
Prostaglandin E2/EP1 Signaling Pathway Enhances
Intercellular Adhesion Molecule 1 (ICAM-1) Expression and
Cell Motility in Oral Cancer Cells*□S

Received for publication, January 26, 2010, and in revised form, July 20, 2010 Published, JBC Papers in Press, July 20, 2010, DOI 10.1074/jbc.M110.108183

Shun-Fa Yang,a,b Mu-Kuan Chen,a,c Yih-Shou Hsieh,d Tsung-Te Chung,a,e Yi-Hsien Hsieh,d Chiao-Wen Lin,d

Jen-Liang Su,f,g Ming-Hsui Tsai,h and Chih-Hsin Tangi,j1

From the aInstitute of Medicine, Chung Shan Medical University, Taichung 402, Taiwan, the bDepartment of Medical Research,
Chung Shan Medical University Hospital, Taichung 402, Taiwan, the cDepartment of Otorhinolaryngology-Head and Neck Surgery,
Changhua Christian Hospital, Changhua County 500, Taiwan, the dInstitute of Biochemistry and Biotechnology, Chung Shan
Medical University, Taichung 402, Taiwan, the eDepartment of Otolaryngology, Show Chwan Memorial Hospital, Changhua
County 500, Taiwan, the fGraduate Institute of Cancer Biology, College of Medicine, China Medical University and Center for
Molecular Medicine, China Medical University Hospital, Taichung 404, Taiwan, the gDepartment of Biotechnology, Asia University,
Taichung 413, Taiwan, the hDepartment of Otolaryngology, China Medical University Hospital, Taichung 404, Taiwan, the
iDepartment of Pharmacology, School of Medicine, China Medical University and Hospital, Taichung 404, Taiwan, and the
jGraduate Institute of Basic Medical Science, China Medical University and Hospital, Taichung 404, Taiwan

Oral squamous cell carcinoma has a striking tendency to
migrate and metastasize. Cyclooxygenase (COX)-2, the induci-
ble isoform of prostaglandin (PG) synthase, has been implicated
in tumor metastasis. However, the effects of COX-2 on human
oral cancer cells are largely unknown. We found that overex-
pression of COX-2 or exogenous PGE2 increasedmigration and
intercellular adhesion molecule 1 (ICAM)-1 expression in
human oral cancer cells. Using pharmacological inhibitors, acti-
vators, and genetic inhibition of EP receptors, we discovered
that the EP1 receptor, but not other PGE receptors, is involved
in PGE2-mediated cell migration and ICAM-1 expression.
PGE2-mediated migration and ICAM-1 up-regulation were
attenuated by inhibitors of protein kinase C (PKC)�, and c-Src.
Activation of the PKC�, c-Src, and AP-1 signaling pathway
occurred after PGE2 treatment. PGE2-induced expression of
ICAM-1 and migration activity were inhibited by a specific
inhibitor, siRNA, and mutants of PKC�, c-Src, and AP-1. In
addition, migration-prone sublines demonstrated that cells
with increased migration ability had higher expression of
COX-2 and ICAM-1. Taken together, these results indicate that
thePGE2 andEP1 interaction enhancedmigrationof oral cancer
cells through an increase in ICAM-1 production.

Oral squamous cell carcinoma (SCC)2 represents 1–2% of all
human malignancies. It is characterized by a high degree of

local invasiveness and a high rate of metastasis to cervical
lymph nodes. The migration of oral SCC into maxillary and
mandibular bones is a common clinical problem (1). Because
oral cancer is a type of highly malignant tumor with a potent
capacity to invade locally and metastasize distantly (2, 3), an
approach that decreases its ability to invade and metastasize
may facilitate the development of effective adjuvant therapy.
Cyclooxygenases (COXs) are the rate-limiting enzymes that

catalyze the conversion of arachidonic acid to prostaglandins
(PGs). TwoCOX isoformswith distinct tissue distributions and
physiological functions have been identified (4, 5). COX-1 is
constitutively expressed in many tissues and plays important
roles in the control of homeostasis (6). Conversely, COX-2 is an
inducible enzyme and is activated by extracellular stimuli such
as growth factors and proinflammatory cytokines (7). Overex-
pression of COX-2 is frequently found in many types of cancer,
including colon, lung, breast, pancreas, head, and neck cancers
(8–10) and is usually associated with poor prognosis and short
survival. Identification of four subtypes of the PGE receptor
(EP1–EP4) has made it possible to analyze their effects on
human cancer cells (11, 12). EP1 is coupled to Ca2� mobiliza-
tion, EP2 and EP4 activate adenylate cyclase, and EP3 inhibits
adenylate cyclase (13, 14). Furthermore, these studies have
indicated that cancer cells express multiple PGE receptor sub-
types and that each subtypemay be linked to different actions of
PGE2. Tumor invasion and metastasis are the critical steps in
determining the aggressive phenotype of human cancers. Mor-
tality in patients with cancer principally results from the meta-
static spread of cancer cells to distant organs (15). To facilitate
cell motility, invading cells need to change their cell-cell adhe-
sion properties, rearrange the extracellular matrix environ-
ment, suppress anoikis, and reorganize their cytoskeletons (16).
Cell adhesion molecules belonging to the integrin, cadherin,
and immunoglobulin superfamilies have been implicated in
tumor progression (17). Intercellular adhesion molecule-1
(ICAM-1, also called CD54), a member of the immunoglobulin
supergene family, is an inducible surface glycoprotein that
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mediates adhesion-dependent cell-to-cell interactions (18, 19).
The extracellular domain of ICAM-1 is essential for the
transendothelial migration of leukocytes from the capillary bed
into the tissue (20), and ICAM-1 may also facilitate movement
(or retention) of cells through the extracellular matrix (20).
ICAM-1 plays an important role in lung cancer cell invasion
(21), and ICAM-1 antibody or antisense ICAM-1 cDNA has
also been reported to rescues the invasiveness of breast cancer
cells (22). Therefore, ICAM-1may play a critical role in tumor-
igenesis, and its disruption may prevent metastasis.
The contribution of COX-2 to tumorigenesis has been inten-

sively studied. COX-2 modulates the cell migration and inva-
sion of several types of cancer cells (23, 24). The interaction of
COX-2 with its specific EP receptors on the surface of cancer

cells induces cancer invasion (25).
The effect of COX-2 and EP recep-
tors on migration activity in
human oral cells is, however,
mostly unknown. Here, we show
that COX-2 and PGE2 increase
migration and up-regulate ICAM-1
expression inhumanoral cancer cells.
In addition, EP1 receptor, protein
kinase C� (PKC�), c-Src, and activa-
tor protein-1 (AP-1) signaling path-
ways are involved.

EXPERIMENTAL PROCEDURES

Materials—Anti-mouse and anti-
rabbit IgG-conjugated horseradish
peroxidase, rabbit polyclonal anti-
bodies specific for �-actin, PKC�,
c-Src, c-Jun, p-c-Jun, lamin B,
and the small interfering RNAs
(siRNAs) against ICAM-1, c-Jun
and control (for experiments using
targeted siRNA transfection; each
consists of a scrambled sequence
that will not lead to the specific deg-
radation of any known cellular
mRNA) were purchased from Santa
Cruz Biotechnology (Santa Cruz,
CA). ON-TARGET smart pool EP1
and PKC� siRNA and ON-TAR-
GET plus siCONTROL nontarget-
ing pool siRNA were purchased
from Dharmacon (Lafayette, CO).
Rabbit polyclonal antibodies spe-
cific for PKC� phosphorylated at
Thr505 and c-Src phosphorylated at
Tyr416 were purchased from Cell
Signaling and Neuroscience (Dan-
vers, MA). Mouse monoclonal anti-
body specific for ICAM-1 was
purchased fromR&DSystems (Min-
neapolis, MN). PGE2, 17-phenyl tri-
nor PGE2, butaprost, sulprostone,
11-deoxy-PGE1, SC19220, and rabbit

polyclonal antibody specific for COX-2 and EP1 were purchased
from Cayman Chemical (Ann Arbor, MI). Valeryl salicylate,
NS398, GF109203X, 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyr-
azolo[3,4-d] pyrimidine (PP2), and IPTG (isopropyl-�-D-thioga-
lactopyranoside) were purchased fromCalbiochem. Celebrexwas
purchased from Pharmacia Co. Tanshinone IIA was purchased
from BIOMOL (Butler Pike, PA). The COX-2 IPTG-induced
expression plasmid p-NLR-COX2 was a gift from Dr. M. L.
Kuo (National Taiwan University) (26). A 1.9-kbp cDNA
fragment of human COX-2 (generously provided by Dr.
Shuang-En Chuang, National Health Research Institute) was
cloned into the pRSVNOT plasmid (27). The pRSVNOT
plasmid can be relieved by addition of IPTG, allowing regu-
lated expression of the target gene. The c-Src dominant neg-

FIGURE 1. COX-2-directed migration of human oral cancer cells. SCC4 cells were transfected with IPTG/
COX-2 expression plasmid or control vector for 24 h followed by stimulation with IPTG (5 mM) for 24 h. A–C,
COX-2 expression, PGE2 production, and migration activity were determined by Western blot analysis (A), ELISA
(B), and migration assay (C). D, SCC4 cells were transfected with IPTG/COX-2 expression plasmid or control
vector for 24 h and pretreated with valeryl salicylate (20 �M), Celebrex (10 �M), or NS-398 (20 �M) for 30 min
followed by stimulation with IPTG (5 mM), and in vitro migration was measured after 24 h. E, SCC4 cells were
incubated with various concentrations of PGE2, and in vitro migration activity was measured after 24 h. F, total
protein were extracted from normal tissues or from human oral cancer tissues and subjected to Western blot
analysis for COX-2 and ICAM-1. Results are expressed as the mean � S.E. (error bars). *, p � 0.05 compared with
control; #, p � 0.05 compared with IPTG/COX-2 plus IPTG-treated group.
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ative mutant was a gift from Dr. S. Parsons (University of
Virginia Health System, Charlottesville, VA). All other
chemicals were obtained from Sigma-Aldrich.
Cell Culture—The human oral cancer cell line SCC4 (original

site, tongue) was obtained from the American Type Culture Col-
lection (Rockville,MD).Thecellsweremaintained inDMEMsup-
plemented with 20 mM HEPES and 10% heat-inactivated FCS, 2
mM glutamine, penicillin (100 units/ml), and streptomycin (100
�g/ml) at 37 °C with 5% CO2. We also used a migration-prone
subline, SCC4-S10, which was established from SCC4 cells (28).
Migration Assay—The migration assay was performed using

Transwell (Costar; pore size, 8�m) in 24-well dishes. Before the
migration assay, cells were pretreated for 30 min with differ-
ent concentrations of inhibitors, including the SC19220,
GF109203X, PP2, or vehicle control (0.1% dimethyl sulfoxide).
Approximately 1 � 104 cells in 100 �l of serum-free medium
were placed in the upper chamber, and 300 �l of the same
medium containing PGE2 was placed in the lower chamber.
The plates were incubated for 24 h at 37 °C in 5%CO2, and then
cells were fixed in methanol for 15 min and stained with 0.05%
crystal violet in PBS for 15 min. Cells on the upper side of the
filters were removed with cotton-tipped swabs, and the filters
werewashedwith PBS. Cells on the underside of the filters were
examined and counted under a microscope. Each clone was
plated in triplicate in each experiment, and each experiment

was repeated at least three times.
The number of migrating cells in
each experiment was adjusted with
a cell viability assay to correct for
proliferation effects of PGE2 (cor-
rected migrating cell number �
countedmigrating cell number/per-
cent of viable cells) (29).
Quantitative Real-time PCR

(qPCR)—Total RNA was extracted
fromoral cancer cells using aTRIzol
kit (MDBio Inc., Taipei, Taiwan).
The reverse transcription reaction
was performed using 2 �g of total
RNA that was reverse transcribed
into cDNA using oligo(dT) primer.
The qPCR analysis was carried out
using Taqman� one-step PCR
Master Mix (Applied Biosystems).
100 ng of total cDNAwas added per
25-�l reaction with sequence-spe-
cific primers and Taqman� probes.
Sequences for all target gene prim-
ers and probes were purchased
commercially (�-actin was used as
internal control) (Applied Biosys-
tems). qPCR assays were carried out
in triplicate (one independent RNA
sample for each treatment) on a
StepOnePlus sequence detection
system. The cycling conditionswere
10-min polymerase activation at
95 °C followed by 40 cycles at 95 °C

for 15 s and 60 °C for 60 s. The threshold was set above the
nontemplate control background andwithin the linear phase of
target gene amplification to calculate the cycle number at
which the transcript was detected (denoted CT).
Western Blot Analysis—Cellular lysates were prepared as

described (29). Proteins were resolved on SDS-PAGE and
transferred to Immobilon polyvinyldifluoride membranes. The
blots were blocked with 4% BSA for 1 h at room temperature
and then probed with rabbit anti-human antibodies against
PKC�, p-PKC�, c-Src, or p-c-Src (1:1,000) for 1 h at room tem-
perature. After three washes, the blots were subsequently incu-
batedwith a donkey anti-rabbit peroxidase-conjugated second-
ary antibody (1:1,000) for 1 h at room temperature. The blots
were visualized with enhanced chemiluminescence and Kodak
X-OMAT LS film (Eastman Kodak, Rochester, NY).
Tissue Collection—Upon approval by the local ethics com-

mittee, specimens of tumor tissues or normal tissues were
obtained from patients who had been pathologically diagnosed
with oral cancer and had undergone surgical resection at the
China Medical University Hospital. Tissue specimens were
ground and sonicated in a lysis buffer. The protein expression
levels were analyzed using Western blot analysis.
Kinase Activity Assay—PKC� and c-Src activity were

assessed with a PKC Kinase Activity Assay kit (Assay Designs,
Ann Arbor, MI) and a c-Src Kinase Activity Assay kit (Abnova,

FIGURE 2. EP1 receptor is involved in PGE2-mediated migration of human oral cancer cells. A, SCC4 cells
were transfected with IPTG/COX-2 expression plasmid or control vector for 24 h followed by stimulation with
IPTG (5 mM) for 24 h, and the mRNA expression of EP receptors was determined by qPCR. B, SCC4 cells were
incubated with PGE2 for 24 h, and the mRNA expression of EP receptors was determined by qPCR. C, SCC4 cells
were treated with 17-phenyl trinor PGE2 (3 �M), butaprost (10 �M), sulprostone (10 �M), 11-deoxy-PGE1 (10 �M),
PGE2 and PGE2 plus SC19220 (10 �M), and in vitro migration activity was measured after 24 h. D, inset, cells were
transfected with EP1 siRNA for 24 h, and the EP1 expression was examined by Western blotting. D, cells were
transfected with EP1 siRNA for 24 h followed by stimulation with PGE2, and in vitro migration was measured
after 24 h. Results are expressed as the mean � S.E. (error bars). *, p � 0.05 compared with control; #, p � 0.05
compared with PGE2-treated group.
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Taipei, Taiwan). The kinase activity kits are based on a solid
phase ELISA that uses a specific synthetic peptide as a substrate
for PKC� or c-Src and a polyclonal antibody that recognizes the
phosphorylated form of the substrate.
Chromatin Immunoprecipitation Assay—Chromatin im-

munoprecipitation analysis was performed as described (30).
DNA immunoprecipitated with anti-c-Jun was purified and
extracted with phenol-chloroform. The purified DNA pellet
was subjected to PCR, and PCR products were resolved with
1.5% agarose gel electrophoresis and visualized with UV
light. The primers 5�-AGACCTTAGCGCGGTGTAGA-3�
and 5�-AGTAGCAGAGGAGCTCAGCG-3� were utilized to
amplify across the ICAM-1 promoter region (�346 to �24)
(30).

Statistics—For statistical evalua-
tion, the Mann-Whitney U test was
used for non-Gaussian parameters,
and the Student’s t test was used
for Gaussian parameters (including
Bonferroni correction). Differences
were considered significant if the p
value was �0.05.

RESULTS

COX-2 Directed Migration of
Oral Cancer Cells via the EP1
Receptor—COX-2 expression stim-
ulates directional migration and
invasion of human cancer cells (23,
24). We used an IPTG-inducible
COX-2 gene expression vector to
examine the role of COX-2 in oral
cancer cells. SCC4 cells were trans-
fected with IPTG-inducible COX-2
gene expression vector or a control
vector, and then IPTG (5 mM) was
added for 24 h. Using Western blot
analysis and ELISA, we found that
IPTG induced COX-2 and PGE2
expression, respectively (Fig. 1, A
and B). Furthermore, overexpres-
sion of COX-2 enhanced cell migra-
tion in oral cancer cells (Fig. 1C). To
confirm IPTG-inducible COX-2-
mediated cell migration, COX-2
specific inhibitors (Celebrex and
NS-398) were used. Celebrex and
NS-398, but not a COX-1-specific
inhibitor (valeryl salicylate), re-
duced IPTG-inducible COX-2-me-
diated cell migration (Fig. 1D). We
then directly exposed SCC4 cells to
PGE2 and examined their migration
activity. Stimulation of cells with
PGE2 increased themigration activ-
ity in oral cancer cells in a dose-de-
pendent manner (Fig. 1E). We also
examinedhumanoral cancer tissues

for expression of COX-2 using Western blot analysis. Protein
levels of COX-2 in human oral cancer tissues were significantly
higher than those in normal tissues (Fig. 1F). Thus, expression
of COX-2 was associated with a metastatic phenotype of oral
cancer cells.
PGs exert their effects through interaction with specific

EP1–EP4 subtype receptors (11, 12). To investigate the role of
EP1–EP4 subtype receptors in COX-2-mediated increase of
cell migration, we assessed the distribution of these EP subtype
receptors in human oral cancer cells by qPCR analysis. The
mRNAs of EP1, EP2, EP3, and EP4 subtype receptors could be
detected in SCC4 cells (Fig. 2A). After IPTG/COX-2-trans-
fected SCC4 cells were treated for 24 h with IPTG, the mRNA
level of EP1 subtype receptor was increased, whereas EP2, EP3,

FIGURE 3. COX-2-directed migration of human oral cancer cells involves up-regulation of ICAM-1. A and
B, SCC4 cells were transfected with IPTG/COX-2 expression plasmid or control vector for 24 h followed by
stimulation with IPTG (5 mM) for 24 h, and the protein and mRNA expression of ICAM-1 was determined by
Western blotting (A) and qPCR (B). C and D, SCC4 cells (without transfected with control siRNA) were incubated
with PGE2 for 24 h, and protein and mRNA expression of ICAM-1 was examined by Western blotting (C) and
qPCR (D). E, cells were transfected with ICAM-1 siRNA for 24 h followed by stimulation with PGE2, and in vitro
migration was measured after 24 h. F, SCC4 cells were treated with 17-phenyl trinor PGE2 (3 �M), 11-deoxy-PGE1
(10 �M), PGE2, and PGE2 plus SC19220 (10 �M), and mRNA expression of ICAM-1 was determined using qPCR.
Results are expressed as the mean � S.E. (error bars). *, p � 0.05 compared with control; #, p � 0.05 compared
with PGE2-treated group.
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and EP4 receptor mRNA remained unchanged (Fig. 2A). In
addition, a similar induction of EP1 receptor mRNA, but not
EP2, EP3, and EP4 receptor subtypes, was observed in SCC4
cells treated with PGE2 (Fig. 2B). To determine the role of EP1
receptor-dependent signaling in the regulation of cell migra-
tion in oral cancer cells, the cells were treated with EP1–EP4-
specific agonists, and then the cell migration activity was exam-
ined. Of the agonists tested, only the EP1/EP3-selective
receptor agonist, 17-phenyl trinor PGE2 (3 �M), significantly
increased themigration activity (Fig. 2C). In contrast, butaprost

(EP2 agonist; 10 �M), sulprostone
(EP3 agonist; 10 �M) and 11-deoxy-
PGE1 (EP3-selective agonist; 10 �M)
did not up-regulate cell migration
(Fig. 2C). In addition, treatment
with the EP1 receptor antagonist
SC19220 (10�M) effectively antago-
nized the potentiating effect of
PGE2 on cell migration activity (Fig.
2C). To confirm further this stimu-
lation-specific mediation by EP1
receptor, we assessed the role of EP1
by using ON-TARGET smart pool
EP1 siRNA, which decreases non-
specific effects by chemical modifi-
cation and pooling (31). Transfec-
tion of cells with ON-TARGET
smart pool EP1 siRNA reduced EP1
expression (Fig. 2D, inset). Trans-
fection of cells with siRNA for EP1
but not with control siRNA effec-
tively inhibited the PGE2-mediated
migration of oral cancer cells (Fig.
2D inset, lower panel). These results
indicate that PGE2 increased cell
migration in human oral cancer
cells via EP1 receptor.
PGE2-directed Migration of Oral

Cancer Cells Involves ICAM-1 Up-
regulation—ICAM-1 is expressed at
significant levels in human oral can-
cer cells (1). Therefore, we hypoth-
esized that ICAM-1 may be
involved in PGE2-directed migra-
tion of oral cancer cells. Western
blotting and qPCR analysis showed
that IPTG/COX-2-mediated COX-2
induced the protein and mRNA
expression of ICAM-1 in SCC4 cells
(Fig. 3, A and B). In addition, treat-
ment of cells with PGE2 also
increased protein and mRNA ex-
pression of ICAM-1 in a dose-
dependentmanner (Fig. 3,C andD).
Transfection of cells with ICAM-1
siRNAmarkedly inhibited PGE2-in-
duced cell migration (Fig. 3E). In
contrast, the EP1/3 agonist en-

hancedmRNAexpression of ICAM-1 (Fig. 3F). Pretreatment of
cells with SC19220 or transfection of cells with EP1 siRNA
reduced PGE2-mediated ICAM-1 expression (Fig. 3F). Further-
more, comparedwith normal tissues, humanoral cancer tissues
expressed higher levels of ICAM-1 (Fig. 1F). These data suggest
that PGE2-induced cancer migration may occur via activation
of the ICAM-1.
Signaling Pathways of PKC� and c-Src Are Involved in Poten-

tiating Action of COX-2—PKC� plays a crucial role in the reg-
ulation of gene expression (32, 33). To determine whether PKC

FIGURE 4. PKC� is involved in COX-2-induced migration and ICAM-1 production. A and B, SCC4 cells were
pretreated for 30 min with GF109203X (3 �M) or rottlerin (3 �M) followed by stimulation with PGE2 (10 �M) for
24 h, and in vitro migration (A) and ICAM-1 mRNA expression (B) were measured after 24 h. C, inset, cells were
transfected with PKC� or control siRNA for 24 h, and the protein levels of PKC� were determined by using
Western blot analysis. C, cells were transfected with PKC� siRNA or control siRNA for 24 h and then stimulated
with PGE2 (10 �M) for 24 h. The in vitro migration was measured after 24 h. D, cells were incubated with PGE2 (10
�M) for the indicated time intervals, and p-PKC� expression was examined by Western blot analysis. E and F,
cells were incubated with PGE2 (10 �M) for indicated time intervals (E) or pretreated 30 min with SC19220 or
transfected with EP1 siRNA for 24 h, followed by stimulation with PGE2 (10 �M) for 60 min, and PKC� activity was
determined by the PKC� kinase kit (F). Results are expressed as the mean � S.E. (error bars). *, p � 0.05
compared with control; #, p � 0.05 compared with PGE2-treated group.
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isoforms were involved in PGE2-triggered cell migration, SCC4
cells were pretreatedwith eitherGF109203X, a pan-PKC inhib-
itor, or rottlerin, a selective PKC� inhibitor (34) for 30 min and
then incubated with PGE2 for 24 h. As shown in Fig. 4,A and B,
pretreatment with GF109203X and rottlerin reduced PGE2-in-
duced cell migration and ICAM-1 expression, suggesting that
PKC�plays a potential role in PGE2-induced cellmotility in oral
cancer cells. Transfection with a PKC� siRNA specifically
blocked protein expression of PKC� (Fig. 4C inset, upper
panel). In addition, PKC� siRNA also reduced PGE2-induced
cancer cell migration (Fig. 4C inset, lower panel). We then
directly measured PKC� phosphorylation in response to PGE2.
Stimulation of SCC4 cells led to a significant increase in phos-
phorylation of PKC� (Fig. 4D). In addition, PKC� activity was
also increased by PGE2 treatment in SCC4 cells in a time-de-
pendent manner (Fig. 4E). Pretreatment of cells with SC19220
or transfection of cells with EP1 siRNA also reduced PGE2-
mediated PKC� kinase activity (Fig. 4F). Based on these results,
PGE2 appears to act through the EP1- and PKC�-depen-

dent signaling pathway to enhance
ICAM-1 expression and cell mi-
gration in human oral cancer cells.
PKC�-dependent c-Src activa-

tion is involved in the regulation of
COX-2 expression (35). Therefore,
we investigated the role of Src in
mediating PGE2-induced ICAM-1
expression with the specific Src
inhibitor PP2. As shown in Fig. 5, A
and B, PGE2-induced cell migration
and ICAM-1 expression was mark-
edly attenuated by pretreatment of
cells for 30 min with PP2 or trans-
fected of cells for 24 h with c-Src
mutant. Themajor phosphorylation
site of c-Src at the Tyr416 residue
results in activation from c-Src
autophosphorylation (36). To con-
firm directly the crucial role of Src
in cell motility, we measured the
level of Src phosphorylation at
Tyr416 in response to PGE2. As
shown in Fig. 5C, treatment of SCC4
cells with PGE2 resulted in a time-
dependent phosphorylation of c-Src
at Tyr416. Next, we directly exam-
ined c-Src kinase activity in re-
sponse to PGE2. Stimulation of cells
with PGE2 also increased the kinase
activity of c-Src in a time-dependent
manner (Fig. 5D). To determine the
relationship among EP1, PKC�, and
c-Src in the PGE2-mediated signal-
ing pathway, we found that pre-
treatment of cells for 30 min with
SC19220 and rottlerin markedly
inhibited the PGE2-induced c-Src
kinase activity (Fig. 5E). Based on

these results, PGE2 appears to act through a signaling pathway
involving EP1 receptors, PKC�, and c-Src to enhance cell
migration and ICAM-1 expression in oral cancer cells.
Involvement of AP-1 in COX-2-induced Cell Migration and

ICAM-1 Expression—The promoter region of human ICAM-1
containsAP-1,NF-�B,CCAAT/enhancer-binding protein, and
SP binding sites (37). AP-1 plays a critical role in ICAM-1
expression (38). To examine the role of the AP-1 binding site in
PGE2-mediated ICAM-1 expression, anAP-1 inhibitor (tanshi-
none IIA) was used. Pretreatment of cells with tanshinone IIA
reduced PGE2-induced cell migration and ICAM-1 expression
(Fig. 6,A and B). It has been reported that the AP-1 binding site
between �284 and �279 was important for the activation of
the ICAM-1 gene (37). AP-1 activationwas further evaluated by
analyzing the accumulation of phosphorylated c-Jun in the
nucleus aswell as by the chromatin immunoprecipitation assay.
Treatment of cells with PGE2 resulted in a marked accumula-
tion of phosphorylated c-Jun in the nucleus (Fig. 6C). Transfec-
tion of cells with c-Jun siRNA suppressed the expression of

FIGURE 5. c-Src is involved in PGE2-mediated migration and ICAM-1 expression in oral cancer cells. A and
B, cells were pretreated for 30 min with PP2 (3 �M) or transfected for 24 h with c-Src mutant followed by
stimulation with PGE2 for 24 h, and in vitro migration (A) and ICAM-1 mRNA expression (B) were measured after
24 h. C, cells were incubated with PGE2 for indicated the time intervals, and c-Src phosphorylation was exam-
ined by Western blotting. D and E, cells were incubated with PGE2 for the indicated time intervals (D) or
pretreated 30 min with SC19220 or rottlerin for 30 min, followed by stimulation with PGE2 for 60 min, and c-Src
kinase activity was determined by the c-Src kinase kit (E). Results are expressed as the mean � S.E. (error bars).
*, p � 0.05 compared with control; #, p � 0.05 compared with PGE2-treated group.
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c-Jun (Fig. 6D inset, upper panel). PGE2-induced cell migration
was also inhibited by c-Jun siRNA but not by control siRNA
(Fig. 6D inset, lower panel).We next investigatedwhether c-Jun
binds to theAP-1 element on the ICAM-1 promoter after PGE2
stimulation. The in vivo recruitment of c-Jun to the ICAM-1
promoter (�346 to�24) was assessed by the chromatin immu-
noprecipitation assay (30). In vivo binding of c-Jun to the AP-1
element of the ICAM-1 promoter occurred after PGE2 stimu-
lation (Fig. 6E). Binding of c-Jun to the AP-1 element by PGE2
was attenuated by SC19220, rottlerin, and PP2 (Fig. 6E). Taken
together, these data suggest that activation of the EP1, PKC�,
c-Src, c-Jun, and AP-1 pathways is required for the PGE2-in-
duced increase of cell migration and ICAM-1 expression in
human oral cancer cells.
Increase of COX-2 and ICAM-1 Expression in Migration-

prone Cells—To confirm the COX-2 mediated cell migration
and ICAM-1 expression in human oral cancer cells further, the
higher cell mobility SCC4 sublines were used (28). In our pre-
vious report, we selected SSC4 sublines with higher cell mobil-
ity (28). We also found the a similar result with our previous
report (28) that migration-prone subline SCC4-S10 had higher
cell motility compared with original SCC4-S0 (Fig. 7A). More-

over, it was found that SCC4-S10
markedly increased the protein
expression of PGE2 (Fig. 7B) or
COX-2, EP1, and ICAM-1 (Fig. 7C).
Therefore, human oral cancer
cells with a higher tendency to
migrate expressed more COX-2
and ICAM-1.

DISCUSSION

The elucidation of the molecular
biology of cancer cells in recent
years has identified various molecu-
lar pathways that are altered in dif-
ferent cancers. This information is
currently being exploited to develop
potential therapies that target mol-
ecules in these pathways. To achieve
metastasis, cancer cells must evade
multiple barriers and overcome cer-
tain rules. Several discrete steps are
discernible in the biological cascade
leading tometastasis: loss of cellular
adhesion, increased motility and
invasiveness, entry and survival into
the circulation, entrance into new
tissue, and eventual colonization of
a distant site (15). The mechanism
of metastasis is a complicated and
multistage process; however, our
study showed that COX-2/PGE2
promotes cell migration and the
expression of ICAM-1 in human
oral cancer cells. Here, we provide
evidence that ICAM-1 acts as a cru-
cial transducer of cell signaling, reg-

ulating cell migration, and COX-2 acts as a critical mediator of
the metastasis activity of cancer cells in the tumor microenvi-
ronment. In addition, EP1, PKC�, c-Src, and c-Jun inhibitor or
siRNA reduced PGE2-mediated cell migration in the other oral
cancer cell line HSC3 cells (supplemental Fig. S1). Further-
more, EP1, PKC�, c-Src, and c-Jun inhibitor or siRNAalso abol-
ished PGE2-increased ICAM-1 expression in HSC3 cells
(supplemental Fig. S1). Therefore, the same signaling pathways
are involved in these two oral cancer cell lines. However,
whether the same signaling pathways are involved in all oral
cancer cells needs further examination. Using Western blot
analysis, we found that the expression of COX-2 and ICAM-1
in human oral cancer tissues was significantly higher than in
normal oral tissues. Therefore, these clinical results also con-
firm our in vitro data that the expression of COX-2 and
ICAM-1 was associated with the migratory phenotype of oral
cancer cells.
COX-2 is a pleiotropic enzyme that mediates many physio-

logical functions such as inhibition of cell apoptosis, augmen-
tation of angiogenesis, and increased cell motility. These COX-
2-mediated functions are regulated in part by various proteins
such as B-cell lymphoma (39), myeloid cell leukemia-1,

FIGURE 6. AP-1 is involved in the potentiation of ICAM-1 expression by PGE2. A and B, cells were pretreated
for 30 min with tanshinone IIA followed by stimulation with PGE2 for 24 h, and in vitro migration (A) and
ICAM-1 mRNA expression (B) were measured after 24 h. C, cells were incubated with PGE2 for the indicated
time intervals, and c-Jun phosphorylation in the nucleus was determined by Western blotting. D, inset,
upper panel, cells were transfected with c-Jun or control siRNA for 24 h, and the protein levels of c-Jun were
determined by using Western blot analysis. D, inset, lower panel, cells were transfected with c-Jun or
control siRNA for 24 h and then stimulated with PGE2 for 24 h. The in vitro migration was measured after
24 h. E, cells were pretreated with SC19220, rottlerin, and PP2 and then stimulated with PGE2 for 120 min,
and the chromatin immunoprecipitation assay was then performed. Chromatin was immunoprecipitated
with anti-c-Jun. One percentage of the precipitated chromatin was assayed to verify equal loading (input).
Results are expressed as the mean � S.E. (error bars). *, p � 0.05 compared with control; #, p � 0.05
compared with the PGE2-treated group.
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VEGF-A (40), and metalloproteinases (41). However, the effect
of COX-2 on migration activity in human oral cancer cells is
mostly unknown. We found the expression of mRNA levels of
COX-2 in oral cancer cells by qPCR analysis.Moreover, COX-2
and exogenous PGE2 increased migration of oral cancer cells.
Our data provided the evidence that the expression of COX-2 is
associated with a metastatic phenotype of oral cancer cells. We
also examined the other PGE production after cells were trans-
fected with IPTG-inducible COX-2 gene expression vector. By
ELISA, we found that COX-2 also increased other PGE produc-
tion �2-fold (PGD2, PGF2�, or PGI2; supplemental Fig. S2).
However, COX-2 induced PGE2 production �5-fold (Fig. 1B).
Therefore, PGE2 is much more important in COX-2-mediated
cell migration in oral cancer cells. In this study, the 200-fold
difference in PGE2 levels between that caused by COX-2 over-
expression (550 pg/ml, which is �1.4 nM) led to significant cell

migration and exogenous PGE2 (0.3
�M) required for inducing cell
migration. However, we also found
that COX-2 increased the other PGs
(PGD2, PGF2�, and PGI2) produc-
tion. Therefore, the other PGEsmay
also contributed COX-2-mediated
cell migration. COX-2 exert it
effects through interaction with
specific EP1–EP4 receptors (11, 12).
However, the expression of EP
receptors in oral cancer cells is
largely unknown.We found that the
SCC4 cells expressed EP1–EP4
receptors. However, EP1 but not
other EP receptors was required for
PGE2-induced migration activity.
Treatmentwith butaprost (EP2 ago-
nist), sulprostone (EP3 agonist), and
11-deoxy-PGE1 (EP3 selective ago-
nist) failed to up-regulate cell
migration. To further rule out an
effect of the EP4 receptor, EP4
siRNA was used. Compared with
EP1 siRNA, EP4 siRNA did not
affect PGE2-induced cell migration
in SSC4 cells (supplemental Fig. S3).
Therefore, an effect of the EP4
receptor can be ruled out. Our data
thus suggest a critical role for EP1
receptor in PGE2-mediated cell
migration in human oral cancer
cells.
Several isoforms of PKC have

been characterized at the molecular
level and have been found to medi-
ate several cellular molecular re-
sponses (42).We demonstrated that
the PKC inhibitor GF109203X (at 3
�M dose used inhibited all PKC iso-
forms except �) antagonized the
PGE2-mediated potentiation of cell

migration and ICAM-1 expression, suggesting that PKC activa-
tion is an obligatory event in PGE2-induced motility in these
cells. In addition, rottlerin also inhibited PGE2-induced migra-
tion and ICAM-1 expression. However, the current report indi-
cates that rottlerin is not a specific PKC� inhibitor but inhibits
may other targets (43). Therefore, we used PKC� siRNA to con-
firm PKC� function in oral cancer cells. We found that PKC�
siRNA inhibited the enhancement of cell migration in oral can-
cer cells. Incubation of oral cancer cells with PGE2 also
increased PKC� phosphorylation and kinase activity. On the
other hand, SC19220 and EP1 siRNA reduced PGE2-mediated
PKC kinase activity. These data suggest that the EP1 and PKC�
pathways are required for PGE2-induced migration and
ICAM-1 expression. On the other hand, we found that PKC�
siRNA did not affect leptin or adiponectin-induced cell migra-
tion in SCC4 cells (supplemental Fig. S4). Therefore, leptin or

FIGURE 7. Up-regulation of COX-2 and ICAM-1 expression in migration-prone cells. A, after 10 rounds of
selection of SCC4 cells by cell culture insert system, the migration-prone subline (S10) exhibited more migra-
tion than original SCC4 cells (S0). B, S10 expressed more PGE2 in culture medium by ELISA than original SCC4
cells (S0). C, S10 expressed more COX-2, EP1, and ICAM-1 protein expression than original SCC4 cells (S0).
Results are expressed as the mean � S.E. (error bars). D, schematic of the signaling pathways involved in
COX-2-induced migration and ICAM-1 expression of oral cancer cells is shown. COX-2 and EP1 interaction
activates PKC� and c-Src pathways, which in turn induces AP-1 activation, which leads to ICAM-1 expression
and increases the migration of human oral cancer cells.
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adiponectin induces cell migration in oral cancer cell through a
PKC�-independent pathway. Src, a tyrosine kinase, plays a crit-
ical role in the induction of chemokine transcription (44).
Because c-Src is a downstream effector of PKC� (35), we exam-
ined the potential role of c-Src in the signaling pathway PGE2-
induced ICAM-1 expression. Treatment of cells with c-Src
inhibitor PP2 or transfection of cells with c-Srcmutant reduced
PGE2-mediated cell migration and ICAM-1 expression. In
addition, we also found that treatment of oral cancer cells with
PGE2 induced increases in c-Src phosphorylation at Tyr416 and
in c-Src kinase activity. These effects were inhibited by
SC19220androttlerin,indicatingtheinvolvementofEP1,PKC�-
dependent c-Src activation in PGE2-mediated migration and
ICAM-1 induction. Taken together, our results provide evi-
dence that PGE2 up-regulates cell motility and ICAM-1 expres-
sion in human oral cancer cells via the EP1/PKC�/c-Src signal-
ing pathway.
There are several binding sites on the human ICAM-1 pro-

moter for a number of transcription factors, including sites for
binding AP-1, NF-�B, CCAAT/enhancer-binding protein, and
SP (37). The results of this study show that AP-1 activation
contributes to PGE2-induced migration and ICAM-1 produc-
tion in oral cancer cells. The AP-1 sequence binds to members
of the Jun and Fos families of transcription factors. These
nuclear proteins interact with the AP-1 site as Jun homodimers
or Jun-Fos heterodimers formed by protein dimerization
through their leucine zipper motifs. The results of this study
show that PGE2 induced c-Jun nuclear accumulation. In addi-
tion, c-Jun siRNAabolished the PGE2-induced cellmigration in
oral cancer cells. Furthermore, PGE2 also increased the binding
of c-Jun to the AP-1 element on the ICAM-1 promoter, as
shown by chromatin immunoprecipitation assay. Binding of
c-Jun to the AP-1 element was attenuated by SC19220, rot-
tlerin, and PP2. These results indicate that PGE2 and EP1 inter-
action might act through the PKC�, c-Src, c-Jun, and AP-1
pathway to induce ICAM-1 activation in human oral cancer
cells.
To conclude, we present a novel mechanism of COX-2-di-

rected migration of oral cancer cells via up-regulation of
ICAM-1 production. PGE2 increases cell migration and
ICAM-1 expression by activation of EP1, PKC�, c-Src, c-Jun,
and AP-1-dependent pathway (Fig. 7D).
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