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Activated protein C (APC) is a natural anticoagulant that
exerts anti-inflammatory and cytoprotective properties
mediated through the protease activated receptor
(PAR)-1. APC can also proteolytically cleave PAR-2, al-
though subsequent function is unknown. On the basis
of recent evidence that APC promotes wound healing,
the aim of this study was to determine whether APC acts
through PARs to heal murine excisional wounds or to
regulate human cultured keratinocyte function and to
determine the signaling mechanisms. Topical adminis-
tration of APC accelerated wound healing in wild-type
mice and, unexpectedly, in PAR-1 knockout mice. PAR-2
knockout mice healed significantly slower than wild-
type mice, and healing was not altered by adding APC,
indicating that APC acts through PAR-2 to heal
wounds. In cultured human primary keratinocytes,
APC enhanced PAR-2, stimulated proliferation, activated
phosphatidylinositol 3-kinase/Src/Akt, and inhibited
phosphorylated (P)-p38. Inhibiting PAR-1 or PAR-2, by
small-interfering RNA or blocking antibody, reversed
APC-induced keratinocyte proliferation and Akt activa-
tion. Blocking PAR-2, but not PAR-1, reversed the inhi-
bition of P-p38 by APC. Furthermore, inhibition of
P-p38 accelerated wound healing in wild-type mice. In
summary, although APC acts through both PAR-1 and
PAR-2 to activate Akt and to increase keratinocyte prolif-
eration, APC-induced murine wound healing depends on
PAR-2 activity and inhibition of P-p38. (Am J Pathol 2011,

179:2233–2242; DOI: 10.1016/j.ajpath.2011.07.024)

Activated protein C (APC) is a plasma protease with
anticoagulant activity and direct cytoprotective proper-

ties, including anti-inflammatory and antiapoptotic effects
and endothelial barrier protection.1–4 In humans, recom-
binant APC reduces the 28-day mortality in severe sepsis
compared with placebo5 and promotes healing of
chronic wounds.6 In animal models, APC is neuroprotec-
tive 4 hours after stroke onset,7 protects diabetic ne-
phropathy,8 inhibits the development of lung fibrosis in
bleomycin-induced lung injury,9 and reduces intestinal
injury in necrotizing enterocolitis.10 In vitro, APC modu-
lates keratinocyte and endothelial function, promoting
wound healing by enhancing re-epithelialization and an-
giogenesis.11–13 On the basis of in vivo and in vitro stud-
ies,2,11–14 one paradigm for the signaling of APC in kerati-
nocytes and endothelial cells is explained by its binding to
endothelial cell protein C receptor (EPCR)15 and subse-
quent proteolytic cleavage and activation of the G protein–
coupled receptor, protease activated receptor (PAR)-1,
commonly referred to as the thrombin receptor.16 However,
the exact receptors and intracellular signaling mecha-
nism(s) to explain the wound-healing actions of APC are
unknown. Xue et al12 have shown that EPCR facilitates the
function of APC on keratinocytes via activation of the PAR-1
pathway. APC can also cleave PAR-217; however, its sub-
sequent function is yet to be determined. Kaneider et al18

have shown that the barrier-protective effects of APC are
abolished by silencing with small-interfering RNA (siRNA)
specific for either PAR-1 or PAR-2, suggesting that these
effects of APC require both PAR-1 and PAR-2.

Less is known about the intracellular signaling
mechanisms of PAR-2 than PAR-1. PAR-2 activation
strongly activates the extracellular signal-regulated ki-
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nase 1/2 and weakly stimulates p38, although c-Jun
N-terminal kinase is not affected.19–21 Recent studies
showed that activation of PAR-2 leads to rapid phosphor-
ylation of extracellular signal-regulated kinase 1/2 but not
p38 in HaCat cells, an immortalized keratinocyte cell
line.22 PAR-2 is expressed by many cell types present in
the skin (eg, fibroblasts, nerves, dendritic cells, endothe-
lial cells, mast cells, leukocytes, and epidermal keratino-
cytes23) and participates in cutaneous homeostasis and
tissue repair. In this report, we detail the receptor and
signaling mechanisms responsible for APC-mediated
stimulation of wound healing, using human primary kera-
tinocytes and PAR-1 and PAR-2 knockout (KO) mice. Our
results clearly show that PAR-2 is important for the pro-
motion of APC-induced cutaneous wound healing.

Materials and Methods

Animals

Studies were performed in male wild-type (WT), PAR-1
KO, or PAR-2 KO mice. Mice were all in the C57BL/6J
background and at 6 weeks of age when starting wound-
ing protocol. Mice were obtained from and housed at
Kearns Facility, Kolling Medical Research Institute, Uni-
versity of Sydney, under a 12-hour light/12-hour dark
cycle at 22°C.

Wound Creation, Macroscopic Examination,
and Analysis

Full-thickness skin wounds extending through the pannic-
ulus carnosus were made with an iris scissors, and a
sterile 6-mm punch biopsy tool was used to outline a
pattern on the dorsum of the mice as described before.24

APC (20 �L) or phosphate-buffered saline (PBS; control)
was topically applied onto wounds once a day for 3
consecutive days. The animals were then kept under
anesthesia for 20 minutes to allow absorption of the so-
lution. The wounds were left open, and the animals were
housed in individual cages. Wound healing was moni-
tored by taking digital photographs and blindly measur-
ing the wound area by tracing the wound perimeter with
a thin-tipped marker onto sterile Visitrak Grid (Smith &
Nephew, NSW, Australia).6 Tracings were then placed
onto the wound measurement device and copied with an
electronic stylus to obtain a digital reading of the
wound area. The skin tissues were removed from mice
after being sacrificed at indicated days and used for
further analysis. All procedures were performed ac-
cording to the guidelines of the local animal care and
ethics committee.

Histology and Immunohistochemistry

Skin tissues were fixed with 10% neutral-buffered forma-
lin and paraffin sections (4 �m) and were stained with
H&E. For immunohistochemistry, sections were incu-
bated with anti-PAR-2 antibody (1:50 dilution; SAM11;

Santa Cruz Biotechnology Inc., Santa Cruz, CA) and iso-
type-matched anti-IgG2a antibody (1:50 dilution; Sigma-
Aldrich, St. Louis, MO) and detected with the use of
MACH 3 mouse horseradish peroxidase-polymer detec-
tion kit (Biocare Medical, Concord, CA.) and Nova RED
(vector) according to manufacturers’ protocol and coun-
terstained with Mayer’s hematoxylin and Scott’s bluing
solution. After mounting, sections were observed under a
light microscope (ECLIPSE 80i; Nikon, Tokyo, Japan).

Cell Culture and Reagents

Normal keratinocytes were isolated from neonatal fore-
skins as described previously9 in accordance with the
local ethics regulations. Extracted cells were cultured in
keratinocyte-serum-free medium (Invitrogen, Carlsbad,
CA). HaCat cells were cultured in Dulbecco’s modified
Eagle’s medium (Sigma-Aldrich) containing 10% heat-
inactivated fetal bovine serum, 100 U of penicillin, and 2
mmol/L L-glutamine at 37°C in a humidified atmosphere
containing 5% CO2. When �70% were confluent, primary
cultured cells and HaCat cells were trypsinized and used
in experiments. Cells were seeded into either 24-well
culture plates or 8-well Permanox slides (Nalge Nunc
International, Rochester, NY) and cultured to confluence.
The confluent cells were then treated with recombinant
APC (Xigris; Eli Lilly & Co., Indianapolis, IN) at different
time points in various concentrations as indicated in fig-
ures, and with RCR252 (EPCR blocking antibody),
RCR92 (EPCR nonblocking antibody) (both anti-EPCR
antibodies provided by Prof Kenji Fukudome, Department
of Immunology, Saga Medical School, Nabeshima, Saga,
Japan), PAR-2 blocking antibody (SAM11), matched iso-
type IgG2a (Sigma-Aldrich), Src family kinase inhibitor PP-1
(Calbiochem, San Diego, CA), or phosphatidylinositol 3 ki-
nase (PI3K) inhibitors wortmannin and LY294002 (Cell Sig-
naling Technology, Danvers, MA) at various concentrations.
Cells and culture supernatant fluids were collected for de-
tection of protein expression.

Knockdown of PAR-1 and PAR-2 through
siRNA

PAR-1 and PAR-2 expression in primary keratinocytes
was silenced with PAR-1 and PAR-2 siRNA. PAR-specific
siRNAs were synthesized by Ambion (Austin, TX) and used
to target the following mRNA sequences: PAR-1 siRNA,
5=-AGAUUAGUCUCCAUCAAUA-3=; PAR-2 siRNA, 5=-
GGAAGAAGCCUUAUUGGUA-3=. The nonspecific siRNA,
5=-GGCUACGUCCAGGAGCGCACC-3=, was used as a
negative control. The cells were transfected following the
manufacturer’s instructions with the PAR siRNAs with the
use of siPORT NeoFX transfection reagent (Ambion, Aus-
tin, TX) in a 6-well plate (Nalge Nunc International) for 24
hours, then trypsinized and seeded into either 24-well
plates (4 � 105 cells/mL) or 96-well plates (1 � 104

cells/mL), and incubated for 48 hours and 24 hours,
respectively. PAR-1 and PAR-2 knockdown efficiency

was confirmed by immunoblot analysis.
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Cell Proliferation Assay

Cells (1 � 104 cells/well) were seeded into a 96-well
microplate to a final volume of 200 �L and were incu-
bated for 4 hours to allow cells to attach. Cells were then
treated with APC at 0.01, 0.1, 1, or 10 �g/mL. After
incubation for 24 hours, culture medium was removed,
and cells were stained with 1 �g/mL crystal violet (Sigma-
Aldrich) dissolved in PBS. The unbound dye was re-
moved by washing with tap water, and cells were left to
completely dry overnight. Bound crystal violet was solu-
bilized with 0.1% SDS in PBS. The optical density of each
well was determined at a wavelength of 550 nm. Results
were expressed as percentages of controls.

Immunoblot Analysis

Immunoblot analysis was performed as described previ-
ously.13 Briefly, equal amounts of proteins were sepa-
rated by 10% SDS-PAGE and transferred to a polyvi-
nylidene difluoride membrane. The primary antibodies
used were as follows: active caspase-3 (BioVision, Moun-
tain View, CA); PAR-1 (Santa Cruz Biotechnology Inc.);
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Figure 1. APC accelerates wound healing in wild-type (WT) mice. A and B
of phosphate-buffered saline or APC (10 �g) once a day for 3 consecutive
Percentage of wound area/initial area was calculated from tracing the wounds
t-test. B: Time to complete wound closure Values are mean � SD; n � 10 w
mice. he, hyperproliferative epithelium. Scale bar � 100 �m. D: H&E-staine
the leading edge of the migrating epithelial tongue. e, epithelium; g, granu
Expression of EPCR, PAR-1, and PAR-2 detected by immunoblotting from

of the protein was normalized with �-actin, and each control was defined as 100
day by paired t-test.
PAR-2; anti-mouse EPCR (R&D Systems, Minneapolis,
MN); rabbit polyclonal antibodies directed against phos-
pho-Akt (Ser473), Akt, phospho-Src (tyr416), and Src (Cell
Signaling Technology); and rabbit antiphosphorylated
forms of p38 and p38 (Santa Cruz Biotechnology Inc.).
Immunoreactivity was detected with the electrochemilumi-
nescence detection system (Amersham Biosciences, Buck-
inghamshire, UK). Anti-human �-actin antibody was in-
cluded to normalize against unequal loading.

Apoptosis Detection

PAR-1 and PAR-2 siRNA-induced apoptotic keratino-
cytes were detected with an in situ cell death detection kit
according to manufacturer’s instructions (Roche Diag-
nostics, Indianapolis, IN) as described before.13

Statistical Analysis

The data are summarized as the mean � SD. Statistical
analyses were performed with Student’s t-test or analysis of
variance. Statistical significance was accepted at P � 0.05.
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Results

Topically Applied APC Accelerates Wound
Healing in WT Mice

We first examined the effect of APC on cutaneous wound
healing in mice. Full-thickness skin wounds treated with
APC (10 �g/wound/day) for 3 consecutive days (begin-
ning immediately after induction of wound) were mark-
edly reduced in size and nearly completely healed on
day 6 (Figure 1A). Compared with (PBS) control-treated
wounds, APC significantly reduced wound size at each
time point over the course of the healing process (Figure
1A). Time to complete wound closure was reduced by �3
days in APC-treated mice, compared with control mice
(10.3 � 1.7 versus 7.4 � 1.2 days; P � 0.00016; Figure
1B). The three-treatment protocol was more effective than
a single APC treatment (see Supplemental Figure S1 at
http://ajp.amjpathol.org), as previously described in
rats,24 and was used for all further experiments.

Wound tissue from WT mice on days 1, 3, and 10 was
collected for immunohistochemistry, histology, and immu-
noblot analysis. On day 1, but not day 3 or day 10, APC-
treated wounds showed increased thickness of hyperpro-
liferative epithelium and PAR-2 expression. Compared with
control wounds (Figure 1C), H&E-stained sections on day

Figure 2. APC-treated PAR-1 knockout (KO) mice heal at the same rate as w
Representative photographs of skin wound healing in WT and PAR-1 KO mic
was calculated from the tracing wound areas, using Visitrak. Values are the m
areas/initial areas was calculated from the tracing wound areas, using Visitr
†P � 0.05 versus WT APC-treated mice by analysis of variance. D: H&E-stain

WT mice and PAR-2 KO mice. Arrowheads indicate the migrating epithelial tongue
tissue; he, hyperproliferative epithelium. Scale bar � 100 �m.
10 showed that all wounds were completely covered by
neoepithelium; however, histologic differences were ob-
served between control and APC-treated wounds (Figure
1D). APC-treated wounds were characterized by a reduced
wound area, less inflammation, and enhanced granulation
tissue compared with control wounds, whereas migrating
epithelial tongues were consistently visible only in controls
(Figure 1D). On day 10 more new blood vessels were pres-
ent in control wounds, suggesting that regression of new
blood vessels was delayed in control compared with APC-
treated wounds (Figure 1D). These data indicate that, 10
days after injury, control wounds were still developing new
tissue, whereas APC-treated wounds were in a more ad-
vanced tissue remodeling phase. Consistent with Figure
1C, immunoblot data suggest that, after wounding, APC
increased PAR-2 expression on day 1 (24 hours after the
first APC treatment) but decreased PAR-2 on day 6,
whereas PAR-2 expression is the same in both groups on
day 3 (Figure 1E). In contrast, APC had little effect on PAR-1
expression at any time point (Figure 1E). EPCR showed a
similar response to PAR-2 (Figure 1E). WT, PAR-1 KO, and
PAR-2 KO mice expressed similar levels of EPCR. No com-
pensatory change was observed in the levels of PAR-2 in
PAR-1 KO mice and vice versa (see Supplemental Figure
S2 at http://ajp.amjpathol.org).
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APC Accelerates Wound Healing via PAR-2,
Not PAR-1

We used KO mice to elucidate the role of PAR-1 and
PAR-2 in APC-induced wound healing. PAR-1 KO mice
healed at the same rate as WT mice at all time points
(Figure 2, A and B). In contrast, wound healing in PAR-2
KO mice was significantly delayed compared with WT
mice (Figure 2C). Skin sections on day 3 showed that the
wound area was wider in PAR-2 KO mice than in WT mice
(Figure 2D). APC accelerated wound healing in PAR-1
KO mice (Figure 2B); however, it had negligible effect in

Figure 3. APC stimulates human keratinocyte proliferation via PAR-1 and PA
keratinocytes were treated with or without APC for 24 hours, and PAR-2 was
antibody (10 �g/mL) or isotype control for 2 hours and then treated with1
are mean � SD; n � 4. *P � 0.05 versus control, **P � 0.05 versus control; †

Keratinocyte proliferation, measured by crystal violet assay, after blocking PA
siRNA (10 nmol/L each). Values are mean � SD; n � 4. *P � 0.05 by analys
hours, cells were treated with or without of 1 �g/mL APC for 30 minutes
represent one of three independent experiments. Scale bar � 100 �m. G

mean � SD; n � 3. *P � 0.05 by analysis of variance. (G) PAR-2 siRNA-transduce
caspase-3 was detected by immunoblot analysis. Data are expressed as mean � SD
PAR-2 KO mice (Figure 2, C and D). A significant reduc-
tion (P � 0.013 and P � 0.004 on days 3 and 6, respec-
tively; n � 6) in wound area was observed in APC-treated
WT mice compared with APC-treated PAR-2-KO mice
(Figure 2C). These data indicate that APC uses PAR-2,
and not PAR-1, to promote murine cutaneous wound
healing. H&E-stained sections of wounded skin showed
histologic differences between WT mice and PAR-2 KO
mice (Figure 2D). On day 13, in both control and in re-
sponse to APC, PAR-2 KO mice exhibited increased epi-
thelial layers, a migrating epithelial tongue (Figure 2D), and
disorganized dermis. In contrast, WT mice showed a normal

reverses PAR-2 siRNA-induced apoptosis in vitro. A: Human primary cultured
d by immunoblot analysis. B: Cells were pretreated with the PAR-2 blocking
PC for 24 hours. Proliferation was measured by crystal violet assay. Values
versus APC-treated keratinocytes, with the use of analysis of variance. C–E:

, PAR-1 (D), or PAR-1� PAR-2 (E) with the use of PAR-2 and PAR-1 specific
iance. F: Keratinocytes were treated with PAR-2 siRNA (10 nmol/L). After 48
essed with TUNEL assay to detect apoptotic cells (black arrows). Images
ows the mean number of apoptotic cells per field of 5 fields. Values are
R-2 and
detecte

�g/mL A
P � 0.05
R-2 (C)
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raph sh
d keratinocytes were treated without or with APC for 24 hours, and active
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thin epithelial layer, a more mature dermis, and lack of
inflammatory cells when treated with APC.

APC Stimulates Human Keratinocyte Proliferation via
PAR-1 and PAR-2 and Reverses PAR-2
siRNA-Induced Apoptosis in Vitro

Consistent with in vivo results (Figure 1, C and E), APC
enhanced the expression of PAR-2 in cultured human
primary keratinocytes in a dose-dependent manner, after
24 hours of treatment (Figure 3A) and in HaCat keratino-

Figure 4. APC promotes wound healing via PI3K/Src/Akt axis. A: Confluen
minutes. Total and phosphorylated (P) (activated) forms of Akt, Src, and p38
an internal control. Images represent one of three independent experiments
siRNA for 48 hours and then treated with 1 �g/mL APC for 30 minutes. Contro
analysis. �-Actin was used as an internal control. Images represent one of thr
of variance. D: After pretreatment with wortmannin (left) or PP-1 (right) at in
and proliferation was measured by crystal violet assay. Values are mean �
pretreatment with wortmannin (top) or PP-1 (bottom) for 2 hours, cells we

lysate by immunoblot analysis. �-Actin was used as an internal control. F and G: WT m
(G). Values are mean � SD; n � 6 wounds. *P � 0.05.
cytes (see Supplemental Figure S3A at http://ajp.
amjpathol.org). When cells were pretreated with anti-PAR-2
blocking antibody (1 to 10 �g/mL), the increase in cell
proliferation in response to APC was dose-dependently in-
hibited, compared with isotype control (Figure 3B). In addi-
tion, PAR-2 siRNA, which knocked down PAR-2 protein
expression in human primary keratinocytes by �80% (see
Supplemental Figure S3B at http://ajp.amjpathol.org), also
suppressed cell growth, confirming that APC stimulates ke-
ratinocyte proliferation via PAR-2 (Figure 3C). Similarly, a
significant inhibition of proliferation occurred in PAR-1

nocytes in 24-well plates were treated without or with 1 �g/mL APC for 30
easured by immunoblot analysis in whole-cell lysates. �-Actin was used as

C: Keratinocytes were treated with PAR-2 (B), PAR-1 or PAR-1 � PAR-2 (C)
was used for each experiment. Akt/Src kinases were detected by immunoblot
endent experiments. Values show mean � SD; n � 3. *P � 0.05 by analysis

concentrations for 2 hours, cells were treated with 1 �g/mL APC for 24 hours,
� 4. *P � 0.05 by analysis of variance; †P � 0.05 versus control. E: After
d with 1 �g/mL APC for 30 minutes, and Akt was detected from whole-cell
t kerati
were m

. B and
l siRNA
ee indep
dicated
SD; n

re treate

ice were treated with APC and PI3K inhibitors LY294002 (F) or wortmannin
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siRNA-treated cells (Figure 3D). Simultaneous knockdown
of both PAR-1 and PAR-2 completely prevented APC from
stimulating cell proliferation (Figure 3E). These data suggest
that both PAR-1 and PAR-2 are required for APC-induced
human keratinocyte proliferation in vitro.

After siRNA knockdown of PAR-1 in human keratinocytes
for 48 hours, a small percentage of apoptotic keratinocytes,
similar to control, were detectable with an in situ death kit
(Figure 3F). However, when cells were treated with PAR-2
siRNA, a marked induction of apoptotic cells was observed
(Figure 3F). Consistent with a previous study,17 treatment
with APC (1 �g/mL) for 30 minutes was sufficient to totally
reverse apoptosis after 24 hours in all conditions (Figure
3F). These results were confirmed by a significant reduction
(�80%) in active caspase-3 in APC-treated PAR-2 siRNA-
transfected cells (Figure 3G). Our data show two interesting
findings: first, PAR-2 itself is antiapoptotic, and, second,
APC does not require PAR-1 or PAR-2 to exert its antiapo-
ptotic effects in human keratinocytes.

APC Activates Akt and the Protein Tyrosine
Kinase Src via PAR-1 and PAR-2 in Human
Keratinocytes and Promotes Wound-Healing
Activity Through the PI3K/Src/Akt Axis

The Src/Akt signaling pathway was assessed with immuno-
blot analysis. APC stimulated activation of Akt and Src but
had minimal effect on total Akt or Src (Figure 4A). When
keratinocytes were pretreated with PAR-2 siRNA, activation
of Akt and Src by APC was significantly inhibited (Figure
4B). PAR-1 siRNA or combined PAR-1 and PAR-2 siRNAs
showed a similar result (Figure 4C). These results show that
APC activates Akt and Src via both PAR-1 and PAR-2.
Activation of Src at tyrosine can signal through Akt to reg-
ulate numerous cellular processes, including cell prolifera-
tion.25 To test whether APC stimulates keratinocyte prolifer-
ation or Akt activation via Src, cells were stimulated with
APC after pretreatment with PP-1, a Src inhibitor, or the
phosphatidylinositol 3-kinase (PI3K) inhibitor, wortmannin, at
concentrations that were not toxic to the cells (data not shown).
When added separately, PP-1 and wortmannin completely
blocked cell proliferation and Akt activation induced by APC
(Figure 4, D and E). Taken together these results indicate
that APC acts through Src, PI3K, and Akt to stimulate pro-
liferation of human skin keratinocytes.

When APC-treated WT mice were pretreated with PI3K
inhibitors, LY294002 (Figure 4F) or wortmannin (Figure 4G),
wound closure was significantly delayed, compared with
APC treatment alone, on day 6 (P � 0.007, n � 6, or P �
0.006, n � 6, respectively). Neither inhibitor had any signif-
icant effect on wound closure when used alone (Figure 4, F
and G). Consistent with in vitro studies (Figure 4E), these
data suggest that PI3K is required for APC’s promotion of
wound healing in mice.

Inhibition of p38 by APC Accelerates Wound
Healing

To further determine the downstream mechanism(s) un-
derlying PARs mediated wound healing–promoting activ-
ity of APC, we tested the consequences of proinflamma-

Figure 5. p38 is inhibited by APC via EPCR-
PAR-2 which can accelerate wound healing. A:
Cells were pretreated with SAM-11 (10 �g/mL),
RCR 252 (10 �g/mL), or RCR 92 (10 �g/mL) for
2 hours and then treated with 1 �g/mL APC for
30 minutes. Activation of p38 was detected by
immunoblot analysis. B: Keratinocytes were
treated with PAR-1 or PAR-2 siRNA for 48 hours,
and then treated with 1 �g/mL APC for 30 min-
utes. Control siRNA was used for each experi-
ment. Activated and total p38 were detected by
immunoblot analysis. Values are mean � SD;
n � 3. *P � 0.05, †P � 0.05 versus control (cont.)
siRNA�APC with analysis of variance. C and D:
Tissue homogenates were obtained from control
and APC-treated wound samples from wild-type
(WT) mice on days 1, 3, and 6 (C), as well as
from PAR-1 and PAR-2 KO mice on day 6 (D),
and phosphorylated (P)-p38 was detected by
immunoblot analysis. �-Actin was used as an
internal control. Images represent one of two
independent experiments. Values are mean �
SD; n � 2. E: WT and PAR-2 KO mice were
wounded and treated with the p38 inhibitor,
SB203580 (10 �mol/L) on days 0, 1, and 3 before
wound area was measured on day 8. Percentage
of wound areas/initial areas (initial areas was set
as 100 on day 0) was calculated from the tracing
wound areas, using Visitrak. Values are mean �
SD; n � 6 wounds. *P � 0.05 versus control WT
mice; †P � 0.05 versus WT SB203580-treated
mice by analysis of variance.
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tory signaling molecule, p38 mitogen-activated protein
kinase activation by APC. In vitro, APC reduced activation
of p38 by 80% in human primary keratinocytes, and this
effect was completely reversed by RCR252 (EPCR block-
ing antibody), SAM11 (PAR-2 blocking antibody), or
PAR-2 siRNA, but not by RCR-92 (EPCR nonblocking
antibody) or PAR-1 siRNA (Figure 5, A and B). This sug-
gests that APC inhibits activation of p38 via EPCR and
PAR-2 activation in vitro. In vivo, APC-treated wounds had
substantially less activated p38 than control on day 6 in
WT mice and PAR-1 KO mice but not in PAR-2 KO mice
(Figure 5, C and D). Consistently, when mice were pre-
treated with the p38 inhibitor, SB203580, a significant
reduction in wound area was observed in WT mice but
not in PAR-2 KO mice on day 7, compared with control
(Figure 5E).

Discussion

Previously, we have shown that APC promotes wound
healing both in vitro in cultured keratinocytes and in vivo in
rats and humans 6,11–13,24. Our new findings identify the
wound-healing capacity of APC in mice and show four
important new findings. First, APC stimulates wound heal-
ing in PAR-1, but not PAR-2, KO mice. Second, APC acts
through both PAR-1 and PAR-2 to stimulate the PI3K/Akt
pathway and keratinocyte proliferation. Third, neither
PAR-1 nor PAR-2 is required for APC to inhibit apoptosis.
Finally, APC requires PAR-2, but not PAR-1, to inhibit
activation of p38 in human keratinocytes.

Cutaneous wound healing requires a complex and dy-
namic array of partially overlapping phases: inflamma-
tion, angiogenesis, new granulation tissue formation, re-
epithelialization, and tissue remodeling. The initial events
need to cease before the deposition of new granulation
tissue can be completed, and excessive inflammation is
thought to be a causal factor in the pathogenesis of
chronic wounds.26 Consistent with our previous study,24

histologic sections of wounds on days 10 and 13 clearly
show that the infiltration of inflammatory cells is de-
creased in response to APC. Furthermore, regression of
new blood vessels was delayed in control mice, com-
pared with APC-treated mice on day 10. These results
suggest that wounds treated with APC are in a more
mature stage of healing.
Knockdown of PAR-2 in keratinocytes induced signifi-
cant caspase-3 activation and apoptosis, whereas PAR-1
knockdown had minimal effect on apoptosis (Figure 3, F
and G). PAR-2 has been shown to prevent apoptosis in
several cell types27–29; for example, agonist activation of
PAR-2 rescues astrocytes and neutrophils from apoptotic
cell death.28,29 The antiapoptotic effects of APC are me-
diated through PAR-1 in endothelial cells stressed with
high glucose 8 and both PAR-1 and PAR-3 in neuronal
apoptosis.30 Surprisingly, we found that neither PAR-1
nor PAR-2 knockdown, alone or together, prevented the
antiapoptotic effects of APC in human primary keratino-
cytes, suggesting that APC may act through another re-
ceptor(s). APC can exert protective effects via epidermal
growth factor receptor and Tie2 in human keratinocytes
and endothelial cells31,32 and CD11b in macrophages,33

although at least some of these interactions require
PAR-1. APC can also cleave and signal through ApoER2
in a monocyte cell line in the absence of PARs.34

A main finding from this work is the vital role of PAR-2
in murine wound healing. PAR-2 can be proteolytically
cleaved by serine proteinases, such as tryptase or tryp-
sin,35,36 and act in a protective manner to induce bron-
chodilatation,37 inhibit lipopolysaccharide-induced pul-
monary neutrophilia,38 diminish formation of gastric
ulcers39 and experimental colitis,40 protect against isch-
emia-perfusion injury in the heart,41 and potentiate repar-
ative angiogenesis.42 However, PAR-2 can mediate in-
flammation43 and contribute to the pathogenesis of
chronic arthritis, inflammatory pain, and colitis.35,44

In 2002, Riewald et al17 found that APC could equally
activate PAR-1 and PAR-2 in endothelial cells; however,
subsequent mitogen-activated protein kinase phosphor-
ylation and function depended on PAR-1 activation, and
the function of PAR-2 has remained an enigma. In the
current report, not only did PAR-2 mediate APC’s stimu-
lation of murine wound healing, but also wound healing
was significantly delayed in PAR-2 KO mice in the ab-
sence of exogenous APC, suggesting that this receptor is
required for normal wound healing. PAR-2 KO mice ap-
peared to have an inherent skin defect because their skin
was thinner and they healed more slowly than WT mice,
which may be because of impaired cell growth or in-
creased apoptosis (Figure 3), although the exact mech-
anisms need to be determined.

Figure 6. Proposed mechanism of murine
wound healing by APC. First, APC can transac-
tivate PAR-1 or PAR-2 as described in Discus-
sion, which activates PI3K and Src to phosphor-
ylate Akt and to stimulate keratinocyte
proliferation, which contributes to wound
healing but is not sufficient to accelerate heal-
ing. Second, APC can activate PAR-2 alone
which reduces p38 activity, which can accel-
erate wound healing possibly by reducing in-
flammation.
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PAR-1 is required for APC to stimulate keratinocyte
proliferation.12 In the current study, inhibition of either
PAR-1 or PAR-2 reversed the stimulatory effect of APC on
proliferation and Akt in human primary keratinocytes.
When PAR-1 and PAR-2 were simultaneously inhibited,
there was no significant additional effect. These data
indicate that both PAR-1 and PAR-2 are required for
APC-induced keratinocyte proliferation. One possible
scenario to explain these findings is that APC triggers
transactivation of PARs. Evidence that the thrombin-
cleaved tethered ligand of PAR-1 can robustly transacti-
vate PAR-2 was obtained with COS-7 cells coexpressing
PAR-2 with a PAR-1 variant that can be cleaved, but not
activated by thrombin.45 Kaneider et al18 found that
PAR-1 can be protective in sepsis only when it transac-
tivated PAR-2 signaling. They concluded that therapeu-
tics that selectively activate PAR-1/PAR-2 complexes
may be beneficial in the treatment of sepsis. Transacti-
vation of PARs implies that PAR-1 and PAR-2 are located
sufficiently close to each other in the endothelial cell
plasma membrane that the cleaved NH2 terminus of
PAR-1 can access PAR-2.18

Akt protein kinase modulates cell survival and prolifer-
ation46 and is activated by various growth and survival
factors to function in a wortmannin-sensitive pathway in-
volving PI3K.47 Mice lacking both Akt1 (usually referred
to as Akt) and Akt2 display translucent skin with reduced
hair follicles and reduced number of cells in each epider-
mal layer.48 In reconstituted human epidermis in vitro,
knockdown of Akt, but not Akt2, results in premature
keratinocyte apoptosis and an abnormal epidermis in
skin cultures.49 In the current study, inhibition experi-
ments confirmed that Src and PI3K are upstream of Akt
activation and human keratinocyte proliferation in re-
sponse to APC. Furthermore, the delay in wound healing
imposed by wortmannin and LY294002 in WT mice (Fig-
ure 4) indicates that similar mechanisms may be involved
in wound-healing activity of APC in vivo. Thus, Akt ap-
pears to be a key signaling component in APC-induced
keratinocyte proliferation and wound healing.

In agreement with our previous report showing that
endogenous protein C/APC inhibits phosphorylated-
p38,13 the current work shows that exogenous APC pre-
vents activation of p38 in keratinocytes. Inhibition of p38
has broad anti-inflammatory effects in an experimental
model of human endotoxemia50 and improves survival
after cecal ligation and puncture and in lipopolysaccha-
ride models of sepsis.51,52 Inhibition of p38 activation
also reduces apoptosis in various cell types.27,53 Our
results with PAR KO mice indicate that inhibition of p38
by APC may have a profound effect on wound healing.
The inhibition of p38 activation of APC in keratinocytes
requires PAR-2, but not PAR-1 (Figure 5B), and PAR-1
KO mice healed similarly to WT mice; PAR-2 KO mice
did not respond to APC. This may explain why PAR-1
was not required for cutaneous wound healing in mice
in response to APC, whereas PAR-2 was essential to
relay the wound-healing effects of APC.

In conclusion, this study shows a novel function for the
PAR-2 receptor, as providing the key to APC’s ability to

heal wounds in mice (Figure 6). APC can cleave PAR-1
and PAR-2 to activate the PI3K/Src/Akt pathway that stim-
ulates keratinocyte proliferation and contributes to, but is
not sufficient for, accelerated wound healing. Instead, the
action of APC on PAR-2 to suppress p38 activation ap-
pears to be a fundamental requirement for promotion of
wound healing.
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