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The cellular and molecular pathways that regulate platelet
activation, blood coagulation, and inflammation are emerging
as critical players in cancer progression andmetastasis.Here,we
demonstrate a novel signaling mechanism whereby protease-
activated receptor 1 (PAR1) mediates expression of melanoma
cell adhesion molecule MCAM/MUC18 (MUC18), a critical
marker of melanoma metastasis, via activation of platelet-acti-
vating factor receptor (PAFR) and cAMP-responsive element-
binding protein (CREB). We found that PAR1 silencing with
small hairpin RNA inhibits MUC18 expression in metastatic
melanoma cells by inhibiting CREB phosphorylation, activity,
and binding to the MUC18 promoter. We further demonstrate
that the PAF/PAFR pathway mediates MUC18 expression
downstream of PAR1. Indeed, PAR1 silencing down-regulates
PAFR expression and PAF production, PAFR silencing blocks
MUC18 expression, and re-expression of PAFR in PAR1-si-
lenced cells rescues MUC18 expression. We further demon-
strate that the PAR1-PAFR-MUC18 pathway mediates mela-
noma cell adhesion to microvascular endothelial cells,
transendothelial migration, and metastatic retention in the
lungs. Rescuing PAFR expression in PAR1-silenced cells fully
restores metastatic phenotype of melanoma, indicating that
PAFR plays critical role in the molecular mechanism of PAR1
action. Our results link the two pro-inflammatory G-protein-
coupled receptors, PAR1 andPAFR,with themetastatic dissem-
ination ofmelanoma and suggest that PAR1, PAFR, andMUC18
are attractive therapeutic targets for preventing melanoma
metastasis.

Recent studies have emphasized the importance of the
inflammatory tumor microenvironment, blood coagulation,
and platelet activation in cancer (1–6). Indeed, tumor cells can
coagulate blood and activate platelets via mediators such as

thrombin, factor X, tissue factor, fibrinogen, von Willebrand
factor, and platelet-activating factor (PAF)2 (3–9). Mediators
like thrombin are abundant in the tumor microenvironment;
tumor cells, owing to their aberrant expression of tissue factor,
catalyze thrombin production on their surface (4, 8). Growing
evidence suggests that thrombin not only modifies tumor
microenvironment, but also produces direct effect on tumor
cells by stimulating G-protein-coupled receptors, also called
protease-activated receptors (PARs). Thrombin receptor PAR1
plays a major role in orchestrating the interplay between coag-
ulation and inflammation and stimulates cancer progression (6,
10–12). Recently, we have demonstrated that targeting PAR1
expression in melanoma using small hairpin (sh)RNA or the
systemic delivery of small interfering (si)RNA can inhibit mel-
anoma tumor growth and metastasis in nude mice (13).
Thrombin activates PAR1 by inducing proteolytic cleavage

of the extracellular amino terminus of PAR1, which acts as a
tethered ligand that interacts with the second extracellular loop
of PAR1 (14). PAR1 activation stimulates various signaling
pathways, including the phospholipase C/protein kinase C,
mitogen-activated protein kinase, c-JunN-terminal kinase, and
NF-�B pathways (10, 12). In fibroblasts, epithelial cells, and
inflammatory cells, PAR1mediates the release of inflammatory
mediators such as chemokine (C–Cmotif) ligand 2, IL-1�, IL-6,
and IL-8 and the up-regulation of vascular endothelial growth
factor, platelet-derived growth factor, and integrins (6, 10, 12).
PAR1 acts as an oncogene capable of transforming NIH3T3

cells in a thrombin-independent manner (15). PAR1 is overex-
pressed in various tumor types, including melanoma, breast,
and prostate cancers (16–18). We have previously demon-
strated that PAR1 expression is directly correlated with tumor
progression in melanoma and that overexpression of PAR1

* This work was supported, in whole or in part, by National Institutes of Health
Grant RO1CA760980 (to M. B.-E.). This work was also supported by Career
Development Award P50CA093459 from NIH SPORE in Skin Cancer and
from Melanoma Research Foundation (to V. M.).

1 To whom correspondence should be addressed: 1515 Holcombe Blvd., Unit
173, Houston, TX 77030. Tel.: 713-794-4004; Fax: 713-792-8747; E-mail:
mbareli@mdanderson.org.

2 The abbreviations used are: PAF, platelet-activating factor; PAFR, PAF recep-
tor; PAR, protease-activated receptor; shRNA, small hairpin RNA; siRNA,
small interference RNA; IL-1, interleukin-1; NT, nontargeting; CRE, cAMP
response element; CREB, cAMP-responsive element-binding protein;
HDMEC, human dermal microvascular endothelial cell; GFP, green fluores-
cent protein; shNT, nontargeting shRNA; CMV, cytomegalovirus; ECIS, elec-
tric cell-substrate impedance sensing; MMP, matrix metalloproteinase;
MT1-MMP, membrane type 1 MMP; MAPK, mitogen-activated protein
kinase; MUC18, melanoma cell adhesion molecule MCAM/MUC18.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 42, pp. 28845–28855, October 16, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

OCTOBER 16, 2009 • VOLUME 284 • NUMBER 42 JOURNAL OF BIOLOGICAL CHEMISTRY 28845



stimulates melanoma metastasis in mice (17, 19). Nierodzik et
al. also demonstrated that PAR1 expression is a rate-limited
factor in thrombin-mediated lungmetastasis. In line with these
observations, PAR1 overexpression was found to stimulate
melanoma cell invasion throughMatrigel (20). In breast cancer,
PAR1 expression correlates with tumor progression (16) and
targeted disruption of PAR1 expression reduces breast cancer
cell invasion through the Matrigel (20). In prostate cancer,
PAR1 was found to be overexpressed in cell lines derived from
bonemetastases (18). Additionalmechanisms by which throm-
bin may facilitate tumor growth include its mitogenic effect on
melanoma or colon carcinoma cells, as well as its ability to
accelerate tumor angiogenesis (16, 20–25). However, the exact
molecular mechanisms of how PAR1 contributes to the acqui-
sition of the metastatic phenotype of melanoma are not yet
defined.
Herein, we demonstrate that, in melanoma, PAR1 works in

concert with another G-protein-coupled receptor, platelet-ac-
tivating factor receptor (PAFR), to mediate the expression of
melanoma cell adhesion molecule MCAM/MUC18 (MUC18)
by activatingCREB transcription factor. By using RNA interfer-
ence approach to target PAR1, PAFR, or MUC18 expression,
we further demonstrate that PAR1-PAFR-MUC18 pathway
mediates melanoma cell adhesion to microvascular endothelial
cells, transendothelial migration, and metastatic retention in
the lungs. Identification of this new pathway that connects two
pro-inflammatory G-protein-coupled receptors, PAR1 and
PAFR, with the adhesion molecule MUC18 provides a molecu-
lar link between the inflammatorymicroenvironment andmel-
anoma metastasis.

EXPERIMENTAL PROCEDURES

Antibodies—Rabbit polyclonal anti-phospho(Ser-133)-CREB
antibody, rabbit polyclonal antibody against total CREB, and rab-
bitpolyclonal antibodyagainstSp1were fromCell SignalingTech-
nology (Beverly, MA). Rabbit polyclonal anti-PAFR antibody was
from Cayman Biochemicals (Ann Arbor, MI). Fully human anti-
MUC18 antibody ABX-MA1 was from Amgen (Thousand Oaks,
CA). Mouse monoclonal anti-PAR1 antibody was from Santa
Cruz Biotechnology (Santa Cruz, CA).
Cell Lines—A375SM human melanoma cells were described

elsewhere (26). C8161-c9 human melanoma cells were a gift
from Dr. D. R. Welch (University of Alabama at Birmingham,
Birmingham) (27). The human dermal microvascular endothe-
lial cells (HDMECs) were from PromoCell (Germany).
Stable Silencing of PAR1, PAFR, MUC18, and CREB Using

Lentiviral Delivery of shRNA—Stable silencing of PAR1 was
performed using pLVTHM lentiviral vector coding for shRNA
against the human PAR1 gene sequence AGATTAGTCTC-
CATCAATA as described previously (13). Briefly, sense and
antisense shRNAoligonucleotides targeting PAR1 gene and the
nontargeting (NT) sequencewith no sequence homology to any
known human mRNA (TTCTCCGAACGTGTCACGT (Qia-
gen, Valencia, CA)) were designed with a hairpin and sticky
ends (Cla1 and Mlu1) for use with the lentiviral system devel-
oped and kindly provided by Didier Trono (Ecole Polytech-
nique Fédérale de Lausanne, Lausanne, Switzerland (28)). The
oligonucleotides were annealed into the lentiviral gene transfer

vector, pLVTHM, using the Cla1 and Mlu1 restriction enzyme
sites. Following sequence verification, lentivirus was produced
by transfecting human embryonic kidney cells (293FT, Invitro-
gen) with the pLVTHM-shNT control or pLVTHM-shPAR1
vector, MD2G packaging plasmid (Invitrogen), and PAX2
envelope plasmid (Invitrogen). Seventy-two hours later, the
viral supernatant was collected and filtered to remove cellular
debris. The recombinant lentivirus was titrated according to
the GFP positivity by flow cytometry in A375SM or C8161-c9
cells. The melanoma cell transduction was typically performed
with the viruses at a multiplicity of infection of 5. The highly
metastatic and PAR1-positive A375SM and C8161 cell lines
were plated at 70% confluency in 6-well plates (5 � 105 cell/
well) and, 16 h later, transduced with the virus. After 16 h, the
virus-containing medium was removed and replaced with nor-
mal growth medium. Following transduction with pLVTHM-
shNT control or pLVTHM-shPAR1 virus, PAR1/GFP double-
positive (shNT) or PAR1-negative/GFP-positive (shPAR1) cells
were selected by fluorescence-activated cell sorting after stain-
ing with phycoerythrin-conjugated anti-PAR1 antibody (13).
Stable silencing of PAFR, MUC18, and CREB was achieved

by transducing cells with a pLVTHM lentiviral construct cod-
ing for shRNA against the human PAFR gene sequence
GGGATATCTACTGTGGTCT, or against the humanMUC18
gene sequence ACATCGATCTGAGGCATTA, or against the
human CREB gene sequence GAGAGAGGTCCGTCTAATG
(29), as described above. The transduced, GFP-positive cells
were selected by fluorescence-activated cell sorting. PAFR,
MUC18, or CREB expression was verified by Western blot.
Transient Silencing of PAFR with siRNA—PAFR siRNA pur-

chased from Dharmacon (Lafayette, CO) was used to silence
PAFR expression in melanoma cell lines (target sequence:
CAACGUCACUCGCUGCUUU). NT siRNA (Qiagen), with
no sequence homology to any known human mRNA, was used
as control (target sequence: UUCUCCGAACGUGUCACGU).
A375SM or C8161-c9 cells were grown to 60% confluency in
6-well plates and transiently transfected with PAFR siRNA or
NT siRNA using Lipofectamine 2000 reagent (Invitrogen)
according to the manufacturers’ instructions. PAFR protein
expression was analyzed 72 h later.
Plasmids, Transduction, and Transfection—For stable PAR1

re-expression (rescue experiment) in C8161-c9 and A375SM
PAR1-silenced cells, PAR1 expression construct with anN-ter-
minal prolactin signal peptide and FLAG tag (kindly provided
by Shaun R. Coughlin, University of California, San Francisco,
CA) was combined with shRNA-non-targetable PAR1 coding
region (7-bp silent mutations that will not be recognized by
PAR1 shRNA). The resulting open reading frame insert was
then ligated into the pLVX-DsRed-Monomer-C1 vector (Clon-
tech, Mountain View, CA) replacing the red protein coding
sequence of DsRed. The recombinant lentivirus was produced
by transfecting 293FT cells with the sequenced-verified pLVX-
PAR1 vector, MD2G packaging plasmid, and PAX2 envelope
plasmid (Invitrogen) as described above. The recombinant len-
tivirus was titrated according to the GFP positivity by flow
cytometry in A375SM or C8161-c9 cells. Melanoma cells were
seeded in 6-well plates (5 � 105 cell/well) and, 16 h later, trans-
ducedwith the virus at amultiplicity of infection of 5. Following
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cell transduction with the control pLVX-ev or pLVX-PAR1
virus, the population of puromycin-resistant cells was selected.
For transient PAFR re-expression in A375SM or C8161-c9

PAR1-silenced cells, the open reading frame of an intronless
PAFR gene was amplified from C8161-c9 genomic DNA using
forward primer GGGAATTCCATATGGAGCCACATGAC-
TCCTCCCAC and reverse primer CCCAAGCTTCTA-
ATTTTTGAGGGAATTGCCAGG. The PCR product was
digested and cloned into a pcDNA3.1 vector. Melanoma cells
were plated at a 70% confluency in 6-well plates (5 � 105 cell/
well) and, 16 h later, transfected with 4 �g of control empty
pcDNA3.1 or PAFR expression vectors. 48 h later, cells were
either lysed for protein extraction or collected for the endothe-
lial cell attachment or in vivo lung attachment assays. For the
later assay, cells were labeled with [3H]thymidine (20 �Ci) for
the last 24 h of the post-transfection incubation period (as
described below under “Animals and Tumor Cell Lung Seeding
Assay”).
For stableMUC18 re-expression inC8161-c9 PAR1-silenced

cells, the open reading frame of MUC18 gene was amplified
from cDNA prepared by reverse transcription of C8161-c9-
derived RNA. The PCR product was digested and cloned into
lentiviral pLVTHM expression vector (28). The recombinant
lentiviruswas produced as described above and titrated accord-
ing to the GFP positivity by flow cytometry in C8161-c9 cells.
Melanoma cells were seeded in 6-well plates (5 � 105 cell/well)
and, 16 h later, transduced with the virus at a multiplicity of
infection of 5. Following transduction of C8161-c9 shPAR1
cells with control pLVTHM or pLVTHM-MUC18 virus, the
population of puromycin-resistant cells was selected.
MUC18 promoter reporter was created by amplifying a

673-bp MUC18 promoter region (�644 to �29 relative to the
transcription start site) from C8161-c9 genomic DNA using
forward primer CTAGCTAGCACTTGCAGGAGCTTGAG-
TTTGAAGG and reverse primer GCCCAAGCTTGCTTC-
CCGGCCGGAGGAGAGCCAAG. The fragment was digested
and ligated to a pGL4.12-Luc2-cp vector (Promega, Madison,
WI). The cAMP response element (CRE)-driven luciferase
reporter vector pGL3-CRE was described previously (26).
Dual Luciferase Reporter Assay—Transient transfections

were performed using Lipofectamine 2000 reagent as previ-
ously described (26). For promoter reporter assays, 1 �g of the
firefly luciferase reporter and 5 ng of CMV-drivenRenilla lucif-
erase reporter (pRL-CMV, Promega) plasmids were used for
co-transfections of melanoma cells plated in 24-well plates.
Luciferase activity was measured 48 h (MUC18 reporter) or
24 h (CRE reporter) post transfection using a dual-luciferase
reporter assay system (Promega). The ratio of firefly luciferase
activity to Renilla luciferase activity was used to normalize for
differences in transfection efficiency. For transient PAFR over-
expression, cells were analyzed after 48 h.
Western Blot Analysis—Western blot analysis was performed

as previously described (26).
Immunoprecipitation—PAR1 immunoprecipitationwas per-

formed using monoclonal anti-PAR1 antibody and protein
G-PLUS agarose beads (Santa Cruz Biotechnology) as previ-
ously described (26).

Scintillation Proximity Assay of Intracellular PAF—Lipid
fractions were removed from cell pellets using a modified ver-
sion of the Bligh and Dyer extraction method (30); formic acid
was added to lower the aqueous phase pH to 3.0 (31). Lipids
were purified using lipid purification columns (AmershamBio-
sciences). PAF levels were quantified using scintillation prox-
imity assay for PAF (Amersham Biosciences) as instructed by
the manufacturer. Scintillation proximity assay detects a
decrease in binding of a [3H]PAF tracer (also used as a standard)
to an anti-PAF antibody, immobilized on scintillant beads, in
the presence of cell-derived PAF.
ChIP Assay—ChIP assay was performed using a ChIP-IT

Express kit (Active Motif, Carlsbad, CA) as described previ-
ously (32). PCR amplification of a 258-bp fragment spanning
the �204 to �54 region of the MUC18 promoter was per-
formed using forward primer sequence 5�-AGTGGTA-
AGACATTTGCCCGAGGT-3� and reverse primer sequence
5�-TTTCCCTCCCTGACAGCCTTCTTT-3�.
Attachment of Melanoma Cells to HDMECs—Attachment of

melanoma cells toHDMECswas assayed in 24-well plates, after
16-h co-culture as described previously for HUVECs (33).
Transendothelial Migration of Melanoma Cells—Cell diape-

desis across a monolayer of HDMECs was measured using the
electric cell-substrate impedance sensing (ECIS) technique
(ECIS Model 1600, Applied BioPhysics, Troy, NY), which
detects a decrease in endothelial cell resistance due to retrac-
tion of endothelial cell monolayers after the addition of mela-
noma cells. Briefly, 8-well ECIS arrays were coated with rat-tail
collagen type I (BD Biosciences), and HDMECs (5 � 105 cells
per well) or media only were plated and allowed to formmono-
layers. A baseline impedance measurement for the endothelial
monolayer was monitored for 3–4 h. Then, melanoma cells
(5 � 105 cells/well) were added. During 24-h data acquisition,
the impedance of HDMECs alone remained stable. Data plots
are representative of triplicate experiments, with each graph
showing impedance readings from a separate well. Each time
point is the mean impedance, normalized to the initial value, at
10 distinct electrodes per well.
Animals and Tumor Cell Lung Seeding Assay—All experi-

ments with female athymic BALB/c nude mice (NCI-Fred-
erick Cancer Research Facility, Frederick, MD) were per-
formed according to regulations approved by the
Institutional Animal Care and Use Committee. For lung
seeding assay, melanoma cells were labeled with [3H]thymi-
dine (20 �Ci) for 24 h. Aliquots were used to determine
[3H]thymidine incorporation (cpm/1 � 106 cells). A total of
0.5 � 106 cells was injected into the lateral tail veins of nude
mice. Twenty-four hours after injection, the mice were
killed, and the lungs were resected, washed with water, and
weighed. Tissues were digested in 10 N NaOH solution for
24 h. Radioactivity was counted, normalized to the injected
cpm, and expressed as the amount of radioactivity retained
per gram of tissue.
Statistical Analysis—Results were evaluated using a two-

tailed Student’s t test. p values � 0.05 were considered statisti-
cally significant.
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RESULTS

PAR1 Silencing Down-regulates MUC18 Expression in Meta-
static Melanoma Cells—We have previously shown that PAR1
expression increases during melanoma progression (17). Fur-
thermore, down-regulating PAR1 expression in metastatic
melanoma cells significantly inhibits their metastatic potential
in vivo (13). To investigate the molecular mechanisms of how
PAR1 contributes to melanoma metastasis, we stably silenced
PAR1 expression in two highly metastatic melanoma cell lines,
A375SM and C8161-c9, using a small hairpin RNA (shRNA)
and a lentiviral delivery system, described previously (13).
Immunoprecipitation of cell lysates with anti-PAR1 antibody
followed byWestern blot analysis confirmed that PAR1 expres-
sionwas down-regulated by 95% inA375SMcells and by 58% in
C8161-c9 cells that had been transduced with shRNA targeting
PAR1 (shPAR1), as compared with cells that had been trans-
duced with nontargeting shRNA (shNT) (Fig. 1A).
The A375SM PAR1-silenced cells and cells transduced with

non-targeting control shRNA were subjected to cDNA micro-
array to identify possible downstream target genes regulated by
PAR1, as previously described (34). Themelanoma cell adhesion
molecule MCAM/MUC18 was found to be down-regulated by
9.6-fold following PAR1 silencing in A375SM cells. We and oth-
ers have previously demonstrated that MUC18 plays a major
role in melanoma metastasis by mediating heterotypic inter-
actions between metastatic melanoma cells and endothelial

cells (33, 35, 36). Therefore, we
next tested the hypothesis that
PAR1 regulates melanoma metas-
tasis at list in part by stimulating
MUC18 expression. Western blot
analysis revealed that PAR1
silencing strongly diminished
MUC18 expression in A375SM
and C8161-c9 cell lines by 99 and
49%, respectively (Fig. 1B).
To confirm the specificity of

shRNA against PAR1, we rescued
PAR1 expression in PAR1-silenced
cells using lentiviral shRNA-non-
targetable PAR1 expression vector.
Following cell transductionwith the
control pLVX-ev or pLVX-PAR1
virus and puromycin selection, the
levels of PAR1 protein in PAR1 re-
expressing cells (shPAR1/PAR1)
increased dramatically, as com-
pared with cells transduced with
empty vector (shPAR1/ev) (Fig.
1C). (Please note that the loading
order for C8161 cells (Fig. 1C,
right panel) is different from the
A375SM cells (Fig. 1C, left pan-
el).) PAR1 re-expression rescued
MUC18 expression both in
A375SM and C8161-c9 cells (Fig.
1D). This experiment confirmed
that MUC18 is indeed a specific

downstream target gene of PAR1.
PAR1 Regulates MUC18 Expression via CREB Activation—

To understand the mechanism of PAR1-induced MUC18
expression, we cloned the MUC18 promoter (region from
�644 to �29 bp relative to the transcription start site) and
monitored the reporter-associated activity before and after
PAR1 silencing using the dual luciferase assay. We found that
PAR1 silencing down-regulated the activity of theMUC18 pro-
moter-driven luciferase reporter gene in A375SM and
C8161-c9 cells by 2.9- and 2.6-fold, respectively (Fig. 2A). This
result suggested that PAR1 signaling mainly affected MUC18
expression at the transcriptional level. An analysis of the prox-
imalMUC18 promoter region usingMatInspector (Genomatix
Software GmbH) revealed that this region contained a CREB
binding site as well as four stimulating protein 1 (Sp1)-binding
motifs (Fig. 2B). As demonstrated previously using promoter
mutation analysis, both CREB and Sp1 can regulate MUC18
transcription (37, 38). In addition, we have previously found
that dominant negative CREB inhibited the expression of
MUC18 in metastatic melanoma cells (39). Therefore, we
sought to determine whether PAR1 regulates MUC18 tran-
scription via activation ofCREB and Sp1. Tomonitor the in vivo
binding of CREB to the promoter of MUC18 before and after
PAR1 silencing, we performed a chromatin immunoprecipita-
tion (ChIP) assay. ChIP analysis demonstrated that CREB was
bound to the MUC18 promoter in control shNT cells, whereas

FIGURE 1. PAR1 regulates the expression of melanoma cell adhesion molecule MUC18 in metastatic
melanoma. A, PAR1 silencing (shPAR1) using lentiviral shRNA results in down-regulation of PAR1 expression in
A375SM and C8161-c9 cells as compared with control cells transduced with the nontargeting shRNA (shNT).
Cell lysates were immunoprecipitated using anti-PAR1 antibody, and PAR1 expression was further detected by
Western blot. The IgG band served as an indicator of equal loading. B, Western blot analysis demonstrates that
PAR1 silencing results in down-regulation of MUC18 expression in A375SM and C8161-c9 cells as compared
with control cells transduced with the nontargeting shRNA. C, stable re-expression of PAR1 (shPAR1/PAR1) in
A375SM or C8161-c9 PAR1-silenced cells using lentiviral transduction as demonstrated by immunoprecipita-
tion with anti-PAR1 antibody followed by Western blot. Note an increase in PAR1 levels in shPAR/PAR1 cells as
compared with shPAR1 cells transduced with the empty expression vector (shPAR1/ev). The IgG band served as
an indicator of equal loading. Please note that the loading order in C8161-c9 cells (right panel) is different from
A375SM cells (left panel). D, re-expression of PAR1 (shPAR1/PAR1) in A375SM or C811-c9 PAR1-silenced cells
rescues MUC18 expression as compared with PAR1-silenced cells transduced with the empty expression vector
(shPAR1/ev).
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minimal CREB binding was detected in C8161-c9shPAR1 cells,
and noCREB binding was detected in A375SM cells after PAR1
silencing (Fig. 2C).
The transcriptional activity of CREB is regulated by both its

DNA binding and N-terminal phosphorylation, the latter of
which facilitates CREB interaction with the p300/CREB-bind-
ing protein (40). We found that, after PAR1 silencing, CREB
phosphorylation at serine 133 was strongly decreased (by
95%) in A375SM and C8161-c9 cells (Fig. 2D). Phosphoryl-
ation of activating transcription factor 1 (ATF-1), the CREB
heteromerization partner, was also decreased (Fig. 2D). We

also observed a slight decrease in
total CREB levels in both shPAR1
cell lines (by 37% in A375SM cells
and 33% in C8161-c9 cells), and a
significant decrease in total ATF-1
levels (Fig. 2D). Consequently,
PAR1 silencing decreased CRE-
driven luciferase reporter activity in
A375SM and C8161-c9 cells by 4.5-
and 5-fold, respectively (Fig. 2E).
Finally, we used lentiviral transduc-
tion to silence CREB expression
using shRNA, as described else-
where (29), and found that CREB
silencing down-regulated MUC18
expression in A375SM and
C8161-c9 cell (shCREB) as com-
pared with cells transduced with
shNT virus (Fig. 2F). Taken
together, these data indicate that
PAR1 silencing inhibits MUC18
expression at the transcriptional
level by down-regulating the ex-
pression, phosphorylation, and
DNA binding of CREB.
PAR1 Regulates MUC18 Expres-

sion via CREB-dependent Sp1 Mod-
ulation—In addition to the CREB
bindingmotif, the proximalMUC18
promoter sequence contains four
Sp1 binding motifs (Fig. 2B). ChIP
analysis revealed a decrease in the
binding of Sp1 to the MUC18 pro-
moter after PAR1 silencing (Fig.
3A). No changes in Sp1 protein lev-
els were detected (Fig. 3B). To
determinewhether the loss of CREB
binding affected Sp1 recruitment,
we used ChIP to analyze Sp1 bind-
ing in CREB-silenced cells (C8161-
c9 shCREB) and found that the loss
of CREB inhibited the binding of
Sp1 to the MUC18 promoter (Fig.
3C). Western blot analysis revealed
that Sp1 protein levels remained
unaltered after CREB silencing in
C8161-c9 cells (Fig. 3D). Taken

together, these results suggest that PAR1 regulates MUC18
transcription by regulating the binding of CREB and Sp1 to the
MUC18 promoter and that the DNA binding of Sp1 is
CREB-dependent.
PAFR Mediates MUC18 Expression Downstream of PAR1—

Recently, we demonstrated that biolipid PAF can stimulate the
phosphorylation and activation of CREB and ATF-1 in mela-
noma cells (26). PAF is an essential mediator of platelet activa-
tion and inflammation that has been shown to promote tumor
growth and angiogenesis of breast, prostate, non-melanoma,
and melanoma skin cancers (41–43). Intriguingly, a number of

FIGURE 2. PAR1 regulates MUC18 expression via CREB. A, dual luciferase assay demonstrates that PAR1
silencing inhibits activity of the MUC18 promoter reporter (673 bp, pGL4-MUC18) in A375SM and C8161-c9
cells as compared with control cells transduced with the nontargeting shRNA. B, a schematic of the 5�-flanking
sequence of the MUC18 gene depicts possible binding sites for CREB and Sp1 transcription factors, as indicated
by the position of the 3�-end of each site relative to the transcription start site. A schematic also demonstrates
position of primers used in the ChIP assay. C, ChIP analysis demonstrates that PAR1 silencing (shPAR1) inhibits
CREB binding to MUC18 promoter as compared with control cells transduced with the nontargeting shRNA
(shNT). D, Western blot shows decrease in CREB and ATF-1 phosphorylation and expression following PAR1
silencing. E, as measured by dual luciferase assay, PAR1 silencing inhibits activity of the CRE-driven luciferase
reporter. F, CREB silencing (shCREB) using lentiviral shRNA results in down-regulation of CREB expression in
A375SM and C8161-c9 cells as compared with control cells transduced with the nontargeting shRNA (shNT).
Western blot analysis further demonstrates that CREB silencing results in down-regulation of MUC18
expression.
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biologically active compounds, including lipopolysaccharide,
IL-1, or tumor necrosis factor-� rely on PAF-PAFR pathway to
induce their downstream effects (44, 45).We therefore hypoth-
esized that PAFR mediates MUC18 expression downstream of
PAR1. To investigate this possible connection between PAR1
and PAFR in melanoma, we first monitored the levels of PAFR
expression and PAF production after PAR1 silencing. Western
blot analysis demonstrates that PAR1 silencing inhibited PAFR
expression by �99% in A375SM cells and by 42% in C8161-c9

cells (Fig. 4A). The higher basal expression levels of PAR1 and
PAFRmay account for theweaker inhibition of their expression
in the C8161-c9 cells. Notably, C8161-c9 cells also have higher
metastatic potential in vivo than A375SM cells (13). Alterna-
tively, the difference in degree of silencing could be explained
by variations in transduction efficiency (shRNA incorporation
and expression), or shRNA processing efficiency. Indeed, we
have recently demonstrated variability in the expression of
Dicer and Drosha, components of the RNA-interference
machinery, in ovarian cancer (46).
To determine whether PAR1 silencing affected PAF produc-

tion inmelanoma cells, we used scintillation proximity assay for
PAF. After PAR1 silencing, intracellular PAF levels in A375SM
and C8161-c9 cells decreased by 24% (p � 0.1) and 35% (p �
0.01), respectively (Fig. 4B). Because PAF production was influ-
enced only modestly, it suggested that PAR1 only partly con-
tributed to generation of PAF by melanoma cells. Collectively,
these findings suggest that PAR1 regulates basal PAF produc-
tion and PAFR expression in metastatic melanoma cells.
To determine whether PAFR also regulates MUC18 expres-

sion, we used siRNA to transiently silence PAFR expression.
Treating A375SM and C8161-c9 cells with siRNA down-regu-
lated PAFR expression by 75% in both cell lines, which coin-
cided with a strong down-regulation of MUC18 expression in
A375SM cells (95%) and a complete loss of MUC18 expression
in C8161-c9 cells (Fig. 4C).
Because silencing either PAR1 or PAFR was sufficient to

down-regulate MUC18 expression, and because PAR1 silenc-
ing inhibited PAFR expression, we
hypothesized that PAFR was re-
quired for the PAR1-dependent reg-
ulation of MUC18 expression. We
therefore rescued PAFR expression
in PAR1-silenced A375SM and
C8161-c9 cells and found that
MUC18 expression was restored
following transient PAFR overex-
pression (Fig. 4D), indicating that
PAR1 induces MUC18 expression
via a PAFR-dependent mechanism.
This is the first demonstration of a
connection between the two G-pro-
tein coupled receptors, PAR1 and
PAFR.
PAR1, PAFR, or MUC18 Silencing

Inhibits theAttachment ofMelanoma
Cells to Human Dermal Microvascu-
larEndothelialCellsandtheTransen-
dothelial Migration of Tumor Cells—
Because melanoma cells interact
with HUVECs throughMUC18-de-
pendent adhesion (33, 35, 47),
we next examined the role of the
PAR1, PAFR, and MUC18 in the
attachment of melanoma cells to
HDMECs as a possible mechanism
by which PAR1 contributes to mel-
anoma metastasis. We used lentivi-

FIGURE 3. PAR1 and CREB regulate Sp1. A, PAR1 silencing down-regulates
stimulatory protein-1 (Sp1) binding to the �204 to �54 promoter region of
the MUC18 gene, as demonstrated by ChIP analysis. B, Western blot shows
that PAR1 silencing does not affect the levels of Sp1 expression. C, CREB
silencing (shCREB) down-regulates Sp1 binding to the �204 to �54 promoter
region of the MUC18 gene as compared with cells transduced with the control
non-targeting shRNA (shNT), as demonstrated by ChIP analysis. D, Western
blot shows that CREB silencing does not affect the levels of Sp1 expression.

FIGURE 4. PAR1 regulates MUC18 expression in a PAFR-dependent manner. A, PAR1 silencing (shPAR1)
down-regulates PAFR expression in A375SM and C8161-c9 metastatic melanoma cells as compared with cells
transfected with the control non-targeting shRNA (shNT) (Western blot). B, PAR1 silencing reduces intracellular
PAF concentrations in A375SM and C8161-c9 cells, as demonstrated by scintillation proximity assay. Data are
mean � S.D. from three experiments performed in triplicates. *, p � 0.1; **, p � 0.01. C, silencing PAFR expres-
sion with small interfering (si)RNA (siPAFR) significantly decreased MUC18 protein expression in A375SM and
C8161-c9 melanoma cells as compared with parental cells, cells transfected with Lipofectamine 2000 (Lipofect),
or cells transfected with the control non-targeting siRNA (siNT). D, MUC18 expression is rescued in shPAR1 cells
transfected with PAFR as compared with shPAR1 cells transfected with control empty pcDNA3.1 vector, sug-
gesting that PAFR mediates MUC18 expression downstream of PAR1.
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ral delivery of shRNA to stably silence PAFR and MUC18
expression in C8161-c9 cells. Following lentiviral transduc-
tion and GFP-based selection, PAFR expression was down-
regulated by 56%, and MUC18 expression was decreased by
�95% (Fig. 5A). As in the case of transient PAFR silencing
with siRNA, stable PAFR silencing in C8161-c9 cells resulted
in down-regulation of MUC18 expression (data not shown).
PAR1, PAFR, or MUC18 silencing significantly reduced the
attachment of melanoma cells to HDMECs by 69% (p �
0.0001), 84% (p � 0.0002), and 62% (p � 0.005), respectively
(Fig. 5B).
Tumor cell migration through the endothelial cells layer

(diapedesis) is an integral step of themetastatic cascade. There-

fore, we next used ECIS to assess the
ability of melanoma cells to migrate
across HDMEC monolayers (48).
ECIS is a novel technique that
allows real-time monitoring of
tumor cell diapedesis. When
HDMECs were grown in a mono-
layer on collagen-coated ECIS elec-
trodes, the current flow was
impededwith impedance being pro-
portional to the adhesive properties
of the cells (Fig. 5C). Layering
C8161shNT cells (shNT) on top of
the HDMECs decreased impedance
(Fig. 5C), which reflected a loss of
HDMECmonolayer integrity due to
endothelial cell retraction (48). As
evidenced by no decrease in imped-
ance for up until 19 h after the addi-
tion of the C8161-c9 shPAR1 cells
(shPAR1), diapedesis was strongly
inhibited after PAR1 silencing (Fig.
5C, left panel). Silencing PAFR
expression by 56% (Fig. 5A) resulted
in a mean delay of 6 h in melanoma
cell diapedesis (Fig. 5C, middle
panel). Indeed, whereas 50% shNT
cells migrated through the HDMEC
monolayer 	9.5 h after layering, it
took 15.5 h for 50% of shPAFR cells
to migrate (Fig. 5C, middle panel).
MUC18 silencing produced a 7-h
delay in melanoma cell diapedesis
(Fig. 5C, right panel). Diapedesis
inhibition after PAR1, PAFR, or
MUC18 silencing could have been
partly due to the decreased capacity
of the melanoma cells to attach to
HDMECs.
PAR1, PAFR, orMUC18 Silencing

Inhibits Melanoma Cell Coloniza-
tion in the Lungs—In a previous
study, we found that PAR1 silencing
inhibited melanoma metastasis
after tail-vein injections of mela-

noma cells (13). The findings of the current study provide a
mechanistic explanation for this effect and suggest that the
PAR1, PAFR, andMUC18 are essential formelanoma cell adhe-
sion to endothelial cells and transendothelialmigration. To fur-
ther investigate thismechanism,we examined the in vivo ability
of melanoma cells to be retained in the lungs of nude mice
following tail-vein injections of C8161-c9 melanoma cells
before and after PAR1, PAFR, or MUC18 silencing. PAR1
silencing resulted in an 89% reduction in the ability of mela-
noma cells to seed in the lungs (Fig. 5D, left panel). Similarly,
PAFR and MUC18 silencing resulted in decreases in the num-
ber of melanoma cells retained in the lungs of 61 and 79%,
respectively (Fig. 5D, middle and right panels). These findings

FIGURE 5. Silencing PAR1, PAFR, or MUC18 in C8161-c9 cells decreased their adhesion to HDMECs, dia-
pedesis, and retention in mouse lungs. A, Western blot analysis demonstrates down-regulation of PAFR or
MUC18 proteins in C8161-c9 cells transduced with lentiviral PAFR-targeting shRNA (shPAFR) or MUC18-target-
ing shRNA (shMUC18). B, silencing PAR1, PAFR, or MUC18 in C8161-c9 cells decreased their adhesion to
HDMECs. Representative images and quantitative results (bar graphs) demonstrate that PAR1, PAFR, or MUC18
silencing down-regulated endothelial cell attachment by 69%, 84%, and 62%, respectively. C, representative
ECIS plots show a decrease in impedance of HDMEC monolayers on the addition of control C8161-c9 shNT cells
(shNT), indicating transendothelial migration of melanoma cells (blue lines in each panel). Arrows indicate the
addition of melanoma cells to HDMECs. PAR1 (shPAR1), PAFR (shPAFR), or MUC18 (shMUC18) silencing inhibited
transendothelial cell migration (green lines). The impedance in samples with HDMECs supplemented with
media alone remained stable during the entire experiment (red lines). D, PAR1, PAFR, or MUC18 silencing
inhibited melanoma cell retention in the lung tissue of nude mice by 89%, 61%, and 79%, respectively. Tumor
cells retention was measured 24 h after tail-vein injection and is expressed as the amount of radioactivity
retained per gram of tissue. *, p � 0.01.
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suggest that PAR1, PAFR, andMUC18 play a critical role in the
metastatic arrest of melanoma cells in the lungs.
MUC18 Overexpression Partly Rescues PAR1 Functions, and

PAFR Overexpression Fully Rescues PAR1 Functions in PAR1-
silencedCells—Todetermine the exact contribution ofMUC18
or PAFR in PAR1-mediated melanoma metastasis, we rescued
MUC18 or PAFR expression in C8161-c9 PAR1-silenced cells.
Fig. 6A demonstrates that MUC18 protein levels increased by
2.3-fold after its stable re-expression in PAR1-silenced cells
using lentiviral transduction (shPAR1/MUC18), as compared
with shPAR1 cells transduced with empty vector virus
(shPAR1/ev). To determine whether MUC18 mediates the
attachment of melanoma cells to endothelial cells downstream

of PAR1, we measured melanoma cell attachment to HDMECs
after MUC18 rescue. Fig. 6B demonstrates that MUC18 re-ex-
pression partly restores the adhesion of PAR1-silenced cells to
HDMECs (Fig. 6B). Indeed, PAR1 silencing down-regulated
endothelial cell attachment by	70% (shPAR1/ev) as compared
with control cell line (shNT/ev), whereas MUC18 re-expres-
sion (shPAR1/MUC18) restored melanoma cell adhesion to
endothelial cells to 60% of the initial values seen in shNT/ev
cells (Fig. 6B). Nevertheless, MUC18 re-expression alone was
insufficient to repair the melanoma cells’ ability to be retained
in the lungs (Fig. 6E).
We then rescued PAFR expression in PAR1-silenced cells to

determine whether PAFR mediates the attachment of mela-

FIGURE 6. MUC18 overexpression partly rescues PAR1 function, whereas PAFR overexpression completely rescues PAR1 function in C8161-c9 cells.
A, Western blot analysis demonstrated stable overexpression of MUC18 in C8161-c9 shPAR1 cells (shPAR1/MUC18) as compared with shPAR1 cells transduced
with control empty-vector lentiviral expression plasmid (shPAR1/ev). B, rescuing MUC18 expression in PAR1-silenced cells partly restored the ability of PAR1-
silenced cells to attach to HDMECs. Representative images and quantitative results demonstrate that PAR1 silencing down-regulated endothelial cell attach-
ment (shPAR1/ev) as compared with control cell line (shNT/ev). MUC18 overexpression (shPAR1/MUC18) partly restored melanoma cell adhesion to endothelial
cells. Data are mean � S.D. from three experiments performed in triplicates. C, Western blot analysis demonstrated transient overexpression of PAFR in
C8161-c9 shPAR1 cells as compared with shPAR1 cells transfected with control empty-vector pcDNA3.1 plasmid. D, rescuing PAFR expression in PAR1-silenced
cells restored the ability of PAR1-silenced cells to attach to HDMECs. Representative images and quantitative results demonstrate that PAR1 silencing down-
regulated endothelial cell attachment by 	70% (shPAR1/pcDNA) as compared with control cell line (shNT/pcDNA). PAFR overexpression (shPAR1/pcPAFR)
restored melanoma cell adhesion to endothelial cells to 94% of the initial values seen in shNT/pcDNA cells. Data are mean � S.D. from three experiments
performed in triplicates. E, overexpression of MUC18 in PAR1-silenced cells (shPAR/MUC18) did not rescue the loss of melanoma cell retention in the lung after
PAR1 silencing (shPAR1/ev). Tumor cell retention was measured 24 h after tail-vein injection and is expressed as the amount of radioactivity retained per gram
of tissue. *, p � 0.01. F, overexpression of PAFR in PAR1-silenced cells (shPAR1/pcPAFR) rescued the loss of melanoma cell retention in the lung tissue after PAR1
silencing (shPAR1/pcDNA). Tumor cell retention was measured 24 h after tail-vein injection and is expressed as the amount of radioactivity retained per gram
of tissue. *, p � 0.01.
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noma cells to endothelial cells and lungmetastasis downstream
of PAR1. Increased PAFR levels were detected after PAFR tran-
sient overexpression in shPAR1 cells as comparedwith shPAR1
cells transfectedwith empty vector (Fig. 6C). PAFR overexpres-
sion completely restored the adhesion of PAR1-silenced cells to
HDMECs (Fig. 6D). Furthermore, PAFR re-expression in
shPAR1 cells completely restored themelanoma cells’ ability to
be retained in the lungs (Fig. 6F).
Taken together, our findings indicate that MUC18 is neces-

sary but not sufficient in the absence of functional PAR1 to
produce metastatic phenotype in melanoma. Our data further
suggest that PAFR plays a central role in activating PAR1-in-
duced metastatic phenotype and propose a novel mechanism
linking the PAR1 and PAFR to melanoma metastasis. Fig. 7
depicts a putative model whereby constitutive activation of
PAR1 in metastatic melanoma cells leads to the activation of
PAFR signaling due to an increased expression of the PAF
receptor and production of its ligand, PAF. Activation of PLA2
downstream of PAR1 may be responsible for the enzymatic
generation of PAF: our preliminary analysis suggests that PAR1
silencing inhibited the phosphorylation of cPLA2 at serine 505,
which is known to positively correlate with the enzyme’s activ-
ity (data not shown).Ourmodel further suggests that activation
of PAFR stimulates phosphorylation of CREB (26) and the
recruitment of CREB and Sp1 to the promoter of MUC18,
thereby triggeringMUC18 expression inmetastaticmelanoma.
MUC18 acts as a rate-limiting factor in cancer cell adhesion to
endothelium and cooperates with other downstream target
genes of PAFR to enable the diapedesis and dissemination of
melanoma cells into the distant organs.

DISCUSSION

We found that aberrantly activated PAR1mediates PAF pro-
duction, PAFR expression, CREB and Sp1 activation, and
MUC18 expression in metastatic melanoma (Fig. 7). We also
found that PAR1, PAFR, orMUC18 silencing strongly inhibited
melanoma cell adhesion to endothelial cells, transendothelial
migration, and retention in the lungs. Finally, we found that the
re-expression of PAFR alone is sufficient to induce MUC18
expression and restore the effects of PAR1 on melanoma cell
adhesion to HDMECs and accumulation in the lungs. Mean-
while, MUC18 is necessary but not sufficient in the absence of
functional PAR1 to produce metastatic phenotype in mela-
noma. Collectively, these findings link PAR1 and PAFR with
melanoma metastasis through identification of a novel com-
mondownstream target, an adhesionmoleculeMUC18 (Fig. 7).
MUC18 is a transmembrane glycoprotein that belongs to the

immunoglobulin superfamily and functions as a Ca2�-inde-
pendent adhesion molecule (47, 49, 50). MUC18 is thought to
mediate the homotypic and heterotypic adhesion of melanoma
cells to each other or to HUVECs by interacting with an
unknownheterophilic ligand (35, 47).Wepreviously found that
MUC18 confers invasive and metastatic capability to mela-
noma cells by up-regulating MMP-2 expression (35). Blocking
MUC18 by fully human antibodies inhibited tumor growth and
metastasis and down-regulated MMP-2 expression and inva-
sion of human melanoma (33). Using the genetic suppressor
elements of MUC18 cDNA to down-regulate MUC18 expres-
sion inhibited melanoma cell aggregation, growth in soft agar,
and tumorigenicity (51). The cytoplasmic domain of MUC18
can bind p59fyn, resulting in the phosphorylation of p125FAK

and the binding of p125FAK to paxillin, implicating MUC18 in
the focal adhesion assembly and cell migration (52). Together
with the findings of the current study, these data indicate that
MUC18 plays a rate-limiting role in melanoma metastasis.
However, our data also suggest that MUC18 collaborates with
other downstream targets of PAR1 to stimulate melanoma
metastasis. Other surface adhesion proteins and vascular per-
meability factors that have been shown to influence tumor-to-
endothelial cell adhesion and diapedesis include N-cadherin,
Thomsen-Friedenreich glycoantigen and galectin-3, integrins
�4�1, �5�1, and �3�2, P-selectin, vascular cell adhesion mole-
cule-1, intercellular adhesion molecule-1, vascular endothelial
growth factor, and transforming growth factor-� (22, 53–57).
However, whether or not some of these mediators are down-
stream targets of PAR1 in melanoma has not been yet
investigated.
Intriguingly, our results suggest that PAF plays a critical role

in mediating functions of PAR1. PAF is an essential inflamma-
tory biolipid. It is a mediator of platelet activation and inflam-
mation that has been suggested to promote tumor growth and
angiogenesis of breast, prostate, non-melanoma, and mela-
noma skin cancers (41–43). Although the molecular mecha-
nisms of PAFR action in cancer remain to be investigated, in
various normal cell types, PAF induces the expression of
inflammatory and angiogenic molecules such as IL-6, IL-8,
IL-10, cyclooxygenase-2, vascular endothelial growth factor,
inducible nitric-oxide synthase, and tumor necrosis factor-�

FIGURE 7. A putative model of cooperation between PAR1 and PAFR in
melanoma metastasis. Constitutive PAR1 activation in melanoma cells
causes PAFR expression, possibly through transcriptional activation, and PAF
production, presumably through activation of PLA2. The PAF-PAFR signaling
mediates PAR1-induced MUC18 expression via CREB phosphorylation. PAF
can induce phosphorylation of CREB via activation of p38 MAPK and protein
kinase A (PKA) (26). The binding of CREB to the promoter of MUC18 is accom-
panied by CREB-dependent Sp1 recruitment, resulting in the activation of
MUC18 expression. MUC18 induces the adhesion of melanoma cells to endo-
thelial cells and cooperates with other possible downstream targets of the
PAR1-PAFR pathway to induce endothelial wall disruption, the transendothe-
lial migration of melanoma cells, and the accumulation of melanoma cells in
the lung.
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(58–61). Recently, we have demonstrated that PAFR antago-
nists inhibit human melanoma metastasis in nude mice, and
that PAF contributes to melanoma metastasis by inducing
phosphorylation of CREB and consequent expression of matrix
metalloproteinase 2 (MMP-2) and membrane type 1 MMP
(MT1-MMP) by melanoma cells (26).
Notably, we show that PAR1mediates basal PAF production

and PAFR expression in melanoma. A number of biologically
active compounds including lipopolysaccharide, IL-1, or tumor
necrosis factor-� rely on PAF-PAFR pathway to induce their
downstream effects (44, 45). Our preliminary analysis sug-
gested that decreased levels of PAF following PAR1 silencing
were correlated with a strong inhibition of the phosphorylation
of cPLA2 at serine 505, which is known to positively correlate
with the activity of the enzyme (Fig. 7). Experiments are in
progress to understand the exact mechanism of how PAR1
mediates PAFR expression on the transcriptional level. Our
preliminary immunoprecipitation analysis revealed no evi-
dence of a protein-protein interaction between PAR1-PAFR,
therefore ruling out PAFR protein stabilization.
Analyzing the mechanism of MUC18 expression revealed a

link between the PAR1-PAFR pathway and CREB and Sp1 acti-
vation. This is the first demonstration of PAR1-induced phos-
phorylation and activation of CREB. Intriguingly, we found that
the binding of Sp1 to the MUC18 promoter depends on the
level of CREB expression and CREB recruitment to the pro-
moter. The mechanism of this effect is under investigation.
Because we previously established that Sp1 mediates PAR1
expression (19), our new results suggest the existence of a pos-
itive feedback loop between PAR1 expression and Sp1 activa-
tion in melanoma.
Overall, our findings suggest that PAR1 plays a pivotal role

in regulating melanoma cell adhesion to endothelial cells,
transendothelial migration, and retention in secondary organs.
The molecular mechanism of action of PAR1 involves MUC18
transactivation through the PAF-PAFR signaling and CREB
and Sp1 activation. Therefore, the PAR1-PAFR-MUC18 axis is
an attractive target for the prevention of melanomametastasis.
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