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Background: The role for proteinase-activated receptor (PAR)-2 in the pathogenesis of renal fibrosis is not previously
described.
Results: PAR2�/� mice displayed attenuated renal fibrosis in vivo. PAR2 transactivation of EGF and TGF� receptor signaling
pathways induced Smad2 phosphorylation and connective tissue growth factor gene expression.
Conclusion: PAR2 activation results in profibrotic signaling and gene expression.
Significance: PAR2 represents a potential therapeutic target for chronic kidney disease.

Chronic kidney diseases cause significantmorbidity andmor-
tality in the population. During renal injury, kidney-localized pro-
teinases can signal by cleaving and activating proteinase-activated
receptor-2 (PAR2), a G-protein-coupled receptor involved in
inflammation and fibrosis that is highly expressed in renal tubular
cells. Following unilateral ureteric obstruction, PAR2-deficient
mice displayed reduced renal tubular injury, fibrosis, collagen syn-
thesis, connective tissue growth factor (CTGF), and �-smooth
muscle actin gene expression at 7 days, compared with wild-type
controls. In humanproximal tubular epithelial cells in vitro, PAR2
stimulation with PAR2-activating peptide (PAR2-AP) alone sig-
nificantly up-regulated the expression of CTGF, a potent profi-
brotic cytokine. The induction of CTGF by PAR2-AP was syn-
ergistically increasedwhen combinedwith transforming growth
factor-� (TGF-�). Consistent with these findings, treating
human proximal tubular epithelial cells with PAR2-AP induced
Smad2/3 phosphorylation in the canonical TGF-� signaling
pathway. The Smad2 phosphorylation and CTGF induction
required signaling via both the TGF�-receptor and EGF recep-
tor suggesting that PAR2utilizes transactivationmechanisms to
initiate fibrogenic signaling. Taken together, our data support
the hypothesis that PAR2 synergizes with the TGF� signaling
pathway to contribute to renal injury and fibrosis.

Regardless of the underlying etiology, progressive renal
fibrosis is a final common manifestation of all chronic kidney
diseases that eventually leads to end-stage renal failure (1).

Renal fibrosis is characterized by excessive infiltration of
inflammatory cells, increased proliferation of fibroblasts, de-
position and accumulation of extracellular matrix proteins (e.g.
collagens), tubular atrophy, and microvasculature peritubular
rarefaction (2). Despite themany therapeutic interventions that
have been suggested, our current understanding of the patho-
genic mechanisms of renal fibrosis is limited and effective ther-
apy is not yet available.
There is extensive evidence that proteinases play an impor-

tant role in the pathogenesis of tissue fibrosis. A pro-fibrotic
role has been suggested for metalloproteinases, collagenases,
and plasminogen activators all of which can degrade extracel-
lularmatrix components such as collagen IV, themajor constit-
uent of basement membrane (3). Beyond their digestive role,
serine proteinases have now been identified as hormone-like
molecules that can initiate cellular signaling by cleaving
and activating proteinase-activated receptors (PARs),3 which
belong to a unique family of G-protein-coupled receptors. Ser-
ine proteinase such as trypsin can activate PARs proteolytically
via cleavage within the extracellular N terminus of each recep-
tor to unmask a unique “tethered ligand sequence” that triggers
signaling by binding to the extracellular domains of the recep-
tors. This event induces a conformational change of the recep-
tor to initiate cell signaling (4).
PAR2, recognized as playing a key role in inflammation, is

widely expressed on many cell types of the gastrointestinal
tract, skin, lung, and kidney, including smooth muscle cells,
endothelium, epithelium, and fibroblasts (5, 6). PAR2 expres-
sion is up-regulated during inflammation in many organs,
including the colon, airway, and joints and PAR2 activation
leads to pronounced inflammatory responses in a variety of
cells and tissues. For example, intraluminal administration of
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PAR2 agonists in wild-type mice induces colonic inflammation
(7), whereas PAR2-deficient mice exhibited a reduced and
delayed inflammatory response in a disease model of colitis (8).
In the kidney, PAR2 is abundantly expressed in the proximal
tubular cells of renal cortex, and renal PAR2 activation is asso-
ciated with changes in renal hemodynamics, ion secretion, and
inflammation (9, 10). Studies have also indicated a proinflam-
matory role for PAR2 in the kidney, as receptor stimulation
with PAR2-AP was found to augment MCP-1 production in
human proximal tubular cell cultures (11).
In addition to the inflammatory responses stimulated by

PAR2, a role for PAR2 has been identified in tissue fibrosis. A
recent study showed that PAR2 deficiency protected liver from
the progression of fibrosis. A PAR2 agonist had a profibrogenic
effect on hepatic stellate cells suggesting that PAR2 activation
augmentsTGF� andother profibrotic genes, which in turn pro-
mote hepatic fibrosis in both in vivo and in vitro (12). In addi-
tion, an important role for PAR2 has been suggested in pulmo-
nary fibrosis in vivo and fibroblast proliferation in vitro (13, 14).
Together, these data suggest that PAR2 plays a role in chronic
organ injury through the activation of proinflammatory and
fibrogenic pathways.
Given these effects on inflammation and fibrosis, it is likely

that PAR2 plays a significant role in the pathogenesis of numer-
ous diseases, including chronic kidney disease. Given the abun-
dant PAR2 expression in the kidney and emerging reports for
the involvement of PAR2 in tissue fibrosis, we hypothesized
that PAR2 plays a role in renal injury and fibrosis. To test this
hypothesis, we studied the progression of fibrosis in a murine
unilateral ureteral obstruction (UUO) model using both wild-
type and PAR2-deficientmice. Additionally, using cultured pri-
mary human kidney-derived proximal tubular epithelial cells,
we examined the mechanism of PAR2 signaling that regulates
fibrosis and the production of the profibrotic cytokine, connec-
tive tissue growth factor (CTGF).

EXPERIMENTAL PROCEDURES

Animal Studies—Wild-type and PAR-2 (F2rl1)-deficient
mice (a gift from Johnson & Johnson Pharmaceutical Research
& Development) on a C57BL/6 background were generated
from our in-house breeding colony (15). Male mice age 8–12
weeks were subjected to unilateral ureteric obstruction surgery
or sham surgery as described previously (16). Renal function
remains normal in these mice due to compensation from the
contralateral kidney. All experiments were performed under
the guidelines set forth by the University of Calgary Animal
Care Committee. In brief, mice were anesthetized using an
intra-peritoneal injection of amixture of ketamine (125mg/kg)
and xylazine (12.5 mg/kg), and a small abdominal midline inci-
sion was made under sterile conditions. The left ureter was
ligated using 4-0 silk sutures and the mice were allowed to
recover under analgesia, with the provision of standard food
and water for the duration of the experiment. Animals were
sacrificed at 7 and 14 days and both obstructed and unob-
structed kidneys were harvested for further analysis.
Tissue Analysis—To determine morphologic renal tissue

damage and fibrosis, paraffin-embedded kidney tissues were
sectioned and stained with hematoxylin and eosin (H & E),

Masson trichrome, and picrosirius red using standard proto-
cols. The sections in the kidney cortex area were randomly
imaged with a Qcolor5 Olympus camera attached to an Olym-
pus BX51 light microscopy using a �10, �20, and �40 objec-
tive lenses and its accompanying software, QCapturePro 6.0.
Five high-resolution images of the renal cortex were randomly
captured and image analysis was done using the Volocity soft-
ware. Morphometric analysis of the damaged tubular area in H
& E-stained slides was quantified by measuring the area of
intact non-injured tubules normalized to the total area of the
tissue section surveyed. Fibrosis area identified in the in Mas-
son trichrome-stained slides was quantified by counting total
blue pixels normalized to the total area of the tissue section
surveyed. Pixel values from the images were averaged to yield a
final value expressed as a percentage relative to the total area
analyzed. To evaluate renal type I collagen expression, red-yel-
low birefringence pattern of collagen fibers in the obstructed
kidneys were captured from the picrosirius red-stained tissue
using an Olympus polarized microscope. Collagen I was quan-
tified by counting total birefringent pixels normalized to the
total area of the tissue sections as described above.
Immunofluorescence—Paraffin-embedded kidney sections

were deparaffinized and blocked with 0.2% gelatin in PBS. The
tissue sectionswere incubatedwithmouse anti-�-smoothmus-
cle actin (SMA) (1:100, Sigma) followed by washing and incu-
bation with Alexa 488-labeled anti-mouse IgG. After further
washing, the sections were blocked in Sudan Black B (0.1% in
70% EtOH) for 25 min to reduce tissue autofluorescence. The
sections were then mounted with ProLongGold antifade re-
agent in the presence of DAPI (Sigma). The expression and
localization of �-SMA in the renal tissue was detected using an
Olympus FV1000 confocal systemon anOlympus IX-70micro-
scope with the Fluoview system software (Olympus). Images
shown are representative of tissue sections in different groups.
Collagen Assay—Acid and pepsin-soluble collagens in UUO-

induced kidney samples were assayed and compared with con-
trol kidney samples using a Sircol collagen assay kit (Biocolor
Life Science) according to themanufacturer’s protocol. In brief,
air-dried samples were weighed and diced in 0.5 M acetic acid
containing 0.1 mg/ml of pepsin overnight. After adding acid
neutralizing reagent, non-dissolved or non-digested tissue was
removed by centrifugation at 12,000 � g for 10 min. 100 �l of
this solution was allowed to mix with 1 ml of Sircol dye reagent
for 30 min on a gentle shaker. Unbound dye was carefully
removed by a repeated addition of acid-salt wash reagent and
centrifugation. Bound dye was dissolved in alkali solution, and
absorbance at 535mmwasmeasured against collagen standard
concentrations. Collagen values were normalized to kidney dry
weight.
Cell Culture Studies—Primary human proximal tubular epi-

thelial cells (HPTCs) were isolated from surgical nephrectomy
tissue as described previously (17). In summary, normal cortex
segments of the nephrectomy samples from adults with renal
carcinomas were finely dissected, minced, digested with colla-
genase IV (Worthington), and passed through a 75-�m mesh.
The filtrate was then centrifuged and the resulting pellet was
rinsed three times by centrifugation with fresh Hank’s isotonic
balanced salt solution, pH 7.4. The final pellet was then re-sus-
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pended in Dulbecco’s modified Eagle’s medium/F-12 (Invitro-
gen) containing 1% fetal bovine serum (FBS) (Sigma), 1% peni-
cillin-streptomycin, 125 ng/ml of prostaglandin E1 (Sigma), 25
ng/ml of epidermal growth factor (EGF, Sigma), 1.8 �g/ml of
L-thyroxine (Sigma), 3.38 ng/ml of hydrocortisone (Sigma), and
5 �g/ml of insulin, 5 �g/ml of transferrin, and 5 ng/ml of
sodium selenite (Sigma). HPTCs were established on a substra-
tum of type IV collagen (human placenta, Sigma) and used at
passage �3 to ensure epithelial phenotype in all experiments.
All studies with human tissues were conducted with the
approval of the Conjoint Health Research Ethics Board at the
University of Calgary.
To evaluate the ability of PAR2 to induce a pro-fibrogenic

mediator, CTGF, 90% confluent HPTCs grown on a collagen-
coated 24-well plates were stimulated with either PAR-2-
activating peptide (PAR-AP) SLIGRL-NH2 (100 �M) or 2f-
LIGRLO-NH2 (2f-LI, 15 �M), in the presence or absence of
TGF�1 (2.5 ng/ml) for 24 h. Control PAR2-inactive reverse-
sequence peptides sequences corresponding to the PAR2-acti-
vating peptides were also used. Additionally, 1 �M amastatin
(Sigma) was also added to the buffer to prevent peptide degra-
dation from aminopeptidase that might be secreted by the
HPTC.To evaluate the ability of PAR2 to phosphorylate p42/44
MAP kinase (MAPK), R-Smads or phosphatidylinositide 3-ki-
nase (PI3K), HTPCwere serum-starved for 24 h and stimulated
with 2f-LI (15�M), in presence or absence ofTGF�1 (2.5 ng/ml)
for 5, 15, 30, and 60 min.
To evaluate signaling pathways involved in PAR2-mediated

CTGF induction, selective inhibitors were preincubated prior
to PAR2 activation. HPTCs were pretreated with inhibitors of
TGF� receptor I (SB431542, 10 �M, Sigma), a broad-spectrum
matrix metalloproteinase (marimastat, 5 �M, Tocris), MEK1
(UO126, 10 �M, Sigma), EGF receptor kinase (AG1478, 1 �M,
Sigma), or PI3K (LY294002, 20 �M, Sigma) for 1 h. To evaluate
the impact of inhibitors in Smad2 andp42/44MAPKphosphor-
ylation, HPTCs were serum starved for 24 h before inhibitor
incubation.
Real-time and Semi-quantitative PCR—Semi-quantitative

reverse transcription-PCR (RT-PCR) was performed to the
mRNA assess expression of PAR familymembers (PARs 1 to 4).
Total RNA was extracted from HPTC using an RNAeasy kit
(Qiagen) according to the manufacturer’s protocol. The puri-
fied RNA was reverse transcribed to cDNA using the Omnis-
cript RT kit (Qiagen) according to themanufacturer’s protocol.
Following reverse transcription, routine PCRwas performed to
amplify all PARmembers. Primer sequences used in our exper-
iments were as follows: �-actin (forward primer, 5�-CGT GGG
CCG CCC TAG GCA CCA-3�, reverse primer, 5�-TTG GCC
TTA GGG TTC AGG GGG-3�, product size 237 bp), PAR1
(F2R) (forward primer, 5�-CAC GGA TCC TAT TTT TCC
GGC AGT GAT TGG-3�, reverse primer, 5�-CAG GAA TTC
TCA AAT GAT AGA CAC ATA ACA GAC CCT-3�, product
size 450 bp), PAR2 (F2LR1) (forward primer, 5�-TGA AGA
TTG CCT ATC ACA TAC-3�, reverse primer, 5�-GGC TCT
TAA TCA GAA AAT AAT GCA-3�, product size 550 bp),
PAR3 (F2LR2) (forward primer, 5�-TCC CCT TTT CTG CCT
TGG AAG-3�, reverse primer, 5�-AAA CTG TTG CCC ACA
CCA GTC CAC-3�, product size 500 bp), PAR4 (F2LR3) (for-

ward primer, 5�-GGC AAC CTC TAT GGT GCC TA-3�,
reverse primer, 5�-TTC GAC CCA GTA CAG CCT TC-3�,
product size 351 bp). Thermal cycling was performed in a
GeneAmp PCR 2400 thermal cycler (PerkinElmer Life Sci-
ences). For the analysis of gene expression in vivo, total kidney
RNA was extracted and reverse transcribed to cDNA as
described. Real-time PCR was performed to assess Ctgf and
Tgf�1 mRNA expression. In brief, cDNA was mixed with 2�
TaqMANUniversal PCRMasterMix (Applied Biosystems) and
900 nM pre-designed primers and 200 nM probe. PCRwere per-
formed using a StepOnePlus Real-time PCR System (Applied
Biosystems). The sequences for primers and probes designed
using Genescript software were as follows: Ctgf (forward
primer, 5�-GAG TGT GCA CTG CCA AAG AT-3, reverse
primer, 5�-GGC AAG TGC ATT GGT ATT TG-3�, probe
6-FAM-5�-CGC AGC GGT GAG TCC TTC CA-3�-MGB,
product size 102 bp) and Tgfb1 (forward primer, 5�-GCC CTT
CCT GCT CCT CAT-3�; reverse primer, 5�-GCC CTT CCT
GCT CCT CAT-3�; probe 6-FAM-5�-AAA GGG CCC AGC
ACC TGC AC-3�-MGB, product size 107). Mouse 18S-FAM/
MGB probe (Applied Biosystems) was used as the endogenous
control. Fold-change for each gene was normalized to 18 S and
compared with gene expression in contralateral kidneys. All
assays were performed in triplicate.
Calcium Signaling—A monolayer of 90% confluent HPTCs

were detached from the plate by trypsin-free EDTA and these
cells were incubated for 30 min with Fluo-4 AM-No wash cal-
cium indicator solution (Invitrogen) as previously described
(18). Measurements of intracellular Ca2� ion concentration
were done with suspensions of the Fluo-4-AM-loaded cells as
described elsewhere (19) using a fluorescence excitation wave-
length of 480 nm and emission wavelength of 530 nm with an
Aminco Bowman Series 2 luminescence spectrophotometer
(Thermo Life Science). The fluorescence change caused by
addition of agonists was measured and quantified as a percent-
age, relative to the signal generated by 2 �M A23187 (Sigma)
(19). We selected SLIGRL-NH2 (100 �M) and 2f-LI (15 �M) as
the main PAR2 agonists for our studies (�95% purity verified
by HPLC and mass spectral analysis).
Immunoblotting—Protein samples extracted from either

mouse kidney tissue or from cultured HPTC were denatured
and separated by electrophoresis on SDS-polyacrylamide gels
followed by protein transfer to nitrocellulose membranes.
Membranes were blocked at room temperature for 1 h in 5%
milk proteins in PBS containing 0.01% Tween 20 (PBST). Pri-
mary antibodies in PBST were applied to the membrane and
incubated at 4 °C overnight. Primary antibodies are as follows:
polyclonal anti-rabbit phospho-Smad2 and -3 (1:1000, Santa
Cruz Biotechnology), anti-goat CTGF (1:500, Santa Cruz Bio-
technology), anti-rabbit phospho-p42/44 (1:1000, Cell Signal-
ing), anti-rabbit phospho-Akt (1:1000, Cell Signaling), anti-rab-
bit GAPDH (1:1000, Cell Signaling), anti-mouse �-tubulin
(1:1000, Sigma), anti-mouse �SMA (1:1000, Sigma), and anti-
mouse E-cadherin (1:1000, BD Bioscience). The blots were
washed for 1 h at room temperature in PBST and then incu-
bated with an appropriate secondary antibody coupled to
horseradish peroxidase for 1 h in 5% milk proteins PBST, fol-
lowed by 3–4 additional washes in PBST. The HRP-antibody
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signal was visualized using ECL Immunoblotting detection
reagents (GE Healthcare). The intensities of the protein bands
were quantified using Image J software. Western blot signals
were normalized relative to the image of appropriate control
samples. Results of a minimum of three independent Western
blot analyses were averaged and pooled to yield the data shown
in the histograms.
Statistical Analysis—Figures and statistical analyses were

compiled using GraphPad Prism version 5.0 software. All in
vitro studies were performed at least in triplicate and the data
are represented asmean� S.E.Multiple groupswere compared
using one-way analysis of variance with Dunn’s multiple com-
parison tests of groups. Statistical comparisons between two
groups were made with unpaired t tests. p � 0.05 was consid-
ered statistically significant in all studies.

RESULTS

PAR2 Deficiency Attenuates Tubular Injury and Fibrosis—
Given that PAR2 is highly expressed in the renal epithelium
(11), we first assessed the impact of PAR2 on renal injury
induced by UUO in wild-type versus PAR2-deficient mice. The
levels of tubular injury and newly synthesized collagens were
quantitatively analyzed in obstructed and non-obstructed con-
trol kidneys. Although renal histopathologywas normal in both
sham-operated wild-type and PAR2-deficient mice, sections
from the obstructed kidneys from the wild-type mice showed
an increase in morphologic tubular and interstitial injury (Fig.
1A). Strikingly, at day 7, kidney tissue from the PAR2-deficient
mice showed a significant reduction in tubular injury compared
with the wild-type mice (Fig. 1B). The reduction in tubular
damage in the obstructed kidneys of PAR2-deficient mice was
associated with decreased tissue fibrosis and collagen synthesis
approaching levels observed in control sham-operated animals.
Analysis of Masson trichrome and picrosirius red-stained sec-
tions specific for type I collagen revealed a significantly lower
amount of fibrosis in the PAR2-deficientmice postUUO(Fig. 2,
A–E). Similarly, total acid and pepsin-soluble collagens were
reduced in obstructed PAR2 kidneys compared with wild-type
controls as determined by Sircol collagen assay (Fig. 2C). Myo-
fibroblast proliferation is amajor component of renal fibrosis in
the kidney. Consistent with the pathological findings, PAR2-
deficient mice demonstrated substantially lower expression of
themyofibroblastmarker�-SMA in the obstructed kidneys at 7
days comparedwithwild-type controls (Fig. 3,A andB). Immu-
nofluorescence staining of kidney sections revealed increased
accumulation of �-SMAwithin tubular borders and interstitial
areas in thewild-type comparedwith PAR2-deficientmice (Fig.
3C). Consistent with the reduced fibrosis, PAR2-deficient mice
also displayed higher levels of E-cadherin, an epithelial (tubu-
lar) marker in the kidney and reduced tissue Smad2 phosphor-
ylation (Fig. 4, A and B). Ctgf and Tgfb1 mRNA expression as
determined by real time PCR was also reduced in PAR2-defi-
cient mice compared with controls (Fig. 4, C and D). Although
PAR2-deficient mice displayed a substantially improved phe-
notype at 7 days post-UUO, by day 14 differences in renal injury
and the pathologic profiles between the wild-type and PAR2-
deficient kidneys were no longer statistically significant. Taken
together, these data indicate that PAR2 contributes to the early

progression of renal fibrosis and extracellular matrix produc-
tion during renal injury following UUO.
HPTC Express Functional PAR2—To characterize themech-

anism by which PAR2 contributes to renal fibrosis in vivo,
experiments were next performed in vitro. Because tubular epi-
thelial cells are the most abundant cell type in the kidney and
contribute substantially to progressive renal fibrosis, HPTC
were used for subsequent experiments. Given that HPTC are
primary cultures, the mRNA expression of PAR2 and other
PAR familymembers was confirmed by RT-PCR. PAR2-depen-
dent calcium signaling was also determined by analysis of inter-
nal calciummobilization that occurs through coupling of PARs
to Gq. HPTC strongly expressed PAR1 and PAR2, but not
PAR3, whereas the PAR4 expression signal was relatively
weaker (Fig. 5A). In the calcium signaling assay, the PAR2-se-
lective activating peptides SLIGRL-NH2 (EC50 � 25 �M) and
2f-LI (EC50 � 2.5 �M) induced a rapid transient calciummobi-
lization in a concentration-dependent manner (Fig. 5B). We
also tested the ability of mast cell tryptase, a hallmark of tissue
fibrosis and PAR2 agonist (20), to regulate PAR2. Cells chal-
lenged with tryptase (4 units/ml) induced changes in calcium
mobilization that were equivalent to about 25% of the maxi-

FIGURE 1. UUO-induced kidney injury in wild-type and PAR2�/� mice. A,
representative histopathology images (H & E staining) for each group at day 7
post-UUO. B, histogram showing quantification of morphologically intact
tubular areas in PAR2�/� and wild-type mice at days 7 and 14 post-UUO
(mean � S.E.; *, p � 0.05, n � 4 - 8).
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mum calcium response caused by the PAR2-APs (Fig. 5C). A
sequential addition of 2f-LI (25 �M) that desensitized the PAR2
calcium response also abolished the response to tryptase but
not to PAR1 activation (Fig. 5C and data not shown), demon-
strating pharmacologically that tryptase activates PAR2 in
HPTCs. Together, these results show that PAR2 is expressed
and functionally active in primary HPTC cultures and suscep-
tible to activation by a PAR2-activating enzyme known to be
present in fibrotic renal tissue.

PAR2 Synergizes with TGF� to Augment CTGF Production in
HPTCs—The prior experiments confirmed HPTC as a suitable
cell model to study PAR2-mediated signaling. Next, the impact
of PAR2 on the fibrogenic phenotype in HPTC was examined.
HPTC were stimulated with TGF�1 alone or in combination
with PAR2-activating peptide and the expression ofCTGF (also
designated CCN2), a TGF�-regulated gene and mediator of
fibrosis, was biochemically measured. To ensure selective
PAR2 targeting, we used both PAR2-selective receptor-activat-

FIGURE 2. UUO-induced renal fibrosis in wild-type and PAR2�/� mice. A, representative histopathology images (Masson trichrome staining) for each group
at day 7 post-UUO. B, histogram showing quantification fibrotic (blue) areas in wild-type and PAR2�/� mice at days 7 and 14 post-UUO (mean � S.E.; *, p � 0.05,
n � 4 – 8). C, histogram showing quantification of pepsin and acid-soluble collagens measured by collagen assay in the UUO-induced kidneys for each group
(mean � S.E.; *, p � 0.05, n � 4 – 8). D, representative images showing red/yellow birefriengence specific for type I collagen deposition in kidney sections for
each group stained with picrosirius red at day 7 post-UUO. E, histogram showing quantification of birefringent type I collagen expression normalized to tissue
area as percentage in each group (mean � S.E.; *, p � 0.05, n � 8).
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ing peptides, 2f-LI and SLIGRL-NH2, interchangeably. We
found that PAR2 activation by SLIGRL-NH2 (100 �M) acting
on its own was sufficient to increase CTGF levels 	2-fold
relative to control, whereas the reverse-sequence PAR2-in-
active control peptide had no effect (Fig. 6A). As expected,
TGF�1 (2.5 ng/ml) alone increased CTGF levels (by 	3.9-
fold). Surprisingly, PAR2 activation when combined with
TGF�1 augmented CTGF production in a synergistic man-
ner, the combined effect of the two agonists being more than
additive (Fig. 6B).

PAR2 Activates the Smad Pathway by TGF� Receptor
Transactivation—Smad pathways are critically involved in
TGF�-mediated CTGF induction (21). Consistent with these
observations, PAR2 activation alone by 2f-LI (15 �M) triggered
the phosphorylation of both Smad2 and -3 over a 60-min time
course (Fig. 7, A–C). When 2f-LI was combined with TGF�1, a
greater Smad2 phosphorylation was observed at early time
points. To investigate this mechanism further, we measured
PAR2-mediated Smad phosphorylation after pre-treating
HPTCs with the potent and selective TGF� receptor (TGF�R)
subunit I inhibitor, SB431542 (10�M). Preincubation ofHPTCs
with SB431542 diminished PAR2-mediated Smad2 phospho-
rylation at 30min (Fig. 8,A and B). However, SB431542 did not
interfere entirely with PAR2-mediated signaling, because
p42/44 MAPK phosphorylation induced by 2f-LI was not
affected (Fig. 8, C and D). Therefore, PAR2 activates Smad2
phosphorylation via a mechanism that involves the TGF�RI.

FIGURE 3. �-SMA expression in UUO-induced kidney injury. A, immuno-
blotting for �-SMA expression in kidneys from obstructed wild-type and
PAR2�/�, at day 7 post-UUO. Sham operated and contralateral kidneys are
used as controls. B, histogram showing densitometry analysis of �-SMA
expression normalized to GAPDH in wild type or PAR2�/� kidneys at days 7
and 14 post-UUO (mean � S.E.; *, p � 0.05, n � 4 – 8). C, representative image
showing kidney �-SMA expression detected by immunofluorescence for
each group at day 7 post-UUO.

FIGURE 4. Fibrosis markers in UUO-induced kidney injury. A, immunoblot-
ting for E-cadherin expression and Smad2 phosphorylation in the wild-type
and PAR2�/� kidneys at day 7 post-UUO. B, histogram showing the relative
expression of E-cadherin in the UUO-induced kidney injury in each group
(mean � S.E.; *, p � 0.05, n � 8). C, mRNA expression assessed by quantitative
real-time PCR for Ctgf and D, Tgfb1 in the UUO-induced kidney injury at day 7
in the wild-type and PAR2�/� mice (fold-change over contralateral kidney,
mean � S.E.; *, p � 0.05; **, p � 0.01, n � 8).

FIGURE 5. Functional expression of PAR2 in HPTC. A, PAR (1, 2, and 4) (F2R,
F2RL1, and F2RL3) mRNA expression detected by reverse transcriptase PCR in
HPTC (m � marker). B, change in intracellular calcium mobilization in
response to different concentrations of PAR2-activating peptides, SLIGRL-
NH2, and 2f-LI in HPTCs. Cells were loaded with Fluo-4 AM-NW and exposed to
PAR2-AP. Change in internal calcium is expressed as a percentage of the max-
imum response generated by calcium ionophore (mean � S.E., n � 3). C,
representative image showing the mobilization of internal calcium by mast
cell tryptase via PAR2 activation. Cells were loaded with Fluo-4 AM-NW and
challenged by two sequential additions of 2f-LI (25 �M) to desensitize PAR2
and followed by mast cell tryptase (4 units/ml). The right-hand tracing show-
ing the response of untreated cells to mast cell tryptase without prior expo-
sure to 2f-LI (2f-LI � 2f-LIGRLO-NH2; TRP, mast cell tryptase; CI, calcium
ionophore).
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Given that membrane matrix metalloproteinases (MMPs)
are key mediators for the transactivation of the EGF receptor
(EGFR) and TGF�R via the extracellular release of HB-EGF
or activation of latent TGF� (22, 23), we examined the
impact of a metalloproteinase inhibitor on the PAR2-trig-
gered transactivation of the TGF�R and Smad2 phosphory-
lation. Cells were treated with the broad-spectrum MMP
inhibitor, marimastat. Pre-treatment of HPTCs with mari-
mastat (5 �M) down-regulated but did not abolish the PAR2-
induced phosphorylation of Smad2, confirming a partial role
for MMPs in the ability of PAR2 to stimulate TGF�R trans-
activation (Fig. 8, E and F).
PAR2 Activates the Smad Pathway by EGF Receptor

Transactivation—Because the selective TGF�RI inhibitor,
SB431542, was not sufficient to completely abolish Smad2

FIGURE 6. CTGF up-regulation by PAR2 activation in HPTC. A, immunoblot-
ting for CTGF in HPTC following treatment with SLIGRL-NH2 (100 �M) in the pres-
ence or absence of TGF�1 (2.5 ng/ml) for 24 h. PAR2 inactive peptide (LSIGRL-
NH2, 100 �M) was used as a control. B, histogram showing densitometry analysis
of CTGF expression normalized to GAPDH (NT, no treatment; S, SLIGRL-NH2; L,
LSIGRL-NH2; T, TGF�) (mean � S.E.; treatment group versus no treatment, *, p �
0.05; SLIGRL-NH2 versus TGF� � SLIGRL-NH2, #, p � 0.05, n � 3).

FIGURE 7. PAR2-induced Smad2/3 phosphorylation in HPTCs. A, immu-
noblotting for Smad2 and Smad3 phosphorylation in HPTC. Cells were
treated with 2f-LI (15 �M), TGF�1 (2.5 ng/ml), or both for 5, 15, 30, and 60
min (NT, no treatment). B, histograms showing densitometry analysis and
quantification of PAR2-induced Smad2 and C, Smad3 phosphorylation
normalized to �-tubulin (all panels mean � S.E.; treatment versus NT,
*, p � 0.05; **, p � 0.01; ***, p � 0.001; 2f-LI or TGF� versus 2f-LI � TGF� at
5 min, #, p � 0.05, n � 3).

FIGURE 8. Transactivation of the TGF�R by PAR2. A, immunoblotting for
Smad2 phosphorylation following stimulation with 2f-LI and/or TGF�1 (2.5
ng/ml) for 30 min in the presence or absence of the TGF�RI inhibitor,
SB431542 (10 �M) (NT, no treatment). B, histogram showing densitometry
analysis and quantification of Smad2 phosphorylation (mean � S.E.; treat-
ment versus NT, **, p � 0.01; treatment versus treatment � SB431542; #, p �
0.05; ##, p � 0.01, n � 3). C, immunoblotting for phosphorylated p42/44
MAPK following stimulation with 2f-LI for 30 min in the presence or absence
of SB431542 (10 �M). D, histogram showing densitometry analysis and quan-
tification of PAR2-induced p42/44 MAPK phosphorylation in the presence or
absence of SB431542 (10 �M) (mean � S.E.; 2f-LI versus 2f-LI � SB431542, p �
NS, n � 3). E, immunoblotting for phosphorylated Smad2 following stimula-
tion with 2f-LI for 30 min in the presence or absence of marimastat (5 �M). F,
histogram showing densitometry analysis of Western blot images to quantify
Smad2 phosphorylation in the presence of marimastat after PAR2 activation
(mean � S.E.; 2f-LI versus NT, *, p � 0.05; 2f-LI versus 2f-LI � marimastat; #, p �
0.05, n � 3).
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FIGURE 9. Transactivation of the EGFR by PAR2. A, immunoblotting for p42/44 MAPK phosphorylation following stimulation with 2f-LI and/or TGF�1 (2.5
ng/ml) for 5, 15, 30, and 60 min. B, histogram showing densitometry analysis and quantification of p42/44 MAPK phosphorylation normalized to GAPDH
(immunoblotting) induced by PAR2 and/or TGF� (mean � S.E.; treatment group versus no treatment, *, p � 0.05; **, p � 0.01; TGF� � 2f-LI versus 2f-LI or TGF�
alone; #, p � 0.05, n � 3). C, immunoblotting for PAR2-mediated p42/44 MAPK and Smad-2 phosphorylation in the presence or absence of the EGFR kinase
inhibitor, AG1478 (1 �M). D, histogram showing densitometry analysis and quantification of PAR2-mediated p42/44 MAPK and E, Smad2 phosphorylation
normalized to �-tubulin in the presence or absence of the EGFR kinase inhibitor, AG1478 (mean � S.E.; p42/44 or Smad2 phosphorylation 2f-LI versus NT, **, p �
0.01; ***, p � 0.001; p42/44 or Smad2 phosphorylation 2f-LI versus 2f-LI � AG1478, #, p � 0.05; ##, p � 0.01, n � 3). F, immunoblotting for Smad2 phospho-
rylation following stimulation with 2f-LI in the presence or absence of the MEK1 inhibitor, UO126 (10 �M). G, histogram showing densitometry analysis and
quantification of PAR2-induced Smad2 phosphorylation normalized to �-tubulin in the presence or absence of UO126 (mean � S.E.; 2f-LI versus 2f-LI � UO126,
*, p � 0.05, n � 3). H, immunoblotting for phosphorylated Smad2 following stimulation with TGF�1 and EGF, in the presence or absence of AG1478 or
SB431542. I, histogram showing densitometry analysis and quantification of phosphorylated Smad2 normalized to �-tubulin in the presence or absence of
SB431542 and AG1478 (mean � S.E., EGF- or TGF�-induced P-Smad2 versus SB431542 or AG1478, respectively, p � NS, n � 3).
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phosphorylation stimulated by PAR2 in vitro, we investigated
alternate pathways that may be involved. There is extensive
evidence that diverse TGF�-independent mediators such as
MAPK signaling can activate Smad2 (24, 25). Because G-pro-
tein-coupled receptors are known to transactivate EGFR in
many cell types (22, 26), we hypothesized that PAR2 mediates
EGFR transactivation that modulates phosphorylation of
MAPK and Smad2. We found that 2f-LI induced a robust
p42/44MAPK phosphorylation that peaked at about 5–10 min
(Fig. 9, A and B). TGF� also induced MAPK phosphorylation,
which was slightly enhanced when combined with 2f-LI. Con-
sistent with receptor transactivation, PAR2-induced MAPK
activation was totally EGFR-dependent because the MAPK
phosphorylation was completely abrogated by the EGFR-spe-
cific inhibitor, AG1478 (Fig. 9,C andD). Interestingly, AG1478
significantly diminished basal phosphorylation of Smad2 and
PAR2-mediated Smad2 phosphorylation (Fig. 9,C andE). Next,
to establish a link between PAR2-mediated MAPK activation
and Smad2 phosphorylation, HPTC were preincubated with
the MEK1 inhibitor, U0126. HPTC treated with U0126
displayed significantly reduced Smad2 phosphorylation in
response to PAR2-activating peptides (Fig. 9, F andG). To con-
firm that PAR2-stimulated Smad2 phosphorylation occurred
via both TGF�R and EGFR, it was necessary to test the speci-
ficity of the inhibitors used. As shown in Fig. 9,H and I, AG1478
completely abrogated EGF (100 ng/ml)-mediated Smad2 phos-
phorylation but did not significantly diminish TGF�1 (2.5
ng/ml)-mediated Smad2 phosphorylation. Similarly, SB431542
abrogated TGF�-mediated Smad2 phosphorylation, but EGF-
mediated Smad2 phosphorylation was not affected, confirming

a lack of off-target effects of the two inhibitors on the respective
receptors.
Phosphatidylinositide 3-kinase (PI3K) has been shown to

regulate EGFR transactivation downstream of certain G-pro-
tein-coupled receptors (27, 28). PAR2 activation induced
robust Akt phosphorylation that was blocked by the PI3K
inhibitor, LY294002 (20�M). Importantly, LY294002 also abol-
ished PAR2-mediatedMAPK and Smad2 phosphorylation pro-
viding evidence that PI3K is required for EGFR transactivation
and R-Smad activation downstream of PAR2 (Fig. 10, A–D).
Together, these data show that PAR2 transactivates both EGFR
andTGF�R to activate Smad2, involvingMMPs and PI3K. Fur-
thermore, MAPK activation downstream of PAR2 and the
EGFR enhances Smad2 phosphorylation.
PAR2 Transactivation of TGF� and EGF Receptors Regulates

CTGF—Having identified the mechanisms of R-Smad activa-
tion by PAR2, we used a pharmacological approach to evaluate
the relative involvement of each pathway in CTGF production.
We pretreated HPTCs with selective inhibitors of MEK1
(UO126, 10�M), TGF�R (SB431542, 10�M),MMPs (marimas-
tat, 5 �M), EGFR (AG1478, 1 �M), and PI3K (LY294002, 20 �M)
before stimulating the cells with PAR2-AP (2f-LI, 15 �M) for
24 h (Fig. 11).We found that both AG1478 and SB431542 abro-
gated CTGF induction. MAPK and PI3K inhibition also signif-
icantly down-regulated CTGF induction mediated by PAR2.
Thus, PAR2 activation contributes to fibrogenesis by transac-
tiving EGF and TGF� receptors resulting in Smad2 phosphor-
ylation, and CTGF expression in human proximal tubular cells.
However, marimastat was not able to diminish PAR2-induced
CTGF expression at this later time point suggesting the pres-

FIGURE 10. PI3K activation by PAR2. A, immunoblotting for PAR2-mediated Akt, Smad2, and p42/44 MAPK phosphorylation following stimulation with 2f-LI
in the presence or absence of the PI3K inhibitor, LY294002 (20 �M). B, histogram showing densitometry analysis and quantification of phosphorylated Akt; C,
Smad2; and D, p42/44 MAPK normalized to �-tubulin following stimulation with 2f-LI in the presence or absence of LY294002 (NT, no treatment; all panels
mean � S.E.; 2f-LI versus 2f-LI � LY294002, **, p � 0.01, n � 3).
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ence of redundant transactivation pathways in addition to
MMPs.

DISCUSSION

Evidence suggests that PAR2plays an important role in tissue
fibrosis (12–14), but the molecular mechanism is undefined. In
this study, we show that PAR2 contributes to early fibrosis in a
murine experimental model of renal injury. Furthermore, we
provide evidence in vitro that PAR2 transactivates TGF� and
EGF receptors to phosphorylate Smad2 and up-regulate the
pro-fibrotic mediator, CTGF. Receptor transactivation and
Smad signaling downstream of PAR2 required MMPs, MAPK,
and PI3K (see proposed model Fig. 12).
Our study using the PAR2-deficientmice extends thework of

Xiong et al. (29), who observed increases in renal PAR2 expres-
sion from 1 to 14 days post-unilateral renal obstruction inmice,
in association with an increase in �-SMA expression. Similarly,
themurine data are entirely in accordance with observations of
increased PAR2 expression, in association with interstitial
fibrosis in human kidney biopsies obtained from individuals
with immunoglobulin A nephropathy (30). Clearly within the
first week after ureteral obstruction in our mouse model, all
indices of renal damage and fibrosis were reduced in the PAR2-
deficientmice, comparedwith the wild-type animals. However,

by 14 days differences between control and PAR2-deficient
mice were not significantly different. Because ureteric obstruc-
tion induces a fulminant and complete injury to the kidney,
PAR2 deficiency is insufficient to counteract the multiple
redundant pathways that are eventually activated in thismodel.
Thus, our data identify a pathogenic role for PAR2 at the onset
of injury and fibrosis in experimental kidney disease.
The involvement of PAR2 in renal injury and fibrosis is con-

sistent with the observations that systemic inhibition of tryp-
sin-like proteinases with camostatmesilate can protect the kid-
ney, pancreas, and liver from fibrosis by mechanisms involving
down-regulation of TGF� and collagen expression (31–33).
Very recently, camostat mesilate was identified as an anti-fi-
brotic agent to inhibit TGF�-mediated fibrotic signaling in kid-
ney-derived fibroblasts (NRK-49F) in vitro and to attenuate
renal fibrosis in the UUO model in rats (34). Additionally, the
use of urinary trypsin inhibitor has been found to ameliorate
liver and lung fibrosis by suppressing the production and acti-
vation of TGF� (35, 36). There are a number of candidate renal-
derived serine proteinases that in principle could regulate
PAR2, including, coagulation cascade enzymes (e.g. Factor
VIIa/Xa), tissue-derived trypsins, tissue kallikreins, and mast
cell tryptase (37). Previous studies have implicated these

FIGURE 11. Role of EGF and TGF� receptors in PAR2-induced CTGF expression. A, immunoblotting for CTGF following PAR2 activation for 24 h in the
presence or absence of the MEK1 inhibitor, UO126 (10 �M). B, histogram showing densitometry analysis and quantification of PAR2-induced CTGF expression
(immunoblotting) (mean � S.E.; 2f-LI versus 2f-LI � UO126, *, p � 0.05, n � 3). C, immunoblotting for CTGF following PAR2 activation for 24 h in the presence
or absence of SB431542 (10 �M), marimastat (5 �M), and AG1478 (1 �M). D, histogram showing densitometry analysis and quantification of CTGF expression
(immunoblotting) following PAR2 activation in the presence of various inhibitors (mean � S.E.; 2f-LI versus 2f-LI � SB431542 or AG1478, *, p � 0.05, n � 3; 2f-LI
versus 2f-LI � marimastat, p � NS). E, immunoblotting for CTGF following PAR2 activation for 24 h in the presence or absence of LY294002 (20 �M). F, histogram
showing densitometry analysis and quantification of CTGF expression (immunoblotting) following PAR2 activation in the presence of the PI3K inhibitor (NT, no
treatment; mean � S.E., 2f-LI versus 2f-LI � LY294002, *, p � 0.05, n � 3).
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enzymes in fibrosis because of (i) their presence in significant
amounts at the glomerular and tubulointerstitial level in several
chronic nephropathies (38) and (ii) their ability to promote pro-
liferation of various types of fibroblasts derived from the kid-
ney, lung, and heart via PAR2 activation in vitro (39, 40).
Althoughmast cell recruitment is positively correlatedwith the
progression of renal fibrosis, our PAR2 receptor desensitization
assay confirmed that recombinant human mast cell tryptase
can activate PAR2 in human proximal tubular epithelial cells,
whereas it is not able to activate PAR2 in other settings due to
glycosylation of the tethered ligand sequence (41). Taken
together, these candidate serine proteinasesmay be able to reg-
ulate PAR2 in the setting of kidney inflammation to promote
fibrosis by the mechanisms we describe herein. Targeting kid-
ney serine proteinaseswith suitable serine proteinase inhibitors
or blocking PAR2 with a receptor antagonist may serve to
attenuate renal fibrosis.
In keeping with the impact of PAR2 deficiency in UUO-me-

diated renal fibrosis, we extended our investigations in vitro to
understand the molecular mechanisms by which PAR2 con-
tributes to a pro-fibrogenic phenotype. TGF� initiates biologi-
cal signaling by interacting with its receptor (TGF�RI/II or
Alk5) that leads to the phosphorylation of the R-Smads that
includeSmad2and -3. PhosphorylatedSmad2/3 forms anoligo-
meric complex with Smad4, which then translocates to the

nucleus to initiate the transcription of genes that regulate fibro-
sis, cell proliferation, differentiation, and apoptosis (42). Previ-
ous observations in isolated cultured human tubular epithelial
cells have demonstrated that functional epithelial PAR2 activa-
tion stimulates the production of monocyte chemotactic pro-
tein-1 and TGF� (11). In addition to a proinflammatory role of
PAR2, our data shows that PAR2 contributes to profibrotic
pathways by acting synergistically with TGF� to induce Smad2
activation and CTGF expression consistent with the in vivo
studies.
The activation of the Smad2 pathway by PAR2 occurred by

EGFR and TGF�R transactivation. Similar to PAR2, PAR1 has
also been shown in a recent study to transactivate TGF�R.
PAR1 activation using thrombin liberates membrane-bound
latent TGF� through RhoA/ROCK-mediated integrin signal-
ing pathways in smooth muscle-derived cells (43). In epithelial
cells, our data support a role for MMPs in EGFR and TGF�R
transactivation via PAR2. Although the transactivation of
EGFR by G-protein-coupled receptors including PAR2 is rec-
ognized to involveMMPs (44, 45), metalloproteinases may also
activate latent TGF-� through the digestion of pro-peptide
dimer latency-associated peptide (23). However, our studies
using the MMP inhibitor marimastat did not completely abol-
ish Smad2 phosphorylation or CTGF expression following
PAR2 activation suggesting that other processes may be

FIGURE 12. Model for PAR2-mediated transactivation of EGF and TGF� receptors and CTGF expression. During injury, serine proteinases cleave PAR2
tethered ligand resulting in receptor activation. PAR2 transactivates both EGF and TGF�-receptors in part via PI3K and/or MMPs, which may activate HB-EGF or
latent TGF�. TGF� receptor activation results in Smad2 phosphorylation. EGF receptor transactivation results in MAP kinase signaling, which enhances Smad2
phosphorylation. Activated Smad2 translocates to the nucleus to up-regulate the expression of CTGF and other pro-fibrotic genes. Redundant pathways of
PAR2-mediated receptor transactivation likely exist.
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involved. Further studies are required to dissect the exact
mechanism by which PAR2 transactivates the TGF�R.
EGF receptor transactivation plays an important role in

mitogenic signaling in response to G-protein-coupled receptor
activation in many cells (22, 28). Studies have indicated a role
for EGFR in the recovery from renal injury (46). However, con-
stitutive or chronic activation of EGFR is thought to contribute
to the progression of renal fibrosis, including epithelial to mes-
enchymal transition (47). Thus our findings that identify a role
of EGFR in PAR2-mediated fibrosis are not unexpected. The
studies using a receptor-selective EGFR inhibitor indicated that
PAR2-mediated MAP kinase activation is exclusively EGFR-
dependent, and that PAR2-mediated Smad2 phosphorylation is
due to TGF�R transactivation as well as MAPK activation
downstream of the EGFR. The mechanisms by which PAR2
may transactivate the EGFR are several, including (i) theMMP-
catalyzed release of receptor-activating ligands such as EGF,
TGF-�, and HB-EGF from their cell membrane-bound precur-
sors or (ii) intracellular signal pathways, including cytosolic
kinases such as Src, PI3K, and PKC (22, 27, 44, 48). Consistent
with these findings, our data show that PAR2-mediated EGFR
transactivation in HPTC involves at least PI3K and MMPs.
CTGF, along with TGF�, promotes epithelial to mesenchy-

mal transition in proximal tubular epithelial cells in vitro (49,
50). There is no doubt that Smad-dependent signaling not only
regulates epithelial to mesenchymal transition but also the
expression of CTGF that contribute to renal fibrosis (51). We
showed that PAR2 alone can up-regulate Smad2 and CTGF in
HPTC. Not surprisingly, CTGF expression, MAPK and Smad2
phosphorylation were all enhancedwhenHPTCswere exposed
to PAR2-AP in combination with TGF�. Thus PAR2-regulated
EGFR transactivation synergizes with TGF� signaling that
would not be atypical under pathological conditions where
multiple pathways and growth factors are activated. In keeping
with these data, PAR2-dependent Smad2 activation and CTGF
up-regulation was significantly reduced, but not completely
blocked by the MAPK inhibitor, UO126, highlighting the
redundant role of TGF�R.

In conclusion, our data demonstrate that PAR2plays a role in
the early stages of renal fibrosis in a murine UUO model and
that the activation of PAR2 in kidney tubular epithelial cells
transactivates the EGF and TGF� receptors to enhance Smad2
activation and the production of the pro-fibrotic factor, CTGF.
PAR2 thus appears to be a contributor to renal injury and fibro-
sis in vivo and represents a potential therapeutic target for
patients with chronic progressive kidney disease.
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