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Abstract
Human lung adenocarcinoma A549 cells stably transfected with TPα (A549-TPα) were used to study
agonist I-BOP-induced expression of cyclooxygenase-2 (COX-2) and the related mechanisms of
induced expression. I-BOP, a TP agonist, induced a time and dose dependent expression of COX-2
in A549-TPα cells as revealed by Western blot and by the synthesis of PGE2 and TXB2 which was
totally inhibited by COX-2 inhibitors. The signaling pathways of I-BOP-induced COX-2 expression
were elucidated by using various inhibitors of the signaling molecules. The effects of these inhibitors
were assessed at three different levels of COX-2 expression: protein, enzyme activity and promoter
activity. Within MAPK family, both ERK and p38 MAPK but not JNK/SAPK pathways were
involved in the induction. Other pathways such as JAK/Stat3 pathway and β-catenin/TCF/LEF
pathway also participated in the induction. The activation of key signaling molecules, ERK, p38
MAPK, CREB and NF-κB, involved in the COX-2 transcription was further studied at the
phosphorylation step. Activation of ERK and p38 MAPK appeared to be mediated primarily by
transactivation of EGFR, whereas activation of CREB and NF-κB was mediated by PKA, PKC and
ERK. The role of CREB and NF-κB in I-BOP-induced COX-2 expression was further explored at
the COX-2 promoter level. Studies on promoter fragments of different length and mutation of
responsive motifs indicated that CRE and NF-κB sites are critical for the COX-2 induction. Distal
NF-κB site is essential for the basal induction of the COX-2 transcription, whereas CRE and proximal
NF-κB sites are important for the induced transcription. These results indicate that I-BOP induced
COX-2 expression through multiple signaling pathways leading to the activation of CREB and NF-
κB transcriptional factors and subsequent COX-2 transcription.

INTRODUCTION
Thromboxane A2 (TXA2) is generated from arachidonic acid by consecutive actions of
cyclooxygenase (COX), existing as two isoforms of COX-1 and COX-2, and thromboxane
synthase (TXAS) [1]. TXA2 exhibits potent and diverse bioactivities, such as platelet
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aggregatory activity and smooth muscle constrictive activity [2,3], which are mediated by the
activation of TXA2 receptors (TPs) [4]. Two isoforms of TP, TPα and TPβ, have been identified
[5]. They are structurally identical in the first 328 amino acids, but different in the C-terminal
tail. Activation of both isoforms of TP leads to stimulation of phospholipase C generating two
second messengers, inositol triphosphate and diacylglycerol, which mobilize intracellular
Ca2+ and activate protein kinase C (PKC) respectively [6]. Activation of TPα also leads to
stimulation of adenylate cyclase generating cyclic AMP which activates protein kinase A
(PKA), whereas activation of TPβ results in inhibition of adenylate cyclase [7]. Activation of
TPs also initiates signaling cascades leading to activation of various kinases known to be
involved in mitogenic responses, such as epidermal growth factor receptor (EGFR) [8],
extracellular signal-regulated kinase (ERK) [9], Akt/protein kinase B (PKB) [10] and glycogen
synthase kinase (GSK) [11]. Apparently, TP signaling is very much related to mitogenesis of
target cells.

Recent reports indicate that TP agonists induce mitogenic and hypertrophic effects in smooth
muscle cells [12], and stimulate proliferation of oligodentrocytes [13]. TP agonists also induce
endothelial cell migration, angiogenesis and metastasis [14] and tumor metastasis [15]. The
role of TPs in tumorigenesis has emerged. Over the last decade, an increased interest in the
role of COX-2, a rate-limiting enzyme in PGE2 and TXA2 biosynthesis, in tumorigenesis
becomes apparent. This interest was sparked by the fact that COX inhibitors reduced the
mortality rate from certain cancer patients [16,17] and that most of the tumors exhibited over-
expression of COX-2, a potential oncogene [18]. One of the major COX-2 derived products,
PGE2, has also been shown to induce the growth, migration, and invasiveness of carcinoma
cells [19]. In view of the fact that PGE2 up-regulates the expression of COX-2 in several cancer
cell lines resulting in positive feedback actions of PGE2 [20,21], we hypothesize that another
COX-2 derived down-stream product with similar mitogenic activity, TXA2, will be also
capable of inducing the expression of COX-2.

Lung is an organ actively synthesizing TXA2 and PGE2. The roles of TXA2 in pulmonary and
cardiovascular functions have been well described [2,3]. However, its role in lung
tumorigenesis is less clear although it induces mitogenesis and hypertrophy of smooth muscle
cells and other types of cells as described above. Over-expression of COX-2 in lung tumors
has been widely reported [22,23]. Factors that may induce over-expression of COX-2 in lung
tumors are incompletely defined. The aims of this study are to demonstrate that activation of
TP induces the expression of COX-2 and to elucidate the signaling pathways leading to the
expression of COX-2. We employ human lung adenocarcinoma A549 cells stably over-
expressing TPα to investigate these objectives. Our results indicate that activation of TPα
induces COX-2 expression through multiple signaling pathways.

MATERIALS AND METHODS
Materials

Culture medium, lipofectamine 2000, heat-inactivated fetal bovine serum (FBS), and
restriction enzymes were from Invitrogen (Carlsbad, CA). I-BOP, SQ-29548 (SQ), BM567,
and LY294002 (LY) were from Cayman Chemical (Ann Arbor, MI). H89, PKI, wortmannin,
PD98059, U0126, AG1478, PD153035, PP2, MG132, Curcumin, SB 203580, SB415286,
Celebrex, UK37248, SP600125, JAK inhibitor I and GF109203X (GF) were obtained from
Calbiochem (San Diego, CA). Other biochemicals and chemicals were obtained from Sigma-
Aldrich (St. Louis, MO). Human lung adenocarcinoma A549 cells and AD293 cells were
supplied by the American Type Culture Collection (Manassas, VA). ECL Western blotting
detection system was purchased from the Amersham Pharmacia Biotech (Cardiff, UK).
pcDNA3 encoding human TPα and rabbit polyclonal antibody specific to N-terminal sequence
of TPs were generated as described previously [24]. Rabbit polyclonal antibody specific to
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COX-2 was from Cayman Chemical (Ann Arbor, MI). Mouse monoclonal antibody specific
to pERK was from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Rabbit monoclonal
antibodies specific to phospho-p38 MAPK, pStat3, phospho-CREB and phospho-NF-κB-p65
(Ser276) were from Cell Signaling Technology Inc. (Beverly, MA). Antibody specific for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was generated as described [11].
Horseradish peroxidase (HRP)-linked goat anti-mouse and rabbit IgG were supplied by BD
Transduction Laboratories (Lexington, KY). Luciferase reporter constructs with the different
deletion regions from −918 to +49 bp and site-directed mutation of some consensus elements
in COX-2 promoter were prepared as described previously [25,26].

Cell Culture and Stable Transfectants
A549 cells were cultured as monolayers in RPMI1640 supplement with 10% (v/v) heat
inactivated fetal bovine serum (FBS), 100 mg/L streptomycin and 100U/mL of penicillin G at
37°C in a humidified atmosphere of 95% air and 5% CO2. Cells were plated in 12-well plates
for the activation of various kinases and inhibitor studies. Cells were serum-deprived for 24 h
before stimulation. For inhibitor study, cells were pretreated with the respective inhibitors at
working concentrations or vehicle (0.1% ethanol) for 30 min in serum-free medium prior to
stimulation. For stable transfection, cells were allowed to grow in 10% FBS medium for 48 h
after transfection using lipofectamine 2000 and then were diluted 10-fold and treated with 1
mg/mL of G418 until the colonies formed as described previously [24]. The western blot
detection of the TPα and the [3H] SQ-29548 binding assay were used to monitor the expression
level among different colonies. After the colony with a high level of expression of TPα was
obtained, it was maintained in RPMI 1640 media supplemented with 10% FBS and 200 μg/
mL G418.

Whole Cell Radioligand Binding Assay
Cells were cultured in 10-cm plates and were harvested when 90% confluence was achieved.
The cells were washed in ice-cold phosphate-buffered saline three times. Then, 1 × 106 cells
were suspended in 95 μL of phosphate-buffered saline using 1.5-mL plastic conical tubes, and
the binding assay was conducted in a final volume of 100 μL in the same tubes using [3H]
SQ-29548 as a labeled ligand as described previously [24].

Western Blotting
Cells were cultured in 12-well plates to achieve approximately 80% confluence, and then were
starved in RPMI 1640 medium without FBS for 24 h. The culture medium was changed and
cells were kept for 1 h before the addition of agonist and various inhibitors. After incubation
for needed time, cells were harvested and lysed in lysis buffer (1% Nonidet P-40 in 150 mM
NaCl, 50 mM HEPES, pH 7.4, 5 mM NaF, 5 mM pyrophosphate, 1 mM sodium orthovanadate,
10 μg/mL aprotinin, 10 μg/mL leupetin, and 1 mM PMSF ) for 1 h on ice. Lysates were cleared
by centrifugation at maximum speed on a benchtop centrifuge and then subjected to 12% SDS-
PAGE. Proteins were then electrophoretically transferred onto PVDF membrane. The
membrane was blocked with 5% nonfat milk in 30 mM Tris-HCl, pH 7.4, containing 120 mm
NaCl (TBS) at room temperature for 1 h. It was then incubated for 2 h at room temperature
with a primary antibody in TBS with 5% nonfat milk, and then the membrane was washed five
times with TBS buffer containing 0.05% Tween 20 (TBST), following incubation with
horseradish peroxidase linked goat anti-mouse or rabbit IgG for 1 h at room temperature.
Excess antibody was washed with TBST buffer and the immunoreactive bands were detected
using ECL Western blotting detection system. All the membranes were stripped using stripping
buffer before reprobing with anti-GAPDH polyclonal antibody to ensure equal protein loading.
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Transfection and Luciferase Reporter Gene Assay
Cells were transfected with reporter gene constructs by lipofectamine 2000 according to the
manufacturer’s instruction. After transfection for 16 h, cells were stimulated with 50 nM of I-
BOP for additional 24 h. For inhibitor study, cells were pretreated with the respective inhibitors
at working concentrations or vehicle (0.1% ethanol) for 30 min prior to I-BOP stimulation.
The luciferase activity in cell lysate was determined as described previously [25,26].

Measurement of PGE2 and TXB2
Cells were cultured in 12-well culture plates and treated with inhibitors and I-BOP as described
above. After treatment, the medium were collected and stored at −80 °C until being assayed.
PGE2 and TXB2 were assayed using PGE2 and TXB2 enzyme immunoassay assay kit as
described previously [27].

Statistical Analysis
EIA and luciferase assay results were expressed as mean ± S.D. Statistical significance was
assessed by Student’s t test. Differences were considered statistically significant when p-values
were < 0.05.

RESULTS
Stable Transfection of TPα in A549 Cells and Characterization of Functional Expression of
the Receptor

A549 cells were transfected with pcDNA3 encoding TPα cDNA. After screening 40 single
clones which had anti-G418 activity, the single clones with highest expression of TPα were
selected and designated as A549-TPα. As shown in the previous study [24], Western blotting
using an antibody specific to N-terminal peptide of TPs demonstrated that A549-TPα expressed
at high level as compared to cells transfected with pcDNA3 vector alone (A549-pcDNA3).
A549-TPα cells showed high affinity to the TP antagonist SQ-29548 and its Kd value was 17.4
± 1.4 nM which was characterized by [3H] SQ-29548 binding assay. The whole cell binding
experiment demonstrated that the TPα is functionally located on the surface of the A549-
TPα cells, but the A549-pcDNA3 cells express minimal amount of TPs (data not shown).
Similarly, AD293-TPα cells were prepared and characterized as described above.

Activation of TPα by I-BOP-Induced Expression of COX-2 and Synthesis of PGE2 and TXB2
A549-pcDNA3 cells and A549-TPα cells both expressed little basal COX-2. Stimulation of
control A549-pcDNA3 cells with 50 nM I-BOP for 6 h showed no increased expression of
COX-2 (data not shown). However, stimulation of A549-TPα cells with I-BOP exhibited
increased expression of COX-2 in a time- and dose-dependent manner (Fig. 1). Time course
studies showed that the expression of COX-2 was rapidly induced within 2 h by I-BOP (Fig.
1A), and the maximum induction was achieved following 4–6 h incubation with I-BOP.
Therefore, the expression of COX-2 induced by I-BOP was carried out for 6 h in the following
studies. As a control, A549-pcDNA3 cells displayed little response to agonist stimulation (data
not shown). Dose dependent studies indicated that I-BOP at 0.1 nM clearly led to the expression
of COX-2 and the expression reached to a maximum at 50 nM (Fig. 1B). Similarly, levels of
PGE2 and TXB2 were also increased in a time- and dose-dependent manner following induction
of COX-2 by I-BOP (Fig. 2), but the increase in PGE2 and TXB2 levels occurred slower than
that in COX-2 expression suggesting that their production depended on the newly expressed
COX-2 (Fig. 2A). The levels of PGE2 and TXB2 in the medium continued to increase since
the synthesized prostaglandins were accumulated. I-BOP induced a dose dependent increase
in PGE2 and TXB2 levels during a 24 h incubation period (Fig. 2B). PGE2 appeared to be
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synthesized in two fold higher than TXB2. The maximal increase in the synthesis of PGE2 and
TXB2 was found at 50 – 100 nM I-BOP.

Several Key Signal Transduction Pathways Are Involved in Agonist-Induced COX-2
Expression and PGE2 and TXB2 Synthesis

Based on the results described above, we investigated signal transduction pathways that led to
the expression of COX-2 and the synthesis of PGE2 and TXB2 with their specific inhibitors.
TPs antagonists, SQ29548 and BM567, totally blocked I-BOP-induced expression of COX-2
providing evidence that activation of TPα mediated COX-2 expression (Fig. 3A). We studied
further the involvement of various kinases in the signaling pathways in I-BOP-induced COX-2
expression. As shown in Fig. 3A, I-BOP-induced COX-2 expression was significantly inhibited
by PKA inhibitors H89 and PKI, and by PKC inhibitor GF109203X indicating that both PKA
and PKC are involved in the TP-mediated induction of COX-2. However, the expression was
not significantly affected by PI-3K/Akt/PKB inhibitors wortmannin and LY294002. The roles
of other kinases were further examined. I-BOP-induced COX-2 expression was greatly
diminished by EGFR kinase inhibitors AG1478 and PD153035, and Src kinase inhibitor PP2.
These results suggest that EGFR kinase and Src kinase are significantly involved in I-BOP-
induced COX-2 expression.

We also examined the contribution of several downstream signaling molecules in their signal
transduction pathways and found that I-BOP-induced COX-2 expression was significantly
attenuated by MEK inhibitors U0126 and PD98059, p38 MAPK inhibitor SB203580, JAK
inhibitor I, and by NF-κB phosphorylation inhibitor curcumin, and proteasome inhibitor
MG132 (inhibiting IκB degradation), but was not significantly inhibited by JNK inhibitor
SP600125, and GSK inhibitor SB415286 (Fig. 3B). In fact, SB415286 increased slightly
COX-2 expression. The results indicate that ERK, p38 MAPK, JAK and NF-κB are involved
in the signal transduction pathways that lead to COX-2 expression following I-BOP
stimulation. Fig. 3B showed that COX-2 inhibitor celebrex, and TXA2 synthase inhibitor
UK37248 did not affect COX-2 expression suggesting that the increase in COX-2 expression
depended on I-BOP induction rather than by the newly produced PGE2 and TXA2 in this period
and that these inhibitors suppress the respective enzyme activities but not the expression of
COX-2 protein.

Alterations in COX-2 expression were further corroborated with changes in the synthesis of
PGE2 and TXB2 following I-BOP stimulation in the presence and absence of inhibitors (Fig.
3C). The results on COX-2 expression were consistent with the data on PGE2 and TXB2
synthesis. Total inhibition of PGE2 and TXB2 synthesis by COX-2 specific inhibitors, celebrex
and DuP697, indicates that it is the newly expressed COX-2 responsible for the synthesis.
Interestingly, the synthesis of PGE2 was significantly increased and the production of TXB2
was totally blocked when the cells were treated with TXA2 synthase inhibitor UK37248,
confirming that the synthesis of PGE2 and TXB2 is an interactive process which allows
competition for the same substrate, PGH2, by the two synthases.

Activation of TPα by I-BOP Induced the Phosphorylation of Several Signaling Molecules in
Related Signaling Pathways

To better define the pathways of I-BOP-induced COX-2 expression, we investigated the
phosphorylation status and activation of several key signaling molecules in the signal
transduction pathways. As shown in Fig. 4A, ERK was rapidly phosphorylated within 5 min
and pERK level reached to the maximal amount at 20 min. Similarly, p38 MAPK was
phosphorylated to a maximum at 20 min and pp38 MAPK returned to a basal level at 60 min.
Comparable results were also obtained as shown in the same figure in relation to the
phosphorylation of CREB, a transcription factor that binds cAMP response elements in DNA

Wei et al. Page 5

Biochem Pharmacol. Author manuscript; available in PMC 2008 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



to increase transcription of concerned genes. Furthermore, high levels of phospho-p65 of NF-
κB induced by I-BOP were observed at 10 – 40 min although levels began to decrease after 40
min (Fig. 4A). Since I-BOP-induced expression of COX-2 was inhibited by JAK inhibitor I,
I-BOP-induced phosphorylation of Stat3 was also examined. The phosphorylation began to be
observed at 5 min, stayed elevated and returned to a basal level at 60 min (Fig. 4B). JAK
inhibitor I totally blocked the phosphorylation of Stat3 as expected. Consistent with the results
presented in our recent publication [11], pGSK-3α/β induced by I-BOP was still observed at
40 min (Fig. 4A). The A549-pcDNA3 control cells exhibited little response to agonist
stimulation (data not shown).

PKA, PKC and EGFR Are Involved in I-BOP-stimulated Phosphorylation and Activation of
Several Signaling Molecules

To elucidate molecular mechanisms of I-BOP-induced phosphorylation of signal molecules,
we detected their phosphorylation following TPα activation in the presence of kinase inhibitors.
I-BOP-induced ERK phosphorylation was diminished almost to a basal level by EGFR kinase
inhibitor AG1478 and Src kinase inhibitor PP2, but was only slightly decreased by PKA
inhibitor H89, PI 3-kinase inhibitor wortmannin and PKC inhibitor GF109203X (Fig. 4C)
indicating that activation of EGFR but not PKA, PI 3-kinase and PKC is necessary to the
phosphorylation of ERK.

In contrast, I-BOP-induced phosphorylation of p65 of NF-κB was significantly attenuated by
MEK inhibitor PD98059, PKA inhibitor H89 and PKC inhibitor GF109203X, partially
decreased by EGFR kinase inhibitor AG1478 and Src kinase inhibitor PP2, but not by
PI-3kinase inhibitor wortmannin (Fig. 4C). These results indicate that ERK, PKA and PKC
are significantly involved in NF-κB phosphorylation, but EGFR and Src participate only
modestly in NF-κB phosphorylation. Furthermore, I-BOP-induced CREB phosphorylation
was also attenuated by PKA inhibitor H89 and by PKC inhibitor GF109203X suggesting that
PKA and PKC are important for CREB phosphorylation.

Finally, I-BOP-stimulated phosphorylation of p38 MAPK was attenuated by EGFR kinase
inhibitor AG1478 and Src kinase inhibitor PP2 indicating that I-BOP- induced the activation
of p38 MAPK through EGFR pathway (Fig. 4C). However, I-BOP-induced phosphorylation
of GSK-3α/β was inhibited by PKA, PKC, ERK and Src inhibitors suggesting inactivation of
GSK-3α/β could be achieved by several kinases except PKB and EGFR (Fig. 4C).

COX-2 Promoter Luciferase Reporter Assay
In order to further investigate the transcriptional regulation of human COX-2 gene by I-BOP,
the luciferase reporter bearing various lengths of 5′-flanking regions of COX-2 gene promoter
were employed [26]. Because of low transfection efficiency of plasmids in A549 cells, COX-2
promoter assay was carried out in AD293-TPα cells which exhibited high transfection
efficiency and were characterized previously ( AD293-TPα cells were transfected with various
promoter constructs and the effect of I-BOP on the luciferase activity of these constructs was
studied. The transcriptional activities of luciferase bearing vectors from pXC 918 (−918 bp)
to pXC44 (−44 bp) were determined following stimulation with 50 nM I-BOP. As shown in
Fig. 5A, the stimulation ratio ranging from 8 to 12.6 fold was obtained by comparing the
luciferase activity in I-BOP-treated cells with that of control. The stimulatory response of I-
BOP was significantly decreased in pXC44 (−44 bp) indicating that a promoter region ranging
from −80 to −44 bp was important for the I-BOP-stimulated response of COX-2 expression.
Sequence analysis showed that a CRE consensus site (−57 to −53 bp) was present within this
promoter region [24]. Another two significant decreases in promoter activity were found in
pXC186 and pXC422 constructs indicating that promoter regions ranging from −250 to −186
bp and −487 to −422 bp were also important for the I-BOP-stimulated response of COX-2
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expression. Sequence analysis of these promoter regions reveals that a distal NF-κB (−446 to
−437 bp) site and a proximal NF-κB (−223 to −214 bp) site exist in the two promoter regions
respectively [24] indicating that NF-κB motifs also played an important role in the regulation
of I-BOP-induced COX-2 expression.

To further define the role of CCAAT/enhancer-binding protein (C/EBP) and CRE motifs in
the basal and I-BOP-induced COX-2 gene regulation, the reporter expression controlled by the
wild type or mutant −207/+49 regions (Fig. 5B & C) of human COX-2 gene promoter was
assessed in transient transfection experiments. As shown in Fig. 5B & C, a mutation at the C/
EBP motif caused 60~70% loss of basal promoter activity, but only a 20~30% decrease in
relative fold of I-BOP-induced increase of the promoter activity by comparing a wild type and
a mutant C/EBP. In contrast, a mutation at CRE motif lost 20~30% of basal promoter activity
and 40~50% of relative fold of I-BOP-induced activity by comparing a wild type and a mutant
CRE. The stimulatory effect of I-BOP was significantly attenuated when both C/EBP and CRE
sites were mutated (−207/+49 mCE/C) indicating that both C/EBP and CRE motifs are
necessary for COX-2 promoter activation. These results demonstrated that C/EBP is more
important in regulating the basal COX-2 expression, while CRE motif is more important in I-
BOP response, analogous to that of EGF-induced COX-2 promoter activity in A431 cells
[26].

To further study the role of NF-κB motifs in the basal and I-BOP-induced COX-2 gene
regulation, the reporter expression controlled by the wild type or mutant −531/+49 regions
(Fig. 6D) of human COX-2 gene promoter was assessed in transient transfection experiments.
The mutation of two basic pairs at distal NF-κB motif lost 40~50% of basal promoter activity
and 20~30% of relative fold of I-BOP-induced activity by comparing a distal wild type and a
mutant NF-κB. In contrast, the mutation of two basic pairs at the proximal NF-κB motif of
COX-2 promoter resulted in a 30~40% loss of relative fold of I-BOP-induced promoter activity,
but little effect on basal promoter activity by comparing a proximal wild type and a mutant
NF-κB. The stimulatory effect of I-BOP was decreased by 40~50% when both NF-κB motif
sites were mutated (−531/+49 mNF-κB (d+p)) indicating that both NF-κB motifs are necessary
for COX-2 promoter activation. These results demonstrated that the distal NF-κB motif is more
important in regulating the basal COX-2 expression, while the proximal NF-κB motif is more
important in regulating the I-BOP-induced COX-2 expression. This is consistent with hypoxia-
induced COX-2 expression in human vascular endothelial cell where the proximal NF-κB motif
is also more important in regulating the hypoxia-induced COX-2 expression [28]. These results
are in line with the findings on the expression of COX-2 protein and the phosphorylation of
NF-κB in the presence of NF-κB inhibitors described above. Taken together, both NF-κB and
CRE motifs play a critical role in the regulation of I-BOP-induced transcription of COX-2 gene
in AD293-TPα cells.

Finally, I-BOP-induced promoter activity was determined in the absence and presence of
various inhibitors tested above to support the findings by Western blot and PG analysis. Fig.
5E shows that the results of relative promoter activity in the absence and presence of inhibitors
are consistent with those of relative protein expression and PG levels.

Discussion
In this study, A549 cells stably transfected with TPα cDNA were used to investigate the
induction of COX-2 expression and the associated mechanisms of TPα-mediated COX-2
expression and increased synthesis of PGE2 and TXB2. We found that TP agonist, I-BOP,
elicited a dose and time-dependent increase in COX-2 expression and in PGE2 and TXB2
synthesis through TPα. Induction of COX-2 expression by a TP agonist would naturally lead
to increased PGE2 and TXB2 synthesis although we are not sure if the coupling enzymes, PGE
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synthase and thromboxane synthase, are also induced. However, both microsomal PGE
synthase and thromboxane synthase are known to over-express in tumors [29,30], whereas the
key PG catabolic enzyme, 15-hydroxyprostaglandin dehydrogenase, is demonstrated to under-
express in tumors [31]. In fact, the expressions of COX-2 and 15-hydroxyprostaglandin
dehydrogenase were shown to be regulated reciprocally [32]. The consequence is that amplified
tumor tissue levels of PGE2 and TXB2 are expected. Previously, it was shown that TXB2 level
was much higher in human lung tumor tissues than in non-tumor tissues [33]. Increase in tissue
level of TXB2 is known to be the result of an enhancement of TXAS activity leading to
increased synthesis of TXA2 which may induce the expression of COX-2. The expression of
COX-2 and the elevation of its metabolite levels have been broadly studied in both experimental
animals and human tumors [34,35]. COX-2 up-regulation has been observed in lung cancer as
well as in cancers of colon, stomach, liver, pancreas, breast, and skin and thought to play a
critical role in cancer progression. Although COX-2 up-regulation can be achieved by
cytokines, growth factors and tumor promoters, many of these agents may act indirectly by
inducing synthesis of PGs [36]. Among the PGs that have been reported to induce the
expression of COX-2 are COX-derived products, PGE2, PGF2α and TXA2, which appear to
constitute a positive autoamplyfying pathway that may stimulate cell growth and proliferation
by enhancing the production of PGs. Induction of COX-2 expression by PGE2 has been
reported in several cell lines [20,21,37]. However, induction of COX-2 expression by a
TXA2 mimetic has only been shown in human endothelial cells while studying platelet-vascular
endothelial cell interactions [38]. Our report represents the first demonstration that a TP agonist
may induce COX-2 expression in a cancer cell line.

To determine the signaling pathways that mediate the induction of COX-2 and the synthesis
of PGE2 and TXB2 by I-BOP in A549-TPα cells, we used pharmacological inhibitors of various
signaling pathways to determine if blockade of the activity of specific signaling molecules
would block the induction of COX-2 and the synthesis of PGE2 and TXB2 by I-BOP. These
inhibitors were used at concentrations proven to be optimal for each signaling molecule. We
found that inhibitors of PKA, PKC, p38 MAPK, JAK, Src, EGFR and ERK except inhibitors
of JNK and GSK-3 led to a decrease of I-BOP-induced expression of COX-2 and synthesis of
PGE2 and TXB2 indicating that multiple signaling molecules and pathways were involved in
TP-mediated COX-2 expression and PG synthesis. The role of each signaling molecule and
the interplay of these molecules in each pathway for TP-mediated induction of COX-2 remain
to be determined.

Signaling pathways that are critical for cell growth and proliferation are members of the
mitogen-activated protein kinases (MAPKs). Three principal members are: ERK1/2, also
known as p42/44 MAPK, p38 MAPK and JNK/SAPK [39]. ERK1/2 signaling pathway has
been implicated as a key regulator of cell proliferation. ERK1/2 is activated through ras/raf/
MEK cascade and is important in mediating signals induced by cytokines, growth factors and
tumor promoters [40]. ERK1/2 can be also activated by transactivation of EGFR and
subsequent mediation by ras/raf/MEK pathway [41]. Activated ERK1/2 is then translocated to
the nucleus to activate key transcriptional factors involved in the expression of growth- and
proliferation- related genes including COX-2 [42]. Protein kinases A, B and C are kinases that
activate intermediary signaling molecules such as ras and raf. Similarly, p38 MAPK and JNK/
SAPK can be activated through their specific signaling molecules and are then translocated to
the nucleus to activate responsive transcriptional factors involved in cell growth and
proliferation [43,44]. Each of these three MAPKs has been shown to be involved in the
expression of COX-2 [45]. Our studies also indicate that both ERK and p38 MAPK pathways
are involved in TP-mediated COX-2 expression. These two pathways were previously found
to be responsible for PGE2-mediated COX-2 expression in human non-pigmented ciliary
epithelial cells [37]. The fact that inhibitors of PKA, PKC, Src and EGFR are able to block I-
BOP-induced COX-2 expression is due to these signaling molecules being upstream of ERK1/2
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activation. However, JNK pathway did not appear to be involved in TP-mediated COX-2
expression since JNK inhibitor did not exhibit any significant inhibitory effect although this
pathway was found to be operative in porcine aortic smooth muscle cells [46]. The discrepancy
may be due to the difference between two different cell types. Another independent pathway,
JAK signaling which activates Stat3, has been shown to be involved in COX-2 expression
[47]. Our studies also indicate that JAK signaling may participate in TP-mediated COX-2
expression.

ERK phosphorylation mediated by TP activation was extensively studied by several groups
[8–10]. We have demonstrated that I-BOP induced rapid activation of ERK primarily through
EGFR pathway since EGFR inhibitor blocked phosphorylation almost totally. TP-mediated
transactivation of EGFR in eventual activation of ERK has also been reported in several cell
lines [8–10]. In addition to EGFR, other signaling pathway such as activation of PKC was
shown to involve in ERK activation in these cell lines although we did not see PKC being
involved in a significant way in A549 cells. Krysan et al. [48] reported that PGE2 activates
ERK signaling and cell proliferation in an EGFR-independent manner and that PKC but not
PKA mediates ERK activation in a subset of lung cancer cell lines not including A549 cells.
It appears that different receptors in different cell lines utilize separate signaling pathways in
activating ERK. On the other hand, TP-mediated activation of NF-κB involves PKC since its
inhibitor blocked phosphorylation of p65 of NF-κB. PKC may directly target the IκB leading
to its degradation by the proteasome degradation pathway [49]. Our results indicate that TP-
mediated activation of NF-κB involved PKC as well as PKA and ERK. Similar results were
observed in NF-κB activation by hypoxia, IL-1β and lipoteichoic acid (LTA) in different cell
lines [31,50,51].

In addition to the involvement of ERK, evidences were provided that p38 MAPK but not JNK/
SAPK signaling mediated I-BOP-induced COX-2 expression and that the activation of
p38MAPK involved Src and EGFR as assessed by inhibitor studies. Similarly, JAK/Stat3
pathway was also found to be involved in I-BOP induced COX-2 expression since the
activation of Stat3 and the COX-2 expression were blocked by JAK inhibitor. Previous
evidences showed that EGF activated Stat3 through Src, EGFR and JAK in A549 cells [52].
Therefore, I-BOP may activate Stat3 through Src, EGFR and JAK pathway since I-BOP may
transactivate EGFR. Recently, we showed that I-BOP induced phosphorylation of GSK-3 and
cyclin D1 expression in a PKA dependent manner in HEK293-TPα cells [11]. We also observed
that I-BOP induced phosphorylation and inactivation of GSK-3 and I-BOP-induced COX-2
expression was slightly increased in the presence of GSK-3 inhibitor in A549-TPα cells as
demonstrated in this study. It is known that GSK-3 phosphorylation and inactivation result in
the accumulation and transport of β-catenin into the nucleus and the activation of β-catenin/
Tcf/Lef transcription pathway which induces the expression of oncogenes such as cyclin D1,
COX-2 and CD44 [53,54]. We believe that GSK-3 phosphorylation is mediated by I-BOP
induced activation of PKA and PKC and that β-catenin/Tcf/Lef pathway is a viable pathway
for I-BOP-induced expression of COX-2. In summary, at least four signaling pathways, ERK,
p38MAPK, JAK and GSK-3α/β-catenin/Tcf/Lef, are involved in I-BOP-induced COX-2
expression.

The activation of key molecules, ERK, p38 MAPK, CREB, NF-κB and GSK involved in
COX-2 transcription was further examined by studying the phosphorylation of these molecules.
I-BOP induced the phosphorylation of each of these five molecules within 5–10 min. EGFR
inhibitor AG1478 and Src inhibitor PP2 significantly blocked I-BOP-induced phosphorylation
of ERK and p38, but not that of CREB and NF-κB indicating that these two transcription factors
are not the primary targets of ERK and p38. In contrast, PKA inhibitor H89 and PKC inhibitor
GF 109203X significantly inhibited I-BOP-induced phosphorylation of CREB and NF-κB, but
modestly block that of ERK and p38 indicating that the sites of action of PKA and PKC are
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CREB and NF-κB. ERK inhibitor PD98059 significantly inhibited the phosphorylation of ERK
as expected and also of NF-κB indicating that ERK may participate in the activation of NF-
κB. PI 3-kinase/PKB inhibitor wortmannin caused little decrease in the I-BOP-induced
phosphorylation of these key signaling molecules and modest reduction of the induction of
COX-2 as well as the synthesis of PGE2 and TXB2 indicating that PKB/Akt may not be
involved significantly in the TP-mediated signaling pathway. In summary, both CREB and
NF-κB appear to be critical transcriptional factors responsible for TP-mediated expression of
COX-2. CREB activation depended primarily on PKA although PKC could be also involved,
whereas NF-κB activation relied on PKA, PKC and ERK.

Both CREB and NF-κB have been shown to control the induced transcription of the COX-2
gene by IL-1β, TNF-α and others [36]. The COX-2 promoter region does have one CRE, one
C/EBP, and two NF-κB motifs which are responsible for the induced transcription of the
COX-2 gene [26]. We investigated the role of CREB, C/EBP and NF-κB in the regulation of
the transcription of COX-2 gene by I-BOP using luciferase reporter assay with different
promoter deletion regions and mutation sites of COX-2 promoter. Our results demonstrated
that CRE, C/EBP and NF-κB motifs play an important role in the regulation of TPα-mediated
COX-2 gene transcription. CREB and proximal NF-κB were required for regulating I-BOP-
induced COX-2 transcription, whereas C/EBP and distal NF-κB were important for regulating
basal COX-2 expression in A549-TPα cells. These results are similar to those found in EGF-
induced COX-2 expression in A431 cells [23,24]. Furthermore, the results obtained above
using Western blot for COX-2 expression are in consistent with the data obtained by the
luciferase reporter assay with the COX-2 promoter indicating that the above-mentioned
signaling molecules and pathways play important roles in TP-mediated regulation of COX-2
expression.

In conclusion, our study demonstrated that at least four signaling pathways, ERK, p38MAPK,
JAK and β-catenin/TCF/LEF, are involved in I-BOP-induced COX-2 expression.
Transcription factors NF-κB, CREB, C/EBP and STAT3 are downstream signaling molecules
that interact with the COX-2 promoter and play important roles in TPα-mediated expression
of COX-2 and synthesis of PGE2 and TXB2. A summary of signaling pathways leading to
TPα-mediated expression of COX-2 is shown in Figure 6.
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Figure 1. Time and dose dependent expression of COX-2 in A549-TPα cells upon TP agonist I-BOP
stimulation
Cells were serum-starved for 16 h and then treated with 50 nM I-BOP or vehicle (0.1% ethanol)
for varying length of time as indicated or with I-BOP at different concentrations as indicated
for 6 h. The cell lysates were subjected to 12% SDS-PAGE and proteins were transferred to
PVDF membranes as described under MATERIALS AND METHODS. The immunoreactive
bands were detected with polyclonal antibodies specific for COX-2. The same membrane was
probed with GAPDH antibody to ensure equal protein loading. A. Time-dependent effects of
I-BOP (50 nM, 2–24 h) on COX-2 expression in A549-TPα cells. B. Dose-dependent effects
of I-BOP (0.01–100 nM, 6 h) on COX-2 expression in A549-TPα cells.
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Figure 2. Time and dose dependent synthesis of PGE2 and TXB2 in A549-TPα cells upon TP agonist
I-BOP stimulation
Cells were serum-starved for 16 h and then treated with 50 nM I-BOP or vehicle (0.1% ethanol)
for varying length of time as indicated or with I-BOP at different concentrations as indicated
for 6 h. The TXB2 and PGE2 in the medium were quantified with ELISA as described under
MATERIALS AND METHODS. Fold increase (Fold/Basal) in PGE2 and TXB2 were
presented as mean ± S.D. (n=3), where the basal levels of PGE2 and TXB2 in the medium of
the control cells were assigned a value of 1.0. A. Time dependent effects of I-BOP (50 nM, 1–
24 h) on PGE2 and TXB2 synthesis in A549-TPα cells. B. Dose dependent effects of I-BOP
(0.1–100 nM, 24 h) on PGE2 and TXB2 synthesis in A549-TPα cells.
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Figure 3. Effect of various inhibitors on I-BOP-induced COX-2 expression and TXB2 and PGE2
synthesis in A549-TPα cells
The cells were serum-starved for 16 h and then treated with 5 μM of SQ29548 or BM567, 20
μM of H-89 and PKI, 5 μM U0126, 20 μM PD98059, 10 μM SB203580, 25 μM SB415286,
10 μM MG132, 20 μM curcumin, 5 μM of celebrex, 5 μM of DuP 697, 5 μM UK37248, 30
μM SP600125, 250 nM GF109203X, 2 μM AG1478, 2 μM PD153035, 5 μM PP2, 200 nM
wortmannin, 25 μM LY294002, or vehicle (0.1% ethanol )for 30 min followed by stimulation
with 50 nM I-BOP for 6 h. Cells were lysed and the lysates were subjected to SDS/PAGE and
Western blotting analysis as described in the MATERIALS AND METHODS. The COX-2
was detected by Western blotting as described in Figure 1. GAPDH was used to ensure equal
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protein loading. TXB2 and PGE2 in the medium were quantified with ELISA as described
under MATERIALS AND METHODS. Fold increase (Fold/Basal) in PGE2 and TXB2 were
presented as mean ± S.D. (n=3), where the basal levels of PGE2 and TXB2 in the medium of
the control cells were assigned a value of 1.0. A and B Effects of various inhibitors on I-BOP-
induced COX-2 expression in A549-TPα cells. C. Effects of various inhibitors on I-BOP-
induced PGE2 and TXB2 synthesis in A549-TPα cells. * and ** are P values less than 0.05
and 0.01 respectively when compared with I-BOP stimulated level of PGE2 or TXB2.
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Figure 4. I-BOP-induced phosphorylation of ERK, CREB, NF-κB, p38 MAPK and GSK-3 in A549-
TPα cells
Cells were serum-starved for 16 h and then treated with 50 nM I-BOP or vehicle for varying
length of time as indicated. The cell lysates were subjected to 12% SDS-PAGE and proteins
were transferred to PVDF membranes for Western blotting analysis using antibodies against
each phosphorylated signaling molecules as described under MATERIALS AND
METHODS. The same membrane was erased after each probing and reprobed with a different
antibody. GAPDH antibody was used to ensure equal protein loading. A. Time-dependent
effects of I-BOP (50 nM, 5–60 min) on the phosphorylation of ERK, CREB, NF-κB, p38
MAPK and GSK-3 in A549-TPα cells. B. Time-dependent effects of I-BOP (50 nM, 5–60 min)
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on the phosphorylation of Stat3 in A549-TPα cells were carried out at the indicated time. Effect
of JAK inhibitor on the phosphorylation of Stat3 was assessed by adding the inhibitor (10
μM) 30 min prior to stimulation by I-BOP for 5 min. C. Effect of various inhibitors on I-BOP-
induced phosphorylation of ERK, CREB, NF-κB, p38 MAPK and GSK-3 in A549-TPα cells.
Cells were serum-starved for 16 h and then treated with 10 μM H-89, 250 nM wortmannin,
250 nM GF109203X, 20 μM PD-98059, 2 μM AG1478 and 10 μM PP2 or vehicle (0.1%
ethanol) for 30 min followed by stimulation with 50 nM I-BOP for 20 min. Cells were lysed
and the lysates were subjected to SDS/PAGE and the phosphorylated signalling molecules
were detected by Western blotting as described in A.
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Figure 5. Analysis of I-BOP-responsive elements in the 5′-flanking region of COX-2 promoter
Luciferase vectors bearing various lengths of COX-2 promoter were constructed as described
previously (27). Plasmid transient transfection was performed as described in the
MATERIALS AND METHODS. A The potential responsive elements in the 5′-flanking
regions are indicated. AD293-TPα cells transfected with 1.0 μg of the indicated reporter
containing different regions of COX-2 promoter were treated with 50 nM I-BOP or vehicle for
24 h. Cell lysates were then prepared, and luciferase activity was assayed. Each group was
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performed in triplicates. The expression ratio (Fold/Basal) of I-BOP-treated cells to control
was shown. Values were means ±S.D. of four independent experiments. B The mutated
sequences of each responsive element are shown in the lower case. C and D The C/EBP, CRE
or NF-κB motifs (both proximal (p) and distal (d)) are important for COX-2 gene activation.
AD293-TPα cells transfected with 1.0 μg of the indicated reporter containing respective
mutation of COX-2 promoter were treated with 50 nM I-BOP (black column) or vehicle (white
column) for 24 h. Cell lysates were then prepared, and luciferase activity was assayed. Each
group was performed in triplicates. In the left panel of each figure, three independent assays
were performed, and the relative fold of I-BOP inducibility of wild and mutant promoters was
compared. Statistical analysis was performed by Student’s t-test. * and ** are P values less
than 0.05 and 0.01 respectively when compared with I-BOP stimulated level of wild promoters.
E. Effects of various inhibitors on the promoter activity induced by I-BOP. A promoter
(pXC918)-luciferase construct was transfected into AD293-TPα cells which were later treated
with 50 nM I-BOP as indicated in A. The expression ratio (Fold/Basal) of I-BOP-treated cells
to control in the absence and the presence of inhibitors was shown. Values were means ±S.D.
of four independent experiments. * and ** are P values less than 0.05 and 0.01 respectively
when compared with I-BOP stimulated level of COX-2 promotor-luciferase activity.
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Figure 6. Signaling pathways involved in TPα-mediated COX-2 Expression
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