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ABSTRACT

The intestinal barrier function relies on the presence of a single layer of epithelial cells. Barrier
dysfunction is associated with the inflammatory bowel diseases (IBD). Understanding the mechan-
isms involved in intestinal wound healing in order to sustain the barrier function has a great
therapeutic potential. Activation of protease-activated receptor-2 (PAR2) induces COX-2 expression
in intestinal epithelial cells via EGFR transactivation. COX-2 is well known for its protective effects in
the gastrointestinal tract. Therefore, we hypothesized that PAR-2 activation induces a wound
healing response in intestinal epithelial cells through COX-2-derived lipid mediators and EGFR
transactivation. Immunofluorescence and calcium assay were used to characterize CMT-93 mouse
colonic epithelial cell line for PAR2 expression and its activity, respectively. Treatment with PAR2
activating peptide 2-furoyl-LIGRLO-NH, (2fLl), but not by its inactive reverse-sequence peptide
(2f0) enhanced wound closure in scratch wounded monolayers. The EGFR tyrosine kinase inhibitor
(PD153035), broad-spectrum matrix metalloproteinase inhibitor (GM6001) and Src tyrosine kinase
inhibitor (PP2) inhibited PAR2-induced wound healing. However, PAR2 activation did not induce
COX-2 expression in CMT-93 cells and inhibition of COX-2 by COX-2 selective inhibitor (NS-398) did
not alter PAR2-induced wound healing. In conclusion, PAR2 activation drives wound healing in
CMT-93 cells via EGFR transactivation. Matrix metalloproteinases and Src tyrosine kinase activity
may involve in EGFR transactivation and PAR2-induced wound healing is independent of COX-2
activity. These findings provide a mechanism whereby PAR2 can participate in the resolution of
intestinal wounds in gastrointestinal inflammatory diseases.
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Introduction

The intestinal epithelium is comprised of a single
layer of columnar epithelial cells which forms
a semipermeable barrier allowing selective absorp-
tion of nutrients, electrolytes and water while limit-
ing the exposure of the mucosa to commensal
bacteria, pathogens and other immunogenic
substances."> Compromised epithelial barrier func-
tion is characteristic of gastrointestinal diseases,
such as the inflammatory bowel diseases (IBD),
Crohn’s disease (CD) and ulcerative colitis (UC),
and leads to uncontrolled ingress of luminal anti-
gens ultimately resulting in chronic inflammation
and mucosal damage.” Despite the availability of
new therapeutics, the prevalence of IBD continues
to rise in adults and children,* causing significant
morbidity and having a major impact on patients’
quality of life.>® In addition, current therapies are

ineffective for some patients or lose their efficacy
over time. Many, such as the biologics, are costly,
and many are associated with serious side effects.
As mucosal healing is now considered the ultimate
goal of IBD treatment, as it is better associated with
sustained remission than is symptom relief,””” new
therapies to safely drive mucosal healing are
needed. Nevertheless, the mechanisms by which
mucosal healing occurs are complex and not com-
pletely understood.

During homeostasis, intestinal epithelial cells are
continuously being replenished by stem cells, which
reside near the base of the crypts. The progeny of
these stem cells acquire differentiated phenotypes
as they migrate from the crypt to the mucosal
surface.'” However, adaptive cellular responses are
initiated during wound healing that allow the
epithelium to migrate to adjacent damaged areas
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in order to reestablish the epithelial barrier func-
tion. Epithelial cells at the wound edge lose their
columnar polarity and take on a flattened morphol-
ogy, which is associated with cytoskeletal reorgani-
zation and formation of lamellipodial extensions."!
These atypical epithelial cells, known as wound-
associated epithelial (WAE) cells'**? migrate col-
lectively into the wound area within minutes to
hours. The initial restitution phase depends on
cell migration'* and the subsequent phase requires
enhanced proliferation of stem cells in the crypts
adjacent to the wound to increase the availability of
cells to migrate over the wound area.'” Ultimately,
these cells differentiate into mature columnar
epithelial cells restoring the morphology and func-
tion of the intestinal epithelium."?

Several factors including cytokines, growth fac-
tors, bioactive peptides, metalloproteinases and
lipid mediators can influence intestinal epithelial
restitution by enhancing cell migration and
proliferation.'®'” In addition to these factors, the
inflamed intestinal mucosa is exposed to a plethora
of proteolytic enzymes.'"® How these proteases
influence intestinal epithelial restitution is not
well understood. A potential route by which serine
proteases can alter epithelial function is through the
protease-activated receptors (PARs). PARs are
a subfamily of G protein-coupled receptors
(GPCRs) with four members (PAR1-4). The unique
mechanism of receptor activation involves proteo-
lytic cleavage of the extracellular N-terminus
revealing a “tethered ligand” domain which subse-
quently binds and auto-activates the receptor."
PAR2 is widely expressed in the gastrointestinal
tract and has been associated with IBD.?* Elevated
levels of mast cell tryptase, an endogenous PAR2
agonist, were reported in both CD and UC
patients® and the expression of PAR2 was
increased in colons of UC patients.*” Interestingly,
PAR2 activation promotes cell migration and pro-
liferation in intestinal epithelial cells implicating its
involvement in wound healing.”>">> However, the
underlying mechanisms that mediate PAR2-
induced cell proliferation and migration are not
fully elucidated and require further investigation.

PAR2 activation induces cyclooxygenase (COX)-
2 expression in intestinal epithelial cell lines, and is
accompanied by a COX-2 dependent increase in
prostaglandin E, (PGE,) production in Caco-2

cells.”**” Epidermal growth factor receptor (EGFR)
transactivation is required for PAR2-induced COX-
2 expression in the Caco-2 intestinal epithelial cell
line”” COX-2 expression is increased in IBD
patients®® and it has long been known that tissue
PGE, levels are increased in Crohn’s disease® and
ulcerative colitis.”® However, despite the role of
PGE2 in inflammation, it has also been shown that
COX-2 deficient mice had defects in healing of
colonic wounds induced endoscopically.’ In addi-
tion, PGE, drives wound closure in intestinal
wounds by promoting the formation of WAE
cells."” Inhibition of COX-2 leads to delay in ulcer
healing in models of gastric mucosal injury.”*

Based on this evidence, the objective of this study
was to investigate the mechanisms underlying
intestinal epithelial wound healing, focusing on
PAR2-induced COX-2 expression and EGFR trans-
activation, using the mouse intestinal epithelial cell
line, CMT-93, as the experimental model. We
showed that PAR2 activation induces a wound
healing response in colonic epithelial cells indepen-
dently of COX-2-derived lipid mediators, but
which is dependent upon MMP activity, Src signal-
ing, and EGFR transactivation.

Materials and methods
Cell culture

CMT-93 cells (derived from a mouse rectum carci-
noma), originally from ATTC (Manassas, VA),
were kindly provided by Dr Paul Beck (University
of Calgary). All experiments were performed with
cells from passages 10 to 25. CMT-93 cell culture
media consisted of DMEM High Glucose supple-
mented with 10% fetal bovine serum (FBS) (Gibco,
Grand Island, NY), 1 mM sodium pyruvate, 4 mM
L-glutamine, 10,000 U/ml Penicillin, 100 pg/ml
Streptomycin, and 5 pg/ml Plasmocin (InvivoGen,
San Diego, CA). Cell culture reagents were pur-
chased from Hyclone (Logan, UT) unless otherwise
stated. Cells were incubated at 37°C in 5% CO,, and
media were replaced every other day and subcul-
tured using Trypsin-EDTA (T4174, Sigma-Aldrich,
Oakville, ON, Canada) when cells reached 90%
confluency. Cells were periodically checked for
mycoplasma contamination using the PCR-based
Venor GeM Mycoplasma detection kit (Sigma).



RNA isolation and reverse transcriptase PCR
CMT-93 cells were grown to confluence in 6-well
plates, and PAR2 mRNA expression was assessed by
RT-PCR. RNA isolation was performed using the
Qiagen RNeasy Mini Kit (Qiagen, Germantown,
MD) according to the manufacturer’s instructions.
RNA concentration was measured at 260 nm using
the NanoDrop 2000c spectrophotometer
(ThermoFisher Scientific, Wilmington, DE) and
genomic DNA was digested using gDNA Wipeout
Buffer (Qiagen, Germantown, MD). First strand
cDNA was synthesized from 700 ng of total RNA
using  Invitrogen  Superscript®™ III  Reverse
Transcriptase (Carlsbad, CA) according to manufac-
turer’s protocols. Primers for mouse PAR2
(NM_007974.4: Mus musculus coagulation factor II
(thrombin) receptor-like 1 (F2rll)) were designed
using Primer-BLAST data base and synthesized com-
mercially (Integrated DNA Technologies, Toronto,
ON). PAR2 primers consisted of 5-GAGTAGG
GCTCCGAGTTTCG-3" (forward) and 5'-TACTG
TTGTTGCGTCCCGGT-3" (reverse). RT-PCR was
carried out using Qiagen HotstarTaq™ Master Mix,
according to the manufacturer’s instructions and per-
formed using the Bio-Rad T100™ Thermal Cycler
(Bio-Rad Laboratories, Mississauga, ON, Canada).
PCR reaction included an initial 95°C denaturation
step for 15 min, followed by 35 cycles of 95°C for 35 s,
60°C for 30 s, and 72°C for 30 s. A final elongation step
was performed at 72°C for 5 min. Samples were mixed
with loading dye (0.25% bromophenol blue, 30% gly-
cerol) and were run on a 1.5% agarose gel containing
0.1% ethidium bromide. Gels were imaged on
a ChemiDoc XRS system (Bio-Rad) using
QuantityOne software. Sizes of bands were deter-
mined by comparing to the 1 kb Plus DNA Ladder
(Invitrogen). PCR products were purified using the
Qiagen QIAquick PCR Purification Kit (Qiagen,
Germantown, MD) according to manufacturer’s
instructions. Purified DNA samples were sent for
sequencing at the University of Calgary Core DNA
services lab.

Immunofluorescence staining

To determine the cellular localization of PAR2,
sequential immunofluorescence confocal micro-
scopy was conducted as previously described.*
CMT-93 cells were grown to post-confluence on
0.4 pm pore diameter semipermeable transparent
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membrane supports (Greiner Bio-One
International, Kremsmiinster, Austria) and fixed
with 100% ice-cold methanol for 20 min. Cells
were blocked and permeabilized in 5% w/v donkey
serum in phosphate-buffered saline (PBS) contain-
ing 0.1% Triton X-100 for 2 h at room temperature
on a rocking platform. Tight junction protein
Zonula Occludens-1 (ZO-1) was used as an apical
cell marker in order to determine the cellular loca-
lization of PAR2. Cells were incubated with anti-
Z0O-1 goat IgG antibodies (1:200 dilution,
Ab190085 Abcam, Cambridge, United Kingdom)
overnight at 4°C and on the following day cells
were incubated with donkey anti-goat IgG (1:250
dilution, Alexa Flour 647; A21447, Invitrogen) sec-
ondary antibodies for 2 h at room temperature. For
PAR?2 staining anti-PAR2 antibody (1:200 dilution,
A5, provided by Dr M. Hollenberg, University of
Calgary) was added to cells and incubated at 4°C
overnight with subsequent exposure to goat anti-
rabbit IgG secondary antibodies (1:250 dilution,
Alexa Flour 488; A11034, Invitrogen) for 2 h at
room temperature. Finally, cells were incubated
with DAPI (1;50,000 dilution, D1306: Invitrogen)
for 30 min to visualize nuclei and membranes were
mounted with FluorSave (34,789 Calbiochem,
Darmstadt, Germany) and imaged with an
Olympus I1X81 FV1000 Laser Scanning Confocal
Microscope. Isotype antibody controls were incu-
bated with goat polyclonal IgG (1:200 dilution,
Sc2028: Santa Cruz Biotechnology, Dallas, TX)
and rabbit polyclonal IgG (1:200 dilution, 015-
000-003: Jackson ImmunoResearch Laboratories,
West Grove, PA) isotype antibodies followed by
the respective secondary antibody incubations.
Secondary antibody controls were incubated with
donkey anti-goat IgG (1:250 dilution, Alexa Flour
647; A21447, Invitrogen) and goat anti-rabbit IgG
(1:250 dilution, Alexa Flour 488; A11034,
Invitrogen) secondary antibodies without any pri-
mary antibodies (Supplementary Figure S1).

PAR2 activation

PAR2 was activated using 2-furoyl-LIGRLO-NH,
(2fLI), a small potent and selective PAR2 activating
peptide with sequence similarity to the tryptic pro-
teolysis site of the receptor N-terminal domain.>
The inactive reverse-sequence peptide 2-furoyl-
OLRGIL-NH, (2fO) was used as a control.**
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Peptides were solubilized in HEPES buffer and
subsequent dilutions were made in PBS lacking
magnesium or calcium (HyClone). Initially, 2fLI
and 2fO peptides were synthesized by solid-phase
methods at the Peptide Synthesis Facility,
University of Calgary, Faculty of Medicine,
Calgary and were kindly provided by
Dr M. Hollenberg. Subsequently, the peptides
were purchased from EZBiolab Inc (EZBiolab
Inc., Carmel, IN). CMT-93 cells responded simi-
larly to 2fLI from both sources (data not shown).

Calcium assay

Intracellular Ca®* levels are elevated by PAR2
activation.'™ To assess PAR2 activation in
CMT-93 cells, a fluorescence-based Ca** assay
conducted as previously described.**
Briefly, cells were grown in T75 flasks to reach
70% confluency and cells were harvested using
enzyme free cell dissociation buffer (HyClone
HyQTase cell detachment reagent, GE Healthcare,
Chicago, IL). Cells were incubated with Fluo-4
acetoxymethyl ester (Molecular Probes, Eugene,
OR) for 30 min at room temperature and were
then resuspended in calcium buffer (150 mM
NaCl, 3 mM KCl, 1.5 mM CacCl2, 20 mM HEPES,
10 mM glucose). Fluorescence measurements,
reflecting elevation of intracellular Ca**, were mea-
sured using a Perkin-Elmer fluorescence spectro-
meter (Perkin-Elmer, Waltham, MA; excitation
wavelength of 480 nm and emission wavelength
530 nm). The responses that resulted from addition
of different concentrations of the PAR2 activating
peptide, 2fLI, and the inactive reverse-sequence
peptide, 2fO, were standardized relative to the
fluorescence peak elicited by the addition of
7.5 uM of the calcium ionophore, A23187 (Sigma-
Aldrich).

was

Protein assay and western blotting

Cells were washed twice with ice-cold PBS (without
magnesium or calcium, Hyclone, Logan, UT) and
ice-cold SDS lysis buffer containing NaCl
(100 mM), Tris-HCI (20 mM pH 8.0), SDS (0.1%),
EDTA (0.9 mM), protease inhibitor cocktail (2%,
Sigma-Aldrich, p2714), Triton-X (0.5%), activated
Na;VO, (2 mM), and NaF (50 mM). Cells were
then scraped and transferred to microcentrifuge
tubes and frozen at —80°C for further lysis. On the

following day, whole-cell lysates were thawed on ice
and disrupted by probe sonication (Fisher Scientific
F60 Sonic Dismembrator, Pittsburgh, PA), then
centrifuged at 20,817 x g for 10 min at 4°C. The
supernatants were transferred to clean microcen-
trifuge tubes and protein concentrations were
determined using the DC Protein Assay (Bio-Rad)
. Sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) was performed using 20 pg of
protein per lane in 26-well CriterionTM XT precast
4-12% Bis-Tris gels, and proteins were transferred
onto nitrocellulose membranes. The membranes
were then washed with 0.1% Tween-20-Tris-
buffered saline (TBST- 0.1% Tween-20, 50 mM Tris-
HCl, 137 mM NacCl, 2.7 mM KCl) and blocked with
either 5% milk or 5% BSA in TBST for 1 h at room
temperature and incubated in primary antibody at
4°C overnight. The primary antibody for COX-2
(160,126, Cayman Chemical) was diluted 1:2,000 in
5% BSA. The primary antibody for p-actin (AC5441,
Sigma-Aldrich) was diluted 1:5,000 in 5% skim milk.
Blots were then washed and incubated in appropriate
horseradish peroxidase-conjugated secondary anti-
body (either anti-rabbit or anti-mouse HRP-linked;
Jackson ImmunoResearch Laboratories, West Grove,
PA) for 1 h at room temperature, followed by three
additional washes in TBST. Bands were visualized
using Clarity Western Enhanced Chemiluminescent
Substrate ECL (Bio-Rad) and a Bio-Rad Chemidoc.
Band density was analyzed using Image Lab software
(Bio-Rad).

Scratch wound healing assay

CMT-93 cells were seeded in 96-well plates at
a density of 5 x 10 cells/well and grown under
standard culture conditions for 3-5-days post-
confluence. A scratch wound was made in each
well using the WoundMakerTM tool (Essen
Biosciences, Ann Arbor, MI). After wounding,
cells were washed twice in serum-free DMEM
High Glucose supplemented media to remove any
cell debris remaining inside the wound area. Cells
were treated (0 h) and then imaged using the
IncuCyte Zoom live-cell imaging system main-
tained in 37°C humidified incubator with 5%
CO,. Whole-well phase contrast images were
taken at every 2 h for 24 h. Following image acqui-
sition, the IncuCyte ZOOM software was used to
create confluency masks to highlight the wound



area and the wound area was calculated using
Image] software (National Institutes of Health,
Bethesda, MD). Results were expressed as percen-
tage wound area remaining.

Concentrations of 1.0 pM to 10.0 uM 2fLI were
used in the concentration-response curve in 10%
serum and serum-free media conditions. Dimethyl
sulfoxide (DMSO, Sigma-Aldrich; 0.1%) was used as
the solvent for pharmacological inhibitors. The effect
of COX-1 and COX-2 enzymes on wound healing
were investigated using a COX-2 selective inhibitor
NS-398 (Cayman Chemical, Ann Arbor, MI; 10 uM)
and a nonselective COX inhibitor, indomethacin
(Sigma-Aldrich; 10 uM). The involvement of EGFR
activation in PAR2-induced wound healing was
assessed using the EGFR tyrosine kinase inhibitor,
PD153035 (4-[(3-bromophenyl)amino]-6,7-dimetho
xyquinazoline hydrochloride, Tocris Bioscience,
Oakville, ON, Canada) in wound healing assays.
Human epidermal growth factor (EGF, 5 and 10 nM;
GF-010-8 Cedarlane, Burlington, ON) was used as the
positive control for EGFR activation. Cells were pre-
treated with 10 nM PD153035 or the vehicle (0.02%
DMSO) for 30 min before treatments and 10 nM of
PD153035 was used in combination with 10 uM 2{LI
or 5 ng/ml EGF. PP2 (Biomol, Hamburg, Germany:
AG-CR1-3563-M005) was used as a Src tyrosine
kinase inhibitor and GM6001 (Cayman Chemical:
14,533) was used as a broad-spectrum MMP inhibitor.
Cells were pre-treated with 10 pM GM6001, 100 nM
PP2 or the vehicle (0.02% DMSO) for 30 min.
Inhibitors were used in combination with 10 uM 2fLI.

Statistical analysis

Data are expressed as mean standard error and
were graphed and analyzed using GraphPad Prism
version 9.2.0 (GraphPad Software, La Jolla, CA). All
N values represent experimental replicates, with
each individual experimental replicate including at
least three technical replicates.

Non-parametric data were analyzed using
Kruskal-Wallis test followed by Dunn’s multiple
comparison test. Comparisons of more than two
groups were made using two-way ANOVA fol-
lowed by Tukey multiple comparison tests.
A probability value of p < .05 was considered
significant.
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Results
PAR2 expression and activation in CMT-93 cells

The expression of PAR2 by the CMT-93 cell line
has not been previously demonstrated. We showed
that CMT-93 cells constitutively expressed PAR2
mRNA and protein as shown by RT-PCR
(Figure 1la) and immunofluorescence microscopy
(Figure 1b), respectively. RT-PCR products were
sequenced using the Sanger sequencing method
which confirmed that sequenced products were
murine PAR2 (data not shown). PAR2 was primar-
ily expressed in the plasma membrane, with some
punctate immunoreactivity in the cytoplasm
(Figure 1b). Z-stack construction of optical sections
of cell monolayers revealed PAR2 expression on the
apical and basolateral membranes, although the
majority of immunoreactivity appeared to be baso-
lateral (Figure 1c). Immunoreactivity for ZO-1
showed that the CMT-93 monolayers were polar-
ized and had formed tight junctions (Figure 1c).
Isotype and secondary antibody controls did not
show significant immunofluorescence indicating
the absence of nonspecific reactivity of primary
and secondary antibodies.

Activation of PAR2 mobilizes Ca®* from the
endoplasmic reticulum into the cytoplasm, which
increases intracellular Ca®*.”” Hence, we used
increases in intracellular Ca®>* upon activation of
PAR?2 with the specific activating peptide, 2-furoyl-
LIGRLO-NH, (2fLI)** as a method of verification
of PAR2 expression, activation and signaling in
CMT-93 cells (Figure 2a). The reverse sequence
peptide, 2-furoyl-OLRGIL (10 uM), which has no
activity at PAR2,’® served as a control. Calcium
responses to PAR2 activation were compared to
that elicited by the calcium ionophore, A23187
(7.5 uM), the response to which was considered
100% (Figure 2a). Concentrations of 10 nM to
10 uM 2fLI were tested in calcium assay and activa-
tion of PAR2 by 2fLI resulted in a concentration-
dependent increase in intracellular Ca** (Figure 2).
ECso was calculated to be 0.5 pM based on the
concentration-response curve of 2fLI. The maximal
PAR2-mediated Ca®" response occurred at 5.0 uM
2fLI (77% of the response to the ionophore con-
trol). The inactive reverse-sequence peptide, 2fO
(10.0 uM) elicited no response (Figure 2b).
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Figure 1. CMT-93 cells express protease-activated receptor 2 (PAR2). A: RT-PCR for PAR2 mRNA expression in CMT-93 cells. Reactions
lacking reverse transcriptase enzyme (RT) and template control lacking cDNA were performed as controls. DNA ladder and the sizes
(bp) are shown on the right of image, with expected product size being 167 bp (n = 3). B: Confocal immunocytochemistry for PAR2 in
CMT-93 cell monolayers (n = 2). Green shows positive immunoreactivity for PAR2 and blue shows DAPI staining for nuclei. C: z stacks of
optical sections through cell monolayers. Scale bar represents 10 pm.

PAR2 activation enhances intestinal epithelial wound
healing

In order to test the hypothesis that PAR2 activa-
tion induces intestinal epithelial wound healing,
we first assessed the capacity of 2fLI to induce cell
migration using a scratch wound assay. These
assays were conducted in both 10% serum and
serum-free conditions at concentrations of 1.0,
2.5,5.0 and 10.0 uM 2fLI. Wound area was mea-
sured over 24 h. Wound healing was observed in
both 10% serum and serum-free conditions,
reaching a maximum of ~8% and ~35% of the
original wound area, respectively (Figure 3a, ¢).
Exposure to 2fLI immediately after wounding of
the monolayers enhanced the degree of wound
healing compared with control and the inactive
reverse-sequence peptide 2fO, in both 10% serum
(Figure 3a) and serum-free (Figure 3c) condi-
tions. All 2fLI concentrations showed significant
increase in wound healing compared to control in
serum-free condition, while only the maximum

tested concentration of 2fLI (10 pM) significantly
enhanced wound healing compared to controls in
10% serum conditions (Figure 3a).

PAR2 activation does not induce COX-2 and COX
enzymes do not affect PAR2-induced wound healing
We previously observed that PAR2 activation
induced COX-2 expression in Caco2 colonic
epithelial cells.”” Hence, we sought to characterize
the CMT-93 cell line for its ability to induce COX-2
upon PAR2 activation. CMT-93 cells were grown to
5-days post-confluence and switched to serum-free
medium 1 h before experiments and treated with
either 2fLI (10 uM), 2O (10 uM), or TNF-a (10 ng/
ml) as a positive control.”® Samples were collected
from 30 min to 12 h post-treatment for western blot
and subsequent densitometry. CMT-93 cells
expressed COX-2 protein constitutively, however,
contrary to our hypothesis, neither PAR2 activation
nor TNF-a induced further COX-2 expression
when compared to the 2fO control (Figure 4a).
Because we detected basal COX-2 expression, we
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Figure 2. PAR2-activating peptide 2fLl induces calcium signaling. A: Fluorescence responses resulted from the addition of varying
concentrations of PAR2-activating peptide 2fLI were standardized relative to the peak fluorescence elicited by the addition of calcium
ionophore A23187 (7.5 uM). The addition inactive reverse-sequence peptide 2fO (10 uM) did not elicit a response. B: 2fLI concentration

response curve (n = 5).

sought to determine if constitutively expressed
COX-1 and COX-2-derived lipid mediators were
involved in PAR2-induced wound healing. The
effect of COX enzymes was tested by performing
scratch wound assays in the presence of the non-
selective COX inhibitor, indomethacin (10 pM),
and the COX-2 selective inhibitor, NS-398
(10 uM). Neither indomethacin nor NS-398 altered
PAR2-induced wound healing (Figure 4b). These
results indicate that cyclooxygenase enzymes and
their products are not involved in PAR2-induced
wound healing.

EGFR activity is required for PAR2-induced wound
healing

EGEFR activation has long been known to be a major
regulator of intestinal epithelial cell migration.*’
PAR2 activation is known to transactivate
EGFR*”*"*? yig intracellular and extracellular path-
ways; intracellularly through the intracellular non-
receptor tyrosine kinase, Src, and extracellularly via
matrix metalloproteinase (MMP)-mediated cleavage

of membrane-bound growth factors that act as
ligands to subsequently activate EGFR.”” The depen-
dency of EGFR transactivation in PAR2-induced
wound healing was tested in scratch wound assays
using the EGFR tyrosine kinase inhibitor, PD153035
(10 nM). EGF was used as the positive control.
Wound healing capacity of two concentrations of
EGF (5 and 10 ng/ml) were tested against 2fLI
(10 pM). 2fLT at 10 pM and EGF at concentrations
of 5 and 10 ng/ml showed similar wound healing
capacity (Figure 5a). PD153035 on its own signifi-
cantly slowed wound healing in CMT-93 cells, sug-
gesting the involvement of an endogenous EGFR
ligand in baseline cell migration. Treatment of cells
with PD153035 prevented both PAR2- and EGF-
induced wound healing (Figure 5b). These results
suggest that PAR2-induced wound healing may
require EGFR transactivation. Hence, we sought to
determine the role of Src tyrosine kinase and MMP
activity in PAR2-induced wound healing in scratch
wound. Treatment with the broad spectrum MMP
inhibitor, GM6001, significantly diminished PAR2-
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Figure 3. PAR2 activation induces wound healing. CMT-93 cells were grown to post-confluence and scratch wounds were made in
monolayers. Cells were treated with varying concentrations of 2fLI, 2fO or left untreated in 10% serum (A, n = 6-7) and serum-free
media (C, n = 5-6). Representative images are provided at 0 h and 24 h for 10% serum (b) and serum-free (d) conditions. Data were
analyzed using two-way analysis of variance with Tukey multiple comparison test. In fig A and C: green asterisks represent the p values
of comparison of control with 10.0 pM 2fLI, blue asterisks represent the p values of comparison of 2fO with 10.0 uM 2fLI, and gray
asterisks represent the p values of comparison of 2.5 uM 2fLI with 10.0 uM 2fLI. In Fig C: orange asterisks represent the p values of
comparison of serum-free control with 5.0 uM 2fLI, black asterisks represent the p values of comparison of serum-free control with
1.0 uM 2fLI and $ represents the comparison of 1.0 uM 2fLI with 2fO (p < .01). (* p < .05; ** p < .01; *** p < .001; **** p < .0001). Scale

bar represents 700 uM.

induced wound healing (Figure 6). However, the Src
tyrosine kinase inhibitor, PP2, had no greater effect
on PAR2-induced wound healing than it did on its
own (Figure 6).

Discussion

Epithelial regeneration and repair are key elements
of mucosal healing, now recognized as the gold
standard in assessing efficacy of treatment in IBD.
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The inflammatory mucosal microenvironment in
which this repair must take place contains numerous
host and microbial serine proteases,*’ some of which
could be endogenous activators of PARs. We sought
to determine if PAR2 activation could drive intest-
inal epithelial cell migration, an important facet of
epithelial regeneration. We showed that PAR2
expression and its activation induce wound healing

in intestinal epithelial cell monolayers via MMP-
dependent EGFR transactivation. Contrary to our
initial hypothesis, PAR2 activation did not induce
COX-2 expression and PAR2-induced wound heal-
ing was independent of COX activity.

PAR?2 is expressed by intestinal epithelial cells and
cell lines, but its expression by the mouse rectal tumor
cell line, CMT-93, has not been reported, so we first
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performed in serum-free conditions. Data were analyzed using two-way analysis of variance with Tukey multiple comparison test. (*

p < .05; ** p < .01; *** p < .001).

needed to demonstrate that CMT-93 cells express
functional PAR2. Using RT-PCR and immunofluor-
escence confocal microscopy, we showed that CMT-
93 cells express PAR2 mRNA and protein. Confocal
microscopy revealed that PAR2 was localized to both
the apical and basolateral membranes, with expres-
sion primarily localized basolaterally, as well as some
punctate immunoreactivity in the cytoplasm. Similar
PAR2 expression patterns have been observed in
human, other murine and canine intestinal epithelial
cell lines. Whether PAR2 is expressed and activated
apically or basolaterally has important ramifications
in terms of function.** For example, we previously
showed in the canine intestinal epithelial cell line,
SCBN, that basolateral PAR2 activation resulted in
substantially higher chloride (Cl") secretion than did
apical PAR2 stimulation.** This has implications for
the current study where PAR2 on the apical surface
was activated on cell monolayers grown in 96 well
plastic plates.

PARs can be activated without proteolytic cleavage
by peptide agonists which mimic the tethered ligand
sequence of the N terminal. In this study, we used

2-furoyl-LIGRLO-NH, (2fLI), a potent and selective
activator of PAR2.>> Activation of PAR2 mobilizes
Ca”* from the endoplasmic reticulum into the cyto-
plasm via a Gg-mediated process which will
increase intracellular Ca**."””” Therefore, the mea-
surement of intracellular Ca** upon activation by
receptor agonists is widely used to assess the presence
and activation of specific PARs. We showed that 2fLI
triggered a rapid, concentration-dependent increase
in intracellular Ca**, thus demonstrating that the
PAR2 expressed on CMT-93 cells was functionally
coupled to intracellular signaling processes.

The main finding of our study is that PAR2 activa-
tion enhances wound healing capacity of post-
confluent CMT-93 colonic epithelial cells. Others
have shown that PAR2 activation increases wound
healing in intestinal epithelial cell lines. This appears
to be cell line dependent, however, as we recently
showed that PAR2 decreases the rate of wound heal-
ing in Caco2 cell monolayers.”® Despite previous
reports of PAR2-induced wound healing, the
mechanism whereby PAR2 drives epithelial cell
migration is unclear. We have previously shown that
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of variance with Tukey multiple comparison test (n = 4-8). (* p < .05; ** p < .01; *** p < .001; **** p < .0001).

PAR?2 activation induces COX-2 expression and activ-
ity in intestinal epithelial”’ and airway® cell lines.
However, PAR2 activation failed to induce COX2
expression in CMT-93 cells. Similarly, treatment
with TNF-a which is a known activator of COX2 in
the intestinal epithelium, also failed to induce COX-2
expression. Nevertheless, we observed constitutive
expression of COX-2 in CMT-93 cells by western
blot (data not shown). While it is often reported that
COX-1 is the constitutive isoform whereas COX-2 is
considered inducible, it has been shown that COX-2 is
also constitutively expressed in various tissues includ-
ing the gastrointestinal tract, kidney, brain, and
thymus.*>*” Furthermore, expression of COX-2 has
been reported in colorectal cancers,* and since CMT-
93 cells are derived from tumors of colon and rectum
in C57BL/6 mice,” it is not unlikely that they consti-
tutively express COX-2. Therefore, lack of COX-2
induction in CMT-93 cells upon PAR2 activation
may relate to high basal level expression of COX-2.

To investigate the role of constitutive COX isoforms,
we investigated PAR2-induced wound healing in the
presence of the nonselective COX inhibitor indo-
methacin and the COX-2 selective inhibitor NS-398.
Since COX inhibition did not alter PAR2-induced
wound healing, we conclude PAR2 effects on wound
healing occurred independently of COX-2 activity.

It is now widely accepted that EGFR transacti-
vation can occur in response to the activation of
certain GPCRs,” including PAR2 activation in
intestinal epithelial cells.”””** EGFR activation eli-
cits important signaling pathways that mediate cell
migration and proliferation.*"”">* The involve-
ment of EGFR transactivation was investigated to
further characterize PAR2-induced wound heal-
ing. Exposure of wounded CMT-93 monolayers
to 5 ng/ml EGF resulted in a wound healing
response that was comparable to that of 10 pM
2fLI (10 pM). Furthermore, the EGFR tyrosine
kinase inhibitor, PD153035, inhibited both EGE-
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and 2fLI-induced wound healing, confirming our
hypothesis that EGFR transactivation is required
for PAR2-induced wound healing.

PAR2 activation induces EGFR transactivation
via intracellular and extracellular pathways; intra-
cellularly through the nonreceptor tyrosine kinase,
Src, and extracellularly via matrix metalloprotei-
nase (MMP) mediated cleavage of membrane-
bound growth factors subsequently activating
EGFR.*”**? Basolateral PAR?2 activation in SCBN
cells induced epithelial Cl™ secretion in colonic
epithelial cells via EGFR transactivation that was
mediated by Src tyrosine kinase.*” In addition,
PAR2 activation increased the concentrations of
the EGFR ligand TGF-a to activate EGFR; the
release of TGF-a was abrogated by treatment with
broad-spectrum MMP inhibitors.*' We tested the
effects of inhibition of MMP and Src tyrosine kinase
in the CMT-93 wounding model using the broad-
spectrum MMP inhibitor, GM6001, and Src family
kinase inhibitor, PP2. MMP inhibition reduced
2fLI-induced wound healing as early as 14 h post-
treatment, whereas Src inhibition did not reduce
2fLI-induced wound healing until 22 h post-
treatment. These results imply that the MMP-
dependent EGFR transactivation pathway plays
a predominant role compared to Src kinase in
transactivating EGFR. Together, these data suggest
that PAR2 activation drives wound healing in
CMT-93 cells possibly via EGFR transactivation,
and that MMP and Src kinase may be involved in
this process. Nevertheless, our results do not rule
out the possibility that MMP- and Src-mediated
signaling may also act through other pathways.
This possibility awaits further study.

Activation of PAR2 could have other effects not
investigated in our study. Alterations in the struc-
ture of the apical junctional complex (tight junction
and adherens junction) often accompany epithelial
cell migration, such as that which occurs during
wound healing.” The expression of claudins, which
are key proteins involved in the barrier established
by the tight junction, can be decreased by PAR2
activation. For example, PAR2 is associated with
degradation of epithelial claudin-1 in models of
airway injury’*”> and with downregulation of clau-
din-5 expression in brain endothelium and gut
epithelium.”®>” Whether PAR2 activation drives

intestinal epithelial wound healing through altera-
tion of claudins or other apical junctional proteins
remains to be determined.

Our results provide evidence to suggest that PAR2
activation may have importance in driving epithelial
wound healing during gastrointestinal diseases, such
as IBD, where mucosal levels of serine proteases are
elevated. This is interesting when also considering that
PAR2 activation can drive inflammation in mouse
models of colitis.”®*° However, these seemingly con-
tradictory results support the growing hypothesis that
mediators that drive acute inflammation may also
serve as drivers of resolution later in the inflammatory
response.’” Clearly, consideration of the tissue micro-
environment and the timing of inducing PAR2 activa-
tion are key factors when targeting PAR2 as
a therapeutic intervention in diseases such as IBD.
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