At 48 h after
treatment of CL1-5 cells with GB83 or P2pal-18S, the expression of E-
cadherin was increased and the expression of N-cadherin and vimentin
was reduced (Fig. 5C, D). In addition, the expression of Slug in CL1-5
cells was decreased after 6 h of treatment with GB83 or P2pal-18S and
then was recovered back to the basal level after the antagonist treat-
ment for 48 h (Fig. 5C, D). Thus, inactivation of PAR2 in CL1-5 cells
induces MET that involves down-regulation of Slug expression. We also
examined whether activation of PAR2 induces a transition from the

Fig. 4. Knockdown of PAR2 induces MET and reduces Slug expression in CL1-5 cells. CL1-5 cells were left untransfected (━) or transfected with two PAR2-specific
shRNAs (shPAR2 #1 and #4) and scrambled shRNA (shScramble) for 48 h. (A) Photomicrographs of the morphology of PAR2-silenced cells were taken by micro-
scope. Scale bar 20 μm. The numbers of the cells with round and elongated shapes were expressed as the percentage of total counted cells. Data are represented as the
mean ± SD of three-independent experiments. *P < 0.05 compared to cells transfected with scrambled shRNA. (B, C) The cells were lysed and cell lysates were
subjected to Western blotting for the detection of PAR2, E-cadherin, N-cadherin, vimentin, Snail1, Slug, Twist1/2, and tubulin-α. The protein bands of PAR2 were
detected by the D61D5 antibody. Tubulin-α was used as a loading control. The quantitative results were expressed as fold increase by defining the amounts of EMT
makers and EMT-inducing TFs in untransfected cells as 1. Data are represented as the mean ± SD of three-independent experiments. *P < 0.05 compared to cells
transfected with scrambled shRNA. (D) The cells were lysed and the mRNAs extracted from cell lysates were subjected to the reverse transcription reaction. The
mRNA expression of PAR2, Slug, and HPRT1, as a loading control, in these cells was quantified by qRT-PCR. The amounts of mRNA expression of PAR2 and Slug were
normalized to that of HPRT1. The quantitative values were expressed as relative mRNA levels by defining the amounts of mRNA expression of PAR2 and Slug in
untransfected cells as 1. Data are represented as the mean ± SD of three-independent experiments. *P < 0.05 compared to cells transfected with scrambled shRNA.
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Fig. 5. PAR2 regulates Slug-mediated EMT in CL1-5 cells by inactivating GSK3β. (A–D) CL1-5 cells were left untreated (━) or treated with 50 μMGB83 (A, C), 1 μM
P2pal-18S (B, D), or DMSO (control) (A–D) for the indicated times. (E) CL1-5 cells were left untransfected (━) or transfected with the plasmid encoding Slug or the
control vector. After 30 h of transfection, these cells were respectively treated with 50 μM GB83 or DMSO for the indicated times. (F) CL1-5 cells were left un-
transfected (━) or transfected with two PAR2-specific shRNAs (shPAR2 #1 and #4) and scrambled shRNA (shScramble) for 48 h. (A, B) Photomicrographs of the
morphology of PAR2-inactivated cells were taken by microscope. Scale bar 20 μm. The numbers of the cells with round and elongated shapes were expressed as the
percentage of total counted cells. Data are represented as the mean ± SD of three-independent experiments. (C–F) The cells were lysed and cell lysates were
subjected to Western blotting for the detection of PAR2, E-cadherin, N-cadherin, vimentin, Slug, phospho-GSK3β, GSK3β, and tubulin-α. The protein bands of PAR2
were detected by the D61D5 antibody. GSK3β and tubulin-α were used as loading controls. The quantitative results were expressed as fold increase by defining the
amounts of Slug, phospho-GSK3β, and EMT makers in untreated or untransfected cells as 1. Data are represented as the mean ± SD of three-independent ex-
periments. In A–D, *P < 0.05 compared to DMSO-treated control cells at the same time point. In E, *P < 0.05 compared to DMSO-treated cells transfected with the
control vector at the same time point; #P < 0.05 compared to GB83-treated cells transfected with the control vector at the same time point. In F, *P < 0.05
compared to cells transfected with scrambled shRNA.
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epithelial-like morphology to the mesenchymal-like morphology in
lung adenocarcinoma H1299 cells. Stimulation of H1299 cells with
SLIGKV-NH2 or 2f-LI caused a time-dependent increase in the number
of elongated cells (Supplementary Fig. S7E). After 24 and 48 h of sti-
mulation, the expression of E-cadherin was decreased and the expres-
sion of N-cadherin was increased in H1299 cells (Supplementary Fig.
S7F). In addition, the expression of Slug and vimentin was increased in
cells stimulated with SLIGKV-NH2 or 2f-LI for 6, 24, and 48 h (Sup-
plementary Fig. S7F). When H1299 cells were treated with the negative
control peptide, VKGILS-NH2, the cell morphology and the expression
of the EMT markers were not changed (Supplementary Fig. S7E, F).
These results indicate that activation of PAR2 induces Slug-mediated
EMT in H1299 cells. Thus, Slug regulates PAR2-mediated EMT in both
CL1-5 and H1299 cells.

3.6. ERK2 participates in Slug-dependent EMT induced by PAR2 through
the inhibition of glycogen synthase kinase 3β in CL1-5 cells

To evaluate whether Slug plays a role in PAR2-mediated EMT of
CL1-5 cells, we examined whether overexpression of Slug is able to
reverse MET induced by knockdown and inactivation of PAR2 in this
cell. When Slug was overexpressed in PAR2-silenced CL1-5 cells, the
expression of E-cadherin was reduced and the expression of N-cadherin
and vimentin was increased as compared to those in the cells trans-
fected with the control vector (Supplementary Fig. S12). In CL1-5 cells
treated with GB83 for 48 h, overexpression of Slug also reversed the
expression levels of E-cadherin, N-cadherin, and vimentin (Fig. 5E). The
expression levels of these EMT markers in Slug-overexpressed CL1-5
cells treated with GB83 was similar to that in Slug-overexpressed cells
treated with DMSO (Fig. 5E). The loss of Slug expression induced by
GB83 treatment at 6 h did not occur in Slug-overexpressed cells due to
the exogenous expression of Slug (Fig. 5E). Thus, Slug plays a key role
in regulating PAR2-mediated EMT in CL1-5 cells.

It has been reported that activation of GSK3β by reducing its
phosphorylated level at Ser9 can induce Slug degradation [60,61]. To
determine whether PAR2 modulates Slug expression through regulating
GSK3β activity in CL1-5 cells, we examined the effects of knockdown
and inactivation of PAR2 on the phosphorylation of GSK3β at Ser9 in
this cell. Knockdown of PAR2 in CL1-5 cells markedly reduced the
phosphorylation of GSK3β at Ser9 and the expression of Slug (Fig. 5F).
The phosphorylation of GSK3β at Ser9 and the expression of Slug were
decreased in CL1-5 cells after treatment with GB83 or P2pal-18S for 6 h
(Fig. 5C, D). These results indicate that PAR2 negatively regulates the
activity of GSK3β in CL1-5 cells. Also, the GSK3β activity is inversely
correlated to the expression of Slug in this cell. We further treated the
cells with TWS119, an inhibitor of GSK3β, to examine whether in-
activation of GSK3β is able to reverse MET induced by PAR2 knock-
down in CL1-5 cells. In the scrambled control cells, treatment of CL1-5
cells with TWS119 did not affect the basal expression of EMT markers,
Slug, and the phosphorylation of Ser9 of GSK3β (Supplementary Fig.
S13). However, treatment of PAR2-silenced CL1-5 cells with TWS119
reduced the expression of E-cadherin, recovered the expression of N-
cadherin, vimentin, and Slug, and increased the phosphorylation of
Ser9 of GSK3β (Supplementary Fig. S13). Taken together, these results
indicate that the constitutive activation of PAR2 suppresses the activity
of GSK3β to maintain Slug expression and further induces the me-
senchymal-like morphology in CL1-5 cells.

ERK1/2 and p38 MAPK down-regulate the activity of GSK3β by
increasing the phosphorylation capacity of GSK3β at Ser9 [62,63].
PAR2 may activate ERK1/2 or p38 MAPK to regulate EMT in CL1-5
cells. We performed a time-course experiment to examine whether in-
activation of ERK1/2 or p38 MAPK induces MET in CL1-5 cells.
Treatment of CL1-5 cells with PD98059 for 24 and 48 h induced cell
rounding (Fig. 6A). After 48 h of treatment with PD98059, the ex-
pression of E-cadherin was markedly increased and the expression of N-
cadherin and vimentin was significantly decreased in CL1-5 cells as

compared to those in the control cells (Fig. 6B). However, treatment
with SB202190 did not affect the cell morphology, decrease the ex-
pression of N-cadherin and vimentin, and increase the expression of E-
cadherin in CL1-5 cells (Fig. 6C, D). Overexpression of an inducible,
dominant-negative mutant of p38 MAPK in this cell also did not affect
the cell morphology and the expression of the EMT markers in CL1-5
cells (Fig. 6E, F). These results indicate that ERK1/2, not p38 MAPK, is
involved in PAR2-mediated EMT in CL1-5 cells. In addition, treatment
of CL1-5 cells with PD98059 for 6 h resulted in the reduction of Slug
and this reduction coincided with the decrease of the phosphorylation
of GSK3β at Ser9 (Fig. 6B). Thus, ERK1/2 induce the inactivation of
GSK3β to mediate Slug-dependent EMT induced by PAR2 in CL1-5 cells.

Activation of ERK1/2 can suppress the activity of GSK3β by in-
duction of the phosphorylation of Ser9 in GSK3β [62]. Our finding that
inactivation of MEK1/2, upstream of ERK1/2, by PD98059 induced
GSK3β activation in CL1-5 cells indicates that MEK1/ERK1 and MEK2/
ERK2 signaling pathways are involved in regulating GSK3β activity in
PAR2-mediated EMT in CL1-5 cells. To further determine whether
ERK1 or ERK2 regulate EMT in CL1-5 cells, we examined the effects of
knockdown of ERK1 or ERK2 on the cell morphology and the expression
of EMT markers in these cells. Knockdown of ERK1 in CL1-5 cells did
not induce the change of cell morphology, whereas knockdown of ERK2
in this cell induced cell rounding (Fig. 7A). Knockdown of ERK1 sup-
pressed the expression of E-cadherin and induced the expression of N-
cadherin, vimentin, Slug, and the phosphorylation of GSK3β at Ser9
(Fig. 7B). However, knockdown of ERK2 induced the expression of E-
cadherin and suppressed the expression of N-cadherin, vimentin, Slug,
and the phosphorylation of GSK3β at Ser9 (Fig. 7B). Although knock-
down of ERK1 and knockdown of ERK2 oppositely regulate the ex-
pression of EMT markers in CL1-5 cells, only knockdown of ERK2 in-
duces the change of cell morphology to an epithelial-like phenotype.
This finding indicates that ERK2 is involved in PAR2-mediated EMT in
CL1-5 cell. To further verify whether ERK2 regulates PAR2-mediated
EMT in CL1-5 cells, we overexpressed constitutively active MEK2 in
CL1-5 cells to investigate whether constitutive activation of MEK2
suppresses GSK3β activity by induction of the phosphorylation of
GSK3β at Ser9 to counteract MET induced by inactivation of PAR2 in
this cell. After 6 h of treatment with GB83, the expression of Slug and
the phosphorylation of GSK3β at Ser9 were increased in MEK2-over-
expressed CL1-5 cells as compared to those in MEK2-overexpressed
CL1-5 cells treated with DMSO (Fig. 7C). In addition, overexpression of
constitutively active MEK2 recovered the expression of N-cadherin and
vimentin and reduced the expression of E-cadherin in cells treated with
GB83 for 48 h (Fig. 7C). Thus, MEK2-dependent ERK2 activation con-
tributes to PAR2-mediated EMT of CL1-5 cells through the inactivation
of GSK3β to stabilize Slug expression.

3.7. High expression of PAR2 is correlated with poor survival of patients
with lung adenocarcinoma

Since PAR2 promotes EMT, migration, and invasion in lung ade-
nocarcinoma cells, a Kaplan–Meier survival analysis of patients with
lung adenocarcinoma was conducted to determine the prognostic sig-
nificance of PAR2 expression. We found that a high expression level of
PAR2 is correlated with poor overall survival and reduced recurrence
free survival of the cancer patients (Fig. 8). These data suggest the
utility of PAR2 as a prognostic biomarker in monitoring lung cancer
progression.

4. Discussion

Our study shows that PAR2 not only induces migration but also
promotes Slug-mediated EMT in lung adenocarcinoma cells. PAR2-in-
duced migration of CL1-5 cells is mediated by β-arrestin 1-dependent
activation of the Src/p38 MAPK signaling pathway, whereas PAR2-in-
duced EMT in CL1-5 cells is regulated by ERK2-mediated Slug
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Fig. 6. Inactivation of ERK1/2 suppresses Slug-mediated EMT in CL1-5 cells. (A–D) CL1-5 cells were left untreated (━) or treated with 15 μM PD98059 (A, B), 20 μM
SB202190 (C, D), or DMSO (control) (A–D) for the indicated times. (E, F) CL1-5 cells were left untransfected (━) or transfected with the plasmid encoding an
inducible dominant-negative mutant of p38 MAPK (DN-p38 MAPK) or the control vector. After 24 h of transfection, these cells were left untreated or treated with
5mM IPTG for 48 h. (A, C, E) Photomicrographs of the morphology of ERK1/2- or p38 MAPK-inactivated cells were taken by microscope. Scale bar 20 μm. The
numbers of the cells with round and elongated shapes were expressed as the percentage of total counted cells. Data are represented as the mean ± SD of three-
independent experiments. (B, D, F) The cells were lysed and cell lysates were subjected to Western blotting for the detection of E-cadherin, N-cadherin, vimentin,
Slug, phospho-GSK3β, GSK3β, phospho-p38 MAPK, p38 MAPK, and tubulin-α. GSK3β and tubulin-α were used as loading controls. The quantitative results were
expressed as fold increase by defining the amounts of Slug, phospho-GSK3β, phospho-p38 MAPK, p38 MAPK, and EMT makers in untreated or untransfected cells as
1. Data are represented as the mean ± SD of three-independent experiments. In A–D, *P < 0.05 compared to DMSO-treated control cells at the same time point. In E
and F, *P < 0.05 compared to untreated cells transfected with DN-p38 MAPK.
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stabilization. Further, GSK3β acts downstream of ERK2 as a negative
regulator to modulate Slug expression in this PAR2-mediated EMT
process. Here, we provide the first evidence that PAR2 induces Slug-
mediated EMT in lung adenocarcinoma cells. PAR2 may play a critical
role in metastasis of lung adenocarcinoma by promoting EMT and mi-
gration of lung cancer cells. Our study also reveals that the high ex-
pression of PAR2 is correlated with a poor prognosis in lung adeno-
carcinoma patients. The expression of PAR2 may be used to predict the

prognosis of patients with lung adenocarcinoma.
In contrast to our finding that PAR2 mediates EMT and migration of

lung adenocarcinoma cells through different MAPK signaling pathways,
activation of enzyme-linked receptors regulates EMT and cell migration
through a shared signaling pathway. For example, TGF-β receptor, the
key inducer for EMT, promotes EMT and cell migration through the
phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway [64]. Un-
like enzyme-linked receptors, different signaling pathways are involved

Fig. 7. PAR2 activates ERK2 to induce EMT in CL1-5 cells by inactivating GSK3β. (A, B) CL1-5 cells were left untransfected (━) or transfected with 200 nM siRNAs
specific to ERK1 and ERK2 or 200 nM scrambled siRNA (siScramble) for 48 h. (C) CL1-5 cells were left untransfected (━) or transfected with the plasmid encoding HA-
tagged MEK2 or the control vector. After 30 h of transfection, the cells were respectively treated with 50 μMGB83 or DMSO for the indicated times. (A)
Photomicrographs of the morphology of ERK1- or ERK2-silenced cells were taken by microscope. Scale bar 20 μm. The numbers of the cells with round and elongated
shapes were expressed as the percentage of total counted cells. Data are represented as the mean ± SD of three-independent experiments. (B, C) The cells were lysed
and cell lysates were subjected to Western blotting for the detection of phospho-ERK1/2, ERK1/2, E-cadherin, N-cadherin, vimentin, Slug, phospho-GSK3β, GSK3β,
HA-MEK2, and tubulin-α. ERK1/2, GSK3β, and tubulin-α were used as loading controls. The quantitative results were expressed as fold increase by defining the
amounts of phospho-ERK1/2, ERK1/2, Slug, phospho-GSK3β, and EMT makers in untransfected cells as 1. Data are represented as the mean ± SD of three-
independent experiments. In A and B, *P < 0.05 compared to cells transfected with scrambled siRNA. In C, *P < 0.05 compared to DMSO-treated cells transfected
with the control vector at the same time point; #P < 0.05 compared to GB83-treated cells transfected with the control vector at the same time point.
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in GPCR-induced EMT and migration of cancer cells. In breast cancer
cells, angiotensin II type I receptor, a GPCR, induces EMT through Src-
dependent EGFR transactivation and mediates migration via PI3K/Akt-
dependent activation of NF-κB [65,66]. In lung cancer cells, PAR1 in-
duces EMT through PKC-dependent ERK1/2 activation and mediates
migration via the activation of the PI3K/Akt pathway [42,67]. For a
specific GPCR, the different signaling pathways can be induced by its
biased ligands [68]. It is possible that proteases secreted from CL1-5
cells cleave at the non-canonical cleavage sites of PAR2 to create biased
ligands to induce biased signaling. The different MAPK signaling
pathways which regulate PAR2-mediated EMT and cell migration may
be induced by the biased ligands generated by proteases.

Proteases secreted by the lung cancer cells or the neighboring non-
cancer cells are thought to regulate the EMT and cell migration of lung
cancer. Our study shows that serine proteases, cysteine proteases, and
MMPs secreted by CL1-5 cells may constitutively activate PAR2 to in-
duce migration and invasion of CL1-5 cells. Although these three pro-
teases are involved in the migration and invasion of CL1-5 cells,
treatment of this cell with the serine proteases inhibitor, PMSF, caused
the greatest inhibitory effect on its migration and invasion. These re-
sults suggest that serine proteases secreted by CL1-5 cells could be a
main contributor to activate PAR2 constitutively and to further induce
PAR2-mediated EMT in this mesenchymal-like cell. Unlike CL1-5 cells,
agonist-stimulation of PAR2 promotes migration and EMT in epithelial-
like H1299 cells. These findings suggest that PAR2-induced migration
and EMT in lung cancer cells may also be mediated by paracrine se-
cretion of serine proteases by neighboring non-cancerous cells in the
tumor microenvironment. It has been reported that tissue factor and
coagulation factor VIIa released form the microvesicles secreted by
glioblastoma multiforme cells activate PAR2 and then induce angio-
genesis in neighboring endothelial cells to facilitate cancer growth [69].
An in vivo study shows that PAR2 knockout mice delayed the devel-
opment of breast tumor and decreased spontaneous lung metastasis in
response to the activation of tissue factor and coagulation factor VIIa
[70]. Our data, together with the previous findings just mentioned,
support the idea that serine proteases may play a role in PAR2-induced
lung cancer progression through the mutual interaction between cancer
cells and non-cancerous cells in the tumor microenvironment.

PAR2 induces migration of breast cancer cells through both G pro-
tein and β-arrestin signaling pathways. In MDA-MB-231 cells, Gi and β-
arrestins mediate PAR2-induced cell migration through the activation
of JNK and ERK1/2, respectively [59,71]. As shown in our study, both
Gi and β-arrestin 1 regulate PAR2-mediated migration of CL1-5 cells. β-
arrestin 1 regulates PAR2-mediated cell migration through the activa-
tion of the Src/p38 MAPK signaling pathway. This is the first study to
show that p38 MAPK is involved in β-arrestin 1-dependent cell migra-
tion induced by PAR2. In contrast to the report that β-arrestin 1 and 2
co-regulate PAR2-mediated migration of breast cancer cells [71], our
study shows that β-arrestin 2 is not involved in the migration of CL1-5
cells. Accumulating evidence has demonstrated that β-arrestin 1 and 2

regulate different molecular and cellular events, such as phosphoryla-
tion-dependent or -independent internalization of δ-opioid receptor,
activation or degradation of Src induced by PAR1, degranulation of
mast cell or generation of chemokine CeC motif chemokine ligand 4
(CCL4) induced by C3a receptor [72–74]. Thus, β-arrestin 1 and 2 may
be differentially required for PAR2-mediated responses in lung adeno-
carcinoma cells. Apart from β-arrestin 1, the Gi-dependent pathway
also contributes to PAR2-mediated migration of CL1-5 cells. The finding
that Src, ERK1/2, and p38 MAPK do not act downstream of Gi in CL1-5
cells indicates that other molecules are involved in Gi-dependent cell
migration induced by PAR2. Previous studies reported that PTX-sensi-
tive Gi mediates cell migration through the activation of PI3K/Akt and
Rho GTPases [75,76]. However, whether Gi activates PI3K/Akt or Rho
GTPase to mediate PAR2-induced cell migration needs to be further
investigated.

In summary, PAR2 induces migration and Slug-mediated EMT in
lung adenocarcinoma CL1-5 and H1299 cells. In CL1-5 cells, PAR2
promotes migration through the activation of p38 MAPK. ERK2 stabi-
lizes Slug expression by suppressing the activity of GSK3β in PAR2-
mediated EMT process. PAR2 may play a key role in regulating me-
tastasis in lung adenocarcinoma.

5. Conclusions

This study shows that PAR2 induces migration and EMT in lung
adenocarcinoma cells. β-arrestin 1-mediated activation of p38 MAPK is
responsible for PAR2-induced migration of CL1-5 cells, whereas ERK2-
mediated stabilization of Slug is essential for PAR2-induced EMT in this
cell. Furthermore, a poor prognosis in patients with lung adenocarci-
noma correlates with the high expression of PAR2. PAR2 might serve as
a potential therapeutic target in the treatment of metastatic lung ade-
nocarcinoma and a prognostic marker in patients with lung adeno-
carcinoma.
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