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Abstract

In this study, we investigated the signaling pathway involved in cyclooxygenase-2 (COX-2) expression and prostaglandin E, (PGE;)
release by phorbol 12-myristate 13-acetate (PMA), a protein kinase C (PKC) activator, in human pulmonary epithelial cells (A549). PMA-
induced COX-2 expression was attenuated by PKC inhibitors (Go 6976 and Ro 31-8220), a Ras inhibitor (manumycin A), a Raf-1 inhibitor
(GW 5074), a MEK inhibitor (PD 098059), and an NF-kB inhibitor (PDTC), but not by a tyrosine kinase inhibitor (genistein) or a p38
MAPK inhibitor (SB 203580). PMA also caused the activation of Ras, Raf-1, and ERK1/2. PMA-induced activation of Ras and Raf-1 was
inhibited by Ro 31-8220 and manumycin A. PMA-mediated activation of ERK1/2 was inhibited by Ro 31-8220, manumycin A, GW 5074,
and PD 098059. Stimulation of cells with PMA caused IkBa phosphorylation, IkBa degradation, and the formation of a NF-kB-specific
DNA-protein complex. The PMA-mediated increase in kB-luciferase activity was inhibited by Ro 31-8220, manumycin A, GW5074, PD
098059, and PDTC. Taken together, these results indicate that PMA might activate PKC to elicit activation of the Ras/Raf-1/ERK1/2
pathway, which in turn initiates NF-kB activation, and finally induces COX-2 expression and PGE, release in A549 cells.
© 2004 Elsevier Inc. All rights reserved.
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Prostaglandins (PGs) are ubiquitous compounds involved
in various homeostatic and inflammatory processes through-
out the body [1]. They are formed by the combined action of
phospholipase A,, which liberates arachidonic acid from the
sn-2 position of cellular membrane phospholipids, and
cyclooxygenase (COX), which converts arachidonic acid to
the endoperoxide intermediate, PGH,. PGH, is subsequently
converted to various PGs by the action of cell-specific
synthases [1]. It is now known that at least two distinct
isoforms of COX exist [2,3]. COX-1 is generally responsible
for the production of PGs under physiological conditions and
is known to be constitutively expressed in many cell types
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including endothelial cells, platelets, and the gastric mucosa
[4]. COX-2 is induced by proinflammatory stimuli, includ-
ing cytokines [5] and lipopolysaccharide (LPS) [6] in cells in
vitro and in inflamed sites in vivo [4]. Furthermore, COX-2
is thought to be the isoform responsible for the production of
proinflammatory PGs in various models of inflammation [7].

A549 cells, a human pulmonary epithelial carcinoma cell
line with type II alveolar epithelial cell differentiation, show
similar features as type II alveolar epithelial cells. Airway
epithelial cells have an active role in inflammation by
producing various cytokines and eicosanoids [8]. It has been
demonstrated that proinflammatory cytokines, such as
interleukin 1R (IL-1p), increased COX-2 expression and
PGE, release in human A549 cells [9]. Phorbol esters such as
phorbol 12-myristate 13-acetate (PMA) function as tumor
promoters and have been reported to modulate diverse
cellular responses such as gene transcription, cellular growth
and differentiation, programmed cell death, the immune
response, and receptor desensitization through protein kinase
C (PKC) signaling pathways. PMA can substitute for
diacylglycerol, the endogenous activator of PKC, and it has
been used as a model agent to study the mechanisms utilized
by growth factors, hormones, and cytokines to regulate the
growth and differentiation of cells [10,11]. Phorbol esters, as
well as cytokines and LPS, have been shown to upregulate
COX-2 expression [12]. We recently reported that PMA
upregulates COX-2 expression in human pulmonary epithe-
lial cells (A549) [13]. However, a detailed analysis of the
downstream signaling pathways involved in PMA/PKC-
induced COX-2 expression has not been done. One well-
studied mode of PKC-mediated signaling involves trans-
mission of signals from PKC to mitogen-activated protein
kinases (MAPKs). MAPK activation by PMA has been
reported to occur via both Ras-dependent and -independent
pathways. For example, PC-12 rat adrenal pheochromocy-
tomas [14,15], Jurkat leukemia T cells [16], and primary rat
ventricular myocytes [17] exhibit Ras-dependent activation
of MAPK by PMA; however, in NIH3T3 mouse myeloma
cells [18], COS-1 cells [19], and 293 embryonal kidney cell
lines [20], this activation appears to be Ras-independent.
Thus, the involvement of Ras in signaling processes initiated
by PMA appears to be cell type-dependent and specifically
determined by which signaling pathways have been activated
and/or the cell’s repertoire of kinases.

The classic Ras-mediated pathway involves the binding of
Raf-1 and subsequent phosphorylation of Raf-1 at Ser338 by
many kinases [21,22], which in turn activate extracellular
signal-regulated kinases (ERKs) [23], and consequently
phosphorylate many target proteins including transcription
factors and protein kinases [24]. Although many cell types
have been implicated as having a role with Ras in COX-2
induction [25-27], PMA-induced COX-2 expression has not
been investigated in A549 cells. In this study, we show that
PMA stimulates COX-2 expression and PGE, release in
A549 cells through activation of PKC. Such COX-2
upregulation is Ras- and Raf-1-dependent, requires activation

of the MAPK/ERK kinase (MEK)/ERK signaling pathway,
and ultimately involves activation of a nuclear factor, NF-xB.
However, activation of tyrosine kinase and p38 MAPK is not
involved in the signaling pathway of PMA-mediated NF-«xB
activation or COX-2 expression in A549 cells.

2. Materials and methods
2.1. Materials

PMA, actinomycin D, cycloheximide, pyrrolidine dithio-
carbamate (PDTC), dithiothreitol (DTT), 4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonic acid (HEPES), EGTA,
EDTA, glycerol, phenylmethylsulphonyl fluoride (PMSF),
pepstatin A, leupeptin, sodium dodecyl sulfate (SDS), and
Nonidet P-40 (NP-40) were purchased from Sigma (St.
Louis, MO). GW 5074 was purchased from Tocris Cookson
(Ellisville, MO). Genistein, manumycin A, NS-398, Go
6976, Ro 31-8220, PD 098059, and SB 203580 were
purchased from Calbiochem (San Diego, CA). Dulbecco’s
modified Eagle’s medium (DMEM)/Ham’s F-12, fetal calf
serum (FCS), penicillin/streptomycin, and lipofectamine
plus were purchased from Life Technologies (Gaithersburg,
MD). A PGE,; enzyme immunoassay kit was obtained from
Cayman (Ann Arbor, MI). Protein A/G beads, antibodies
specific for ERK2, ERK phosphorylated at Tyr204, p38
MAPK, IkBa, IkBa phosphorylated at Ser32? Raf-1, and
anti-mouse and anti-rabbit IgG-conjugated horseradish
peroxidase were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). An antibody specific for Raf-1 phos-
phorylated at Ser338 and a Ras activity assay kit were
purchased from Upstate (Lake Placid, NY). An antibody
specific for p38 MAPK phosphorylated at Thr180/Tyr182
was purchased from Cell Signaling Biotechnology (Beverly,
MA). PGL2-ELAM-Luc (which is under the control of one
NF-kB binding site) and pBK-CMV-Lac Z were kindly
provided by Dr. W.-W. Lin (National Taiwan University,
Taipei, Taiwan). [y->*P]JATP (6,000 Ci/mmol) was pur-
chased from Amersham Pharmacia Biotech (Buckingham-
shire, UK). Antibodies specific for COX-2 and p65 were
purchased from Transduction Laboratories (Lexington,
KY). An antibody specific for a-tubulin was purchased
from Oncogene Science (Cambridge, UK). Anti-mouse IgG-
conjugated alkaline phosphatase was purchased from
Jackson Immuno Research Laboratories (West Grove, PA).
4-Nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl-
phosphate were purchased from Boehringer Mannheim
(Mannheim, Germany). All materials for sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
were purchased from Bio-Rad (Hercules, CA).

2.2. Cell culture

A549 cells, a human pulmonary epithelial carcinoma cell
line with type II alveolar epithelial cell differentiation, were
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obtained from American Type Culture Collection (Living-
stone, MT) and grown in DMEM/Ham’s F-12 nutrient
mixture containing 10% FCS and penicillin/streptomycin
(50 U/ml) in a humidified 37 °C incubator. When confluent,
cells were disaggregated in a trypsin solution, washed in
DMEM/Ham’s F-12 supplemented with 10% FCS, centri-
fuged at 125xg for 5 min, then resuspended and subcul-
tured according to standard protocols.

2.3. Measurements of PGE, release and COX activity

A549 cells were cultured in 12-well culture plates. For
experiments designed to measure the release of PGE, due to
endogenous arachidonic acid, cells were treated with PMA
(10 nM) for indicated time intervals, or pretreated with NS-
398 (0.01-1 uM) for 30 min followed by PMA for 12 h, and
incubated in a humidified incubator at 37 °C. The medium
was then removed and stored at —80 °C until being assayed.
PGE, was assayed using the PGE, enzyme immunoassay kit
according to the procedure described by the manufacturer.
In separate experiments designed to measure the activity of
the COX enzyme, COX activity was quantified by provid-
ing cells with exogenous arachidonic acid, the substrate for
COX, and measuring its conversion to PGE,. Briefly, cells
were treated with PMA (0.1-100 nM) for 12 h or PMA (10
nM) for indicated time intervals, after which cells were
washed with phosphate-buffered saline (PBS, pH 7.4), and
fresh medium containing arachidonic acid (30 pM) was
added for 30 min at 37 °C; then the medium was collected
for the PGE, enzyme immunoassay. In some experiments,
cells were pretreated with specific inhibitors as indicated
followed by PMA (10 nM) and incubated in a humidified
incubator at 37 °C for 12 h COX activity was then
determined as described above.

2.4. Protein preparation and Western blotting

The expressions of COX-2, «a-tubulin, Ras, Raf-1
phosphorylated at Ser338, Raf-1, ERK phosphorylated at
Tyr204, ERK2, p38 MAPK phosphorylated at Thr180/
Tyr182, and p38 MAPK in A549 cells were evaluated, and
the preparation of total proteins and Western blotting were
performed as described previously [28]. Briefly, A549 cells
were cultured in 6-cm dishes. After reaching confluence,
cells were treated with vehicle and PMA (10 nM) or
pretreated with specific inhibitors as indicated followed by
PMA. After incubation, cells were washed twice in ice-
cold PBS and solubilized in extraction buffer containing
10 mM Tris (pH 7.0), 140 mM NacCl, 2 mM PMSF, 5 mM
DTT, 0.5% NP-40, 0.05 mM pepstatin A, and 0.2 mM
leupeptin. Samples of equal amounts of protein (60 pg)
were subjected to SDS-PAGE, then transferred onto a
PVDF membrane which was then incubated in TBST
buffer (150 mM NaCl, 20 mM Tris—HCI, and 0.02%
Tween, pH 7.4) containing 5% non-fat milk. Proteins were
visualized by specific primary antibodies and then incu-

bated with horseradish peroxidase- or alkaline phospha-
tase-conjugated second antibodies. Immunoreactivity was
detected using enhanced chemiluminescence (ECL) or
NBT/BCIP following the manufacturer’s instructions. The
quantitative data were obtained using a computing
densitometer with Image-Pro plus software (Media Cyber-
netics, MD).

2.5. Ras activity assay

Ras activity was measured using a Ras activity assay kit.
The assay was performed according to the manufacturer’s
instructions. Briefly, A549 cells were washed twice with
ice-cold PBS and lysed in magnesium lysis buffer (MLB)
(25 mM HEPES, pH 7.5, 150 mM NacCl, 5% lgepal CA-
630, 10 mM MgCl,, 5 mM EDTA, 10% glycerol, 10 pg/ml
aprotinin, and 10 pg/ml leupeptin) and centrifuged. An
equal volume of lysate was incubated with 5 pg of Ras-
binding domain for Raf-1 (Raf-1 RBD) at 4 °C overnight,
and the beads were washed three times with MLB lysis
buffer. Bound Ras proteins were then solubilized in 2Xx
Laemmli sample buffer and quantitatively detected by
Western blotting (10% SDS-PAGE) using mouse mono-
clonal Ras with the ECL system and by densitometry of
corresponding bands using scientific imaging systems.

2.6. Preparation of nuclear extracts and the electrophoretic
mobility shift assay (EMSA)

A549 cells were cultured in 10-cm Petri dishes. After
reaching confluence, cells were treated with vehicle or PMA
(10 nM) for 10, 30, 60, and 120 min, then cells were scraped
and collected. The cytosolic and nuclear protein fractions
were next separated as described previously [29]. Briefly,
cells were washed with ice-cold PBS and pelleted. The cell
pellet was resuspended in hypotonic buffer (10 mM HEPES,
pH 7.9, 10 mM KCI, 0.5 mM DTT, 10 mM aprotinin, 10
mM leupeptin, and 20 mM PMSF) for 15 min on ice, and
vortexed for 10 s. Nuclei were pelleted by centrifugation at
15,000xg for 1 min. Supernatants containing cytosolic
proteins were collected. A pellet containing nuclei was
resuspended in hypertonic buffer (20 mM HEPES, pH 7.6,
25% glycerol, 1.5 mM MgCl,, 4 mM EDTA, 0.05 mM
DTT, 10 pg/ml aprotinin, 10 pg/ml leupeptin, and 20 mM
PMSF) for 30 min on ice. Supernatants containing nuclear
proteins were collected by centrifugation at 15,000xg for 2
min and then stored at —70 °C. Protein levels of phospho-
IkBa and IkBa in the cytosolic fraction, and p65 in the
cytosolic and nuclear fractions were determined by Western
blotting.

A double-stranded oligonucleotide probe containing
NF-kB sequences (5 -AGTTGAGGGGACTTTCC-
CAGGC-3’; Promega) was purchased and end-labeled
with [y-*?PJATP using T4 polynucleotide kinase. The
nuclear extract (2.5-5 pg) was incubated with 1 ng of **P-
labeled NF-«B probe (50,000-75,000 cpm) in 10 pl
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binding buffer containing 1 pg poly(dl-dc), 15 mM
HEPES, pH 7.6, 80 mM NaCl, 1 mM EDTA, 1 mM
DTT, and 10% glycerol at 30 °C for 25 min. DNA/nuclear
protein complexes were separated from the DNA probe by
electrophoresis on 6% polyacrylamide gels; then the gels
were vacuum-dried and subjected to autoradiography with
an intensifying screen at —80 °C. Quantitative data were
obtained using a computing densitometer with Image-Pro
plus software.

2.7. Transfection and xB-luciferase assays

For these assays, 2x10° A549 cells were cultured in 12-
well plates, and then transfected the following day using
Lipofectamine plus (Gibco) with 0.5 pg of pGL2-ELAM-
Luc and 1 pg of pPBK-CMV-LacZ. After 24 h, the medium
was aspirated and replaced with fresh DMEM/Ham’s F-12
containing 10% FBS. Cells were treated with vehicle and
PMA (10 nM) or pretreated with specific inhibitors as
indicated for 30 min before incubation of PMA for 24 h.
Luciferase activity was determined with a luciferase assay
system (Promega) and was normalized on the basis of LacZ
expression. The level of induction of luciferase activity was
determined as a ratio in comparison to cells with no
stimulation.

2.8. Statistical analysis

Results are shown as the mean+S.E.M. from three to
four independent experiments. One-way analysis of var-
iance (ANOVA) followed by, when appropriate, Bonferro-
ni’s multiple-range test was used to determine the statistical
significance of the difference between means. A p value of
less than 0.05 was taken to be statistically significant.

3. Results

3.1. Characterization of COX-2 expression and PGE,
release induced by PMA

Basal levels of PGE, released from A549 cells was low
(4.41+0.5 ng/ml, n=4). However, incubation of A549 cells
with PMA (10 nM) for various time intervals resulted in a
time-dependent increase in PGE, release, which reached a
maximal level at 12 h (27.1+£4.3 ng/ml, n=4) (Fig. la).
Pretreatment of cells with NS-398 (0.01-1 uM), a selective
COX-2 inhibitor [30], for 30 min attenuated PMA-induced
PGE, release in a concentration-dependent manner. When
cells were treated with 1 pM NS-398 completely inhibited
PMA-induced PGE, release (Fig. 1b). Treatment of A549
cells with PMA (0.01-100 nM, for 12 h) caused
concentration-dependent increases in COX activity (meas-
ured as described in Materials and methods) and the
expression of a 70-kDa COX-2 protein, with a maximal
effect caused by 10 nM PMA treatment (Fig. 2a,b). When
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Fig. 1. Time-dependent increase in PGE, release caused by PMA and
effects of NS398 on PMA-induced PGE, release in A549 cells. In (a), cells
were incubated with 10 nM PMA for various time intervals, then the
medium was collected for PGE, measurement. In (b), cells were pretreated
with various concentrations of NS398 for 30 min before incubation with 10
nM PMA for 12 h, then the medium was collected for PGE, measurement.
Results are expressed as the mean+S.E.M. (n=3). *p<0.05 as compared
with the PMA-treated group.

cells were treated with 10 nM PMA for various time
intervals, COX activity and COX-2 expression increased in
time-dependent manners. The maximal effect on the
increases of COX activity occurred at 12 h. The earliest
induction of COX-2 protein occurred at 2 h, and peaked at
12 h (Fig. 2¢,d). In the following experiments, cells were
treated with 10 nM PMA for 12 h. Pretreatment of cells with
the transcriptional inhibitor, actinomycin D (0.03 and 0.1
uM) [31], or the translational inhibitor, cycloheximide (1
and 3 uM) [32], for 30 min markedly attenuated the PMA-
induced increase in COX activity. The PMA-induced
increase in COX activity was inhibited by 0.1 uM actino-
mycin D and 3 pM cycloheximide by 78 +3% and 90+2%,
respectively (Fig. 3a). Similarly, PMA-induced COX-2
expression was also attenuated by actinomycin D (0.1
uM) or cycloheximide (3 uM) (Fig. 3c). When cells were
pretreated for 30 min with Go 6976 (0.1-1 pM), a classical
PKC-a,-pB, and -y inhibitor [33], or Ro 31-8220 (0.3-3 uM),
an non-selective PKC inhibitor [34], PMA-mediated
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Fig. 2. Concentration- and time-dependent increases in COX activity and
COX-2 expression caused by PMA in A549 cells. Cells were incubated
with various concentrations of PMA for 12 h (a) or 10 nM PMA for various
time intervals (c). The increase in COX activity was measured by
examining PGE, formation in the presence of 30 puM exogenous
arachidonic acid for 30 min. Results are expressed as the mean+S.E.M.
(n=4). In (b) and (d), cells were incubated with various concentrations of
PMA for 12 h (b) or 10 nM PMA for various time intervals (d), and the
extracted proteins were then immunodetected with specific antibodies for
COX-2 or a-tubulin as described in Materials and methods. Equal loading
in each lane is demonstrated by similar intensities of a-tubulin. Typical
traces are representative of three experiments with similar results.

increase in COX activity was inhibited by both Go 6976 and
Ro 31-8220 in concentration-dependent manners. Pretreat-
ment of the cells with 1 uM Go 6976 and 3 pM Ro 31-8220
inhibited the PMA response by 87+3% and 84+2%,
respectively (Fig. 3b). PMA-induced COX-2 expression
was also inhibited by Go 6976 (1 M) and Ro 31-8220 (3
uM) (Fig. 3d).
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Fig. 3. Effects of actinomycin D, cycloheximide, Go 6976, and Ro 31-
8220 on PMA-induced increases in COX activity and COX-2 expression
in A549 cells. Cells were pretreated with various concentrations of
actinomycin D, cycloheximide (a), Go 6976, or Ro 31-8220 (b) for 30 min
before incubation with 10 nM PMA for 12 h. The increase in COX activity
was measured by examining PGE, formation in the presence of 30 pM
exogenous arachidonic acid for 30 min. Results are expressed as the
mean+S.EM. (n=4). *p<0.05 as compared with the PMA-treated group.
In (c) and (d), cells were pretreated with 0.1 uM actinomycin D, 3 uM
cycloheximide (c), 1 pM Go 6976, or 3 uM Ro 31-8220 (d) for 30 min
before incubation with 10 nM PMA for 12 h. Cells were then prepared for
immunodetection using a COX-2- or a-tubulin-specific antibody as
described in Materials and methods. Equal loading in each lane is
demonstrated by similar intensities of a-tubulin. Typical traces are
representative of three experiments with similar results. ActD, actinomycin
D; CHX, cycloheximide; Go, Go 6976; Ro, Ro 31-8220.
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3.2. Involvement of Ras in PMA-induced COX-2 expression

To investigate the involvement of Ras activation in
PMA-induced COX-2 expression, A549 cells were treated
with manumycin A (a Ras inhibitor) [35]. Pretreatment of
the cells for 30 min with manumycin A (1 and 3 pM)
attenuated the PMA-induced COX-2 expression by 38+3%
and 69+8%, respectively (n=3). However, 3 pM manumy-
cin A had no effect on the basal level of COX-2 expression
(Fig. 4a). We further measured the Ras activity in cells
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Fig. 4. Effects of manumycin A on PMA-induced COX-2 expression and
Ras activation in A549 cells. In (a), cells were pretreated with manumycin
A (1 and 3 pM) for 30 min followed by stimulation with 10 nM PMA for
another 12 h, and COX-2 expression was determined by immunoblotting
with an antibody specific for COX-2. Equal loading in each lane is
demonstrated by the similar intensities of a-tubulin. Typical traces are
representative of three experiments with similar results, which are presented
as the mean+S.E.M. *p<0.05 as compared with the PMA-treated group. In
(b), cells were incubated with 10 nM PMA for 0-30 min, and cell lysates
were then immunoprecipitated with an antibody specific for Raf-1 RBD.
The Ras activity assay is described in Materials and methods. Typical traces
represent two experiments with similar results. In (c), cells were pretreated
with 1 uM Ro 31-8220 or 3 pM manumycin A for 30 min, and then treated
with 10 nM PMA for another 5 min. Cells were then lysed for the Ras
activity assay as described above. Typical traces represent two experiments
with similar results. Ro, Ro 31-8220; Manu, manumycin A.
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Fig. 5. Effects of GW 5074 on PMA-induced COX-2 expression and Raf-
1 phosphorylation in A549 cells. In (a), cells were pretreated with GW
5074 (0.1-10 nM) for 30 min followed by stimulation with 10 nM PMA
for another 12 h, and COX-2 expression was determined by immuno-
blotting with a specific COX-2 antibody. Equal loading in each lane is
demonstrated by the similar intensities of «-tubulin. Typical traces
represent three experiments with similar results, which are presented as
the mean+S.E.M. *p<0.05 as compared with the PMA-treated group. In
(b), cells were incubated with 10 nM PMA for 0-30 min, and then Raf-1
phosphorylation (upper panel) and Raf-1 (bottom panel) protein levels
were determined. The presence of equal loading in each lane is shown by
the similar intensities of Raf-1. Traces represent results from three
independent experiments. In (c), cells were pretreated with 3 pM
manumycin A or I uM Ro 31-8220 for 30 min, and then treated with
10 nM PMA for another 10 min, and then the Raf-1 phosphorylation
(upper panel) protein level was determined. Equal loading in each lane is
demonstrated by similar intensities of Raf-1 (bottom panel). Typical
traces represent three experiments with similar results. Manu, manumycin
A; Ro, Ro 31-8220.

treated with PMA. As shown in Fig. 4b, treatment of A549
cells with 10 nM PMA increased the Ras activity in a time-
dependent manner. The maximal activation was detected at
5 min after stimulation, and the effect gradually decreased
after 10 min of treatment. The PMA-induced increase in Ras
activity was markedly inhibited by pretreatment of cells for
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30 min with 1 pM Ro 31-8220 and 3 uM manumycin A
(Fig. 4c).

3.3. Involvement of Raf-1 in PMA-induced COX-2
expression

To examine whether Raf-1, one of the target proteins
for Ras, might play a crucial role in PMA-induced COX-2
expression, the Raf-1 inhibitor, GW 5074 [36], was used.
As shown in Fig. 5a, 10 nM GW 5074 alone did not affect
the basal COX-2 level, but it inhibited PMA-induced
COX-2 expression in a concentration-dependent manner.
When cells were treated with 10 nM GW 5074, the PMA-
induced COX-2 expression was inhibited by 71+£1%
(n=3). Raf-1 is associated with Ras-GTP and then by
additional modifications such as phosphorylation at Ser338
becomes the active form. The activated Raf-1 then triggers
sequential activation of downstream molecules [22]. Thus,
phosphorylation of Raf-1 at Ser338 is a critical step in
Raf-1 activation. Next, we further examined Raf-1 Ser338
phosphorylation by PMA stimulation in A549 cells; the
anti-phospho-Raf-1 antibody at Ser338 was used. When
cells were treated with 10 nM PMA for various time
intervals, Raf-1 phosphorylation increased at 5 min and
peaked at 10 min. After 20 min of treatment, the PMA-
induced response declined (Fig. 5b). In addition, PMA-
induced Raf-1 phosphorylation was also inhibited by
pretreatment with 3 pM manumycin A and 1 uM Ro 31-
8220 (Fig. 5c). Results indicated that Raf-1 is a down-
stream molecule of Ras and is involved in PMA-mediated
COX-2 expression.

Fig. 6. ERK1/2, but not p38 MAPK, involved in PMA-mediated COX-2
expression in AS549 cells. In (a), cells were pretreated with various
concentrations of PD 098059 or SB 203580 for 30 min before incubation
with 10 nM PMA for 12 h. The increase in COX activity was measured by
examining PGE, formation in the presence of 30 puM exogenous
arachidonic acid for 30 min. Results are expressed as the mean+S.E.M.
(n=4). *p<0.05 as compared with the PMA-treated group. In (b), cells were
pretreated with 30 uM PD 098059 or 1 uM SB 203580 for 30 min before
incubation with 10 nM PMA for 12 h. Cells were then prepared for
immunodetection using a COX-2- or a-tubulin-specific antibody as
described in Materials and methods. Equal loading in each lane is
demonstrated by similar intensities of a-tubulin. Typical traces represent
three experiments with similar results. In (c), cells were treated with 10 nM
PMA for different time intervals, and ERK1/2 phosphorylation was shown
by immunoblotting with an antibody specific for phosphorylated ERK1/2
(ERK1/2-p) (upper panel). Equal loading in each lane is shown by the
similar intensities of ERK2 (bottom panel). Traces represent results from
three independent experiments. In (d), cells were pretreated with 3 uM
manumycin A, 10 nM GW 5074, 1 uM Ro 31-8220, 30 uM PD 098059, or
1 uM SB 203580 for 30 min before incubation with 10 nM PMA for 30
min. Whole-cell lysates were prepared and subjected to Western blot
analysis using antibodies specific for phospho-ERK1/2 (ERK1/2-p) or
ERK2 as described in Materials and methods. The extent of ERK1/2
activation was quantitated using a densitometer with Image-Pro plus
software. Results are expressed as the mean+S.E.M. (n=3). *p<0.05 as
compared with the PMA-treated group. Manu, manumycin A; GW, GW
5074; Ro, Ro 31-8220; PD, PD 098059; SB, SB 203580.
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3.4. ERK1/2 but not p38 MAPK is involved in PMA-induced
COX-2 expression

In order to examine whether ERK1/2 and p38 MAPK
activations are involved in the signal transduction pathway
leading to COX-2 expression caused by PMA, the MEK
inhibitor, PD 098059 [37], and the p38 MAPK inhibitor, SB
203580 [38], were used. Pretreatment of cells for 30 min
with PD 098059 (10-50 uM) inhibited the PMA-induced
increase in COX activity in a concentration-dependent
manner, while SB 203580, at a concentration up to 1 uM,
had no effect. PD 098059 (50 puM) inhibited the PMA
response by 66+3% (n=3) (Fig. 6a). Pretreatment of the
cells with PD 098059 (50 uM) also markedly inhibited
PMA-induced COX-2 expression, while SB 203580 (1 uM)
had no effect (Fig. 6b). When cells were pretreated for 30
min with the tyrosine kinase inhibitor, genistein (10 and 30
uM) [39], PMA-mediated COX-2 expression was not
affected by genistein (data not shown).

Since activation of ERK1/2 and p38 MAPK requires
phosphorylation at the threonine and tyrosine residues,
immunoblot analysis was performed to examine ERK1/2
and p38 MAPK phosphorylation using specific antibodies
for phospho-ERK1/2 or phospho-p38 MAPK. When cells
were stimulated with PMA (10 nM) for 10, 30, 60, and 120
min, ERK phosphorylation began at 10 min, peaked at 30—
60 min, and then gradually decreased after 120 min of
treatment (Fig. 6¢). The protein level of ERK2 was not
affected by PMA treatment (Fig. 6¢). When cells were
pretreated for 30 min with Ro 31-8220 (1 uM), manumycin
A (3 uM), GW 5074 (10 nM), genistein (30 uM), PD
098059 (30 uM), or SB 203580 (1 uM), PMA-induced
ERK1/2 activation was markedly inhibited by Ro 31-8220,
manumycin A, GW 5074, and PD 098059, but not by SB
203580 (Fig. 6d) or genistein (data not shown). None of
these treatments had any effect on ERK2 expression (Fig.
6d). Treatment of AS549 cells with PMA (10 nM) also
caused p38 MAPK activation, with a maximum effect at 30
min of treatment. After 60 min of treatment, PMA-induced
p38 MAPK activation gradually declined (Fig. 7a). The
protein level of p38 MAPK was not affected by PMA
treatment (Fig. 7a). PMA-induced p38 MAPK activation
was markedly inhibited by pretreatment of cells for 30 min
with Ro 31-8220 (1 uM) or SB 203580 (1 uM), but not with
PD 098059 (30 pM) (Fig. 7b). None of these treatments had
any effect on p38 MAPK expression (Fig. 7b).

3.5. Involvement of NF-kB in PMA-induced COX-2
expression

To further study whether NF-«B is involved in the signal
transduction pathway leading to COX-2 expression caused
by PMA, the specific NF-kB inhibitor, PDTC [40], was
used. Pretreatment of cells for 30 min with PDTC (10-50
uM) attenuated the PMA-induced increase in COX activity
in a concentration-dependent manner (Fig. 8a). When cells
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Fig. 7. PMA induction of p38 MAPK activation in A549 cells. In (a), cells
were treated with 10 nM PMA for different time intervals, and p38 MAPK
phosphorylation was shown by immunoblotting with an antibody specific
for phosphorylated p38 MAPK (p-p38) (upper panel). Equal loading in
each lane is shown by the similar intensities of p38 MAPK (p38) (bottom
panel). Traces represent results from three independent experiments. In (b),
cells were pretreated with 1 uM Ro 31-8220, 30 uM PD 098059, or 1 uM
SB 203580 for 30 min before incubation with 10 nM PMA for 30 min.
Whole-cell lysates were prepared and subjected to Western blot analysis
using antibodies specific for p-p38 MAPK (p38-p) or p38 MAPK (p38) as
described in Materials and methods. The extent of p38 MAPK activation
was quantitated using a densitometer with Image-Pro plus software. Results
are expressed as the mean+S.E.M. (n=3). *p<0.05 as compared with the
PMA-treated group. Ro, Ro 31-8220; PD, PD 098059; SB, SB 203580.

were treated with 50 uM PDTC, the PMA-induced increase
in COX activity was inhibited by 90£2% (n=3). Similarly,
the PMA-induced COX-2 expression was also attenuated by
PDTC (25 uM) (Fig. 8b). Stimulation of cells with PMA (10
nM) results in marked IkBa phosphorylation in the cytosol,
with a maximal effect that occurred after 30 min of
treatment. Furthermore, PMA also caused marked IkBa
degradation after 30-60 min of treatment, and the IkBa
protein was resynthesized after 120 min of treatment. In
parallel with IkBa phosphorylation and IkBa degradation,
PMA resulted in marked p65 translocation from the cytosol
to the nucleus which peaked at 30-60 min, and then
declined after 120 min of treatment (Fig. 8c). In nuclear
extracts of unstimulated cells, a slight intensity of NF-«xB-
specific DNA—protein complex formation was observed.
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Stimulation of cells with PMA (10 nM) for 30-60 min
resulted in marked activation of NF-kB-specific DNA—
protein complex formation. However, after 120 min of
treatment with PMA, the intensities of these DNA—protein
complexes decreased (Fig. 8d). Stimulation of cells with
PMA (10 nM) for 24 h resulted in a 4.3-fold increase in kKB-
luciferase activity (Fig. 9). When cells were pretreated for
30 min with Ro 31-8220 (1 pM), manumycin A (3 pM),
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GW 5074 (10 nM), genistein (30 uM), PD 098059 (50 pM),
SB 203580 (1 uM), or PDTC (50 uM), the PMA-induced
increase in kB-luciferase activity was markedly inhibited by
Ro 31-8220, manumycin A, GW 5074, PD 098059, and
PDTC by 93+£4%, 58£9%, 62+4%, 87£9%, and 58 +£5%,
respectively, but not by genistein or SB 203580 (Fig. 9).

4. Discussion

The findings of this study showed that PMA induces
COX-2 expression and PGE, release in human pulmonary
epithelial cells (A549) through activation of the PKC signal
pathway. Our results suggest that the activations of Ras,
Raf-1, MEK, ERK1/2, and NF-xB might be involved in
signal transduction leading to the expression of COX-2
caused by PMA/PKC in these cells.

PGs are formed by the combined action of phospholipase
A,, which liberates arachidonic acid from the sn-2 position
of cellular membrane phospholipids, and COX, which
converts arachidonic acid to the endoperoxide intermediate,
PGH,. PGH, is subsequently converted to various PGs,
such as PGE,, prostacyclin, and thromboxanes, by the
action of cell-specific synthases [1]. In this study, we found
that PMA caused concentration- and time-dependent
increases in COX activity and COX-2 expression in A549
cells. Furthermore, in the absence of exogenous arachidonic
acid, PMA caused a marked increase in PGE, release; this
effect was inhibited by the selective COX-2 inhibitor,
NS398. These findings suggest that PMA might stimulate
not only COX-2 expression but also phospholipase A,
activation in human pulmonary epithelial cells. Previous
studies have shown that actinomycin D and cycloheximide
are transcriptional and translational inhibitors, respectively
[41]. We found that actinomycin D and cycloheximide
markedly inhibited the PMA-induced increase in COX

Fig. 8. Involvement of NF-kB in PMA-mediated COX-2 expression in
A549 cells. In (a), cells were pretreated with various concentrations of
PDTC for 30 min before incubation with 10 nM PMA for 12 h. The
increase in COX activity was measured by examining PGE, formation in
the presence of 30 uM exogenous arachidonic acid for 30 min. Results are
expressed as the mean+S.E.M. (n=4). *p<0.05 as compared with the
PMA-treated group. In (b), cells were pretreated with 25 pM PDTC for 30
min before incubation with 10 nM PMA for 12 h. Cells were then prepared
for immunodetection using COX-2- or a-tubulin-specific antibodies as
described in Materials and methods. Equal loading in each lane is
demonstrated by similar intensities of a-tubulin. Typical traces represent
three experiments with similar results. In (c), cells were treated with 10 nM
PMA for various time intervals, and then subcellular (cytosolic and nuclear)
fractions were prepared as described in Materials and methods. Levels of
phosphorylated IkBa (IkBa-p) and IkBa in the cytosol and p65 in the
cytosol and nucleus were immunodetected with phospho-IkBa-, IkBa-, and
p65-specific antibodies, respectively. Typical traces represent three experi-
ments with similar results. In (d), NF-xB-specific DNA—protein binding
activity in nuclear extracts was determined by the electrophoretic mobility
shift assay (EMSA) as described in Materials and methods. The top band
represents NF-kB. NS, nonspecific binding. Typical traces represent three
experiments with similar results.
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Fig. 9. Involvement of the Ras/Raf-1/ERK signal pathway in PMA-mediated NF-«B activation in A549 cells. Cells were transiently transfected with 0.5 pg of
pGL2-ELAM-Luc and 1 pg of pBK-CMV-Lac Z for 24 h. Cells were then pretreated with 1 uM Ro 31-8220, 3 uM manumycin A, 10 nM GW5074, 30 uM
genistein, 30 pM PD 098059, 1 uM SB 203580, or 25 pM PDTC for 30 min before being incubated with 10 nM PMA for 24 h. Luciferase activities were
determined as described in Materials and methods. Results are expressed as the mean+S.E.M. (n=3). *p<0.05 as compared with the PMA-treated group. Ro,
Ro 31-8220; Manu, manumycin A; GW, GW5074; Geni, genistein; PD, PD 098059; SB, SB 203580.

activity and COX-2 expression, suggesting that COX-2
expression is dependent on de novo transcription and
translation.

Ras, an oncogenic protein, plays a critical role in
inducing COX-2 expression [25-27]. In murine fibroblasts,
activation of the Ras/Raf-1/ERK signal pathway is required
for COX-2 induction [42]. We found that manumycin A (a
Ras inhibitor), GW 5074 (a Raf-1 inhibitor), and PD 098059
(a MEK inhibitor) all inhibited PMA-induced COX-2
expression. Furthermore, treatment of AS549 cells with
PMA caused the activation of Ras, Raf-1, and ERK. These
results suggested that the Ras/Raf-1/ERK signal pathway is
very important for COX-2 induction caused by PMA.
Furthermore, PMA-induced Ras and Raf-1 activations were
inhibited by Ro 31-8220 and manumycin A, indicating that
activation of Ras might occur upstream of PMA/PKC-
induced Raf-1 activation. We also found that PMA-induced
ERK1/2 activation was inhibited by Ro 31-8220, manumy-
cin A, GW 5074, and PD 098059, but not by genistein or
SB203580. These results suggest that activations of Ras,
Raf-1, and MEK, but not tyrosine kinase or p38 MAPK,
occur upstream of PMA/PKC-induced ERK1/2 activation.

It was demonstrated that activation of p38 MAPK is
involved in COX-2 expression and PGE, release caused by
interleukin-13 or lipoteichoic acid [43,44]. A previous
report also showed that 12-O-tetradecanoylphorbol 13-
acetate (TPA), a PKC activator, can induce p38 MAPK
activation in RAW 264.7 macrophages [41]. In this study,

we found that treatment of A549 cells with PMA resulted in
activation of p38 MAPK, and this effect was inhibited by
Ro 31-8220 and SB 203580. These results indicate that
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Fig. 10. Schematic summary of signal transduction by PMA which induces
COX-2 expression and PGE, release in human pulmonary epithelial cells
(A549). PMA might activate PKC to elicit Ras, Raf-1, MEK, and ERK1/2
activation, which in turn initiates NF-kB activation, and finally induces
COX-2 expression and PGE2 release in A549 cells. However, PMA-
mediated p38 MAPK activation is not involved in this event.
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PMA-induced p38 MAPK activation is the downstream
signal for PKC activation. However, the specific p38
MAPK inhibitor, SB 203580, did not affect PMA-induced
COX-2 expression. This result suggests that p38 MAPK
activation is not involved in the signaling pathway of PMA/
PKC-mediated COX-2 expression, but might be related to
the release of immunoregulatory molecules as suggested by
Chen and Wang [41]. Activation of tyrosine kinase has also
been suggested to be a key event in signal transduction
leading to the expression of COX-2 [44,45]. In the present
study, we found that the tyrosine kinase inhibitor, genistein,
did not affect PMA-induced COX-2 expression, suggesting
that tyrosine kinase activation is not involved in PMA/PKC-
mediated COX-2 expression.

In mice and humans, the COX-2 promoter has many
transcription factors including NF-kB in the 5’ region of the
COX-2 gene [12,46]. In addition, NF-xB has been shown to
control the induced transcription of the COX-2 gene
[47,48]. In this study, we demonstrated that PMA-mediated
COX-2 expression was inhibited by the NF-xB inhibitor,
PDTC, indicating that activation of NF-xB might be
involved in the induction of COX-2 protein caused by
PMA. NF-«B is a dimer of transcription factors primarily
consisting of p65 or p50. p65 is the transcriptional activation
component of the most-common form of the NF-«xB
heterodimer [49]. In the resting state, this dimer is associated
with IkBa/p, which functions to retain NF-B in the cytosol
[50]. With stimulation by cytokines and bacterial products,
IkB kinase (IKK) is activated, and then IkBa is directly
phosphorylated at Ser32 and Ser36, and IkBp at Ser19 and
Ser23 [51,52]. These phosphorylations lead to ubiquitina-
tion of IkBa/p at lysine residues and degradation by the 26S
proteasome [53]. This process releases active NF-«B, which
is then translocated from the cytosol to the nucleus, binding
to specific DNA enhancer sequences (kB-binding sites), and
induces gene transcription. Previous studies have shown that
TPA can activate the formation of NF-kB-specific DNA—
protein complexes in rat astrocytes [54]. In the present
study, we found that treatment of A549 cells with PMA
resulted in IkBa phosphorylation, IkBa degradation in the
cytosol, the translocation of p65 from the cytosol to the
nucleus, as well as the formation of NF-kB-specific DNA—
protein complexes in the nuclear extracts of A549 cells.
Using transient transfection with pGL2-ELAM-«B-lucifer-
ase as an indictor of NF-kB activity, we also found that
PMA induced an increase in NF-xB activity. A previous
report showed that NF-kB activation is mediated via the
Ras-dependent signaling pathway, which induces COX-2
transcriptional gene expression in lung epithelial cells [55].
A previous report also showed that in transformed liver
epithelial cells, Ras and Raf lead to constitutive activation of
NF-kB through the IKKa/ complex [56]. We found that
the PMA-mediated increase in kB-luciferase activity was
inhibited by Ro 31-8220, manumycin, GW 5074, PD
098059, and PDTC, but not by genistein or SB 203580.
These results indicate that PMA/PKC might act through the

Ras/Raf-1/ERK1/2 pathway, but not tyrosine kinase or p38
MAPK, to induce NF-«kB activation in A549 cells.

In conclusion, PMA might activate PKC to elicit
activation of the Ras/Raf-1/MEK/ERK pathway, which in
turn initiates NF-xB activation, and finally causes COX-2
expression and PGE, release in A549 cells. PMA might also
induce activation of p38 MAPK. However, activation of p38
MAPK is not involved in PMA-induced NF-«B activation
or COX-2 expression in these cells. A schematic represen-
tation of the signaling pathway of PMA-induced COX-2
expression and PGE, release in a human pulmonary
epithelial cell line (A549) is shown in Fig. 10.
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