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Abstract
Elevated levels of insulin-like growth factor-I (IGF-I) are associated with ovarian carcinogenesis and
progression. However, the molecular mechanisms by which IGF-I contributes to ovarian cancer
development remain to be elucidated. Cyclooxygenase-2 (COX-2) is a crucial player in the
pathogenesis of human malignancies. Herein we showed that IGF-I efficiently induced COX-2
expression and PGE2 biosynthesis at physiologically relevant concentrations in human ovarian
cancer cells. IGF-I treatment significantly increased COX-2 transcriptional activation. IGF-I also
stabilized COX-2 mRNA through the COX-2 3′-untranslated region (3′-UTR), which appeared
independent of the conserved AU-rich elements. We next investigated the signaling pathways
involved in IGF-I-induced COX-2 expression. We found that PI3K inhibitor wortmannin or
LY294002 blocked COX-2 expression induced by IGF-I. Wortmannin treatment or a dominant
negative PI3K mutant significantly inhibited IGF-I-induced COX-2 mRNA stabilization, but only
slightly decreased COX-2 transcriptional activation. We showed that ERK1/2 and p38 MAPKs were
required for IGF-I-induced COX-2 expression and that activation of both pathways by IGF-I
increased COX-2 transcriptional activation and its mRNA stability. IGF-I stimulated PKC activation
in the cells and pretreatment with PKC inhibitor bisindolylmaleimide prevented IGF-I-induced
COX-2 transcriptional activation and mRNA stabilization, and inhibited COX-2 mRNA and protein
expression. Taken together, our data demonstrate that IGF-I induces COX-2 expression in human
ovarian cancer cells, which is mediated by three parallel signaling cascades — PI3K, MAPK, and
PKC pathways that differentially regulate COX-2 expression at transcriptional and post-
transcriptional levels.
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1. Introduction
The type I insulin-like growth factor receptor (IGF-IR) and its ligand IGF-I have been
implicated in the development and progression of human cancer (1–3). An accumulating body
of epidemiological evidence suggests that high levels of circulating IGF-I are associated with
the risk of a number of human malignancies, such as breast, prostate, colorectal, pancreas, lung,
and ovarian cancer (3). Insulin-like growth factors (IGF-I and IGF-2) are small polypeptides
structurally related to insulin and exert their mitogenic effects mainly through IGF-IR. IGF-2
is considered as the major IGF isoform in fetal development, whereas IGF-I plays more
important role in adults (3). The bioactivities of IGFs are regulated by a family of IGF binding
proteins (i.e., from IGFBP-1 to IGFBP-6) and a group of IGFBP proteases (2–4). Activation
of IGF-IR by ligand binding initiates the mitogen-activated protein kinase (MAPK) and
phosphatidylinositol 3-kinase (PI3K) pathways, which are the major signaling cascades that
mediate the mitogenic and antiapoptotic actions of IGFs (1–3). The IGF-IR is frequently
overexpressed in several human cancers. The combination of the mitogenic and antiapoptotic
effects of IGF-IR activation has a profound impact on tumor growth. In addition, IGF-IR is
involved not only in the induction of cell transformation, but also in the maintenance of the
transformed phenotype (5). Furthermore, IGF-I has been implicated in tumor neo-
vascularization by increasing the expression of hypoxia-inducible factor 1α (HIF-1α) and
vascular endothelial growth factor (VEGF) (6–9). Despite these findings, however, the
molecular mechanisms by which IGF-I contributes to cancer progression remain to be
elucidated.

The conversion of arachidonic acid to prostaglandins (PGs) is catalyzed by two isoforms of
cyclooxygenases (COX), COX-1 and COX-2. COX-1 is constitutively expressed in most
human tissues, and appears to be responsible for the production of PGs that modulate
physiological functions. In contrast, COX-2 is expressed at low or undetectable levels in most
normal tissues. COX-2 can be rapidly induced by inflammatory stimuli, and is frequently
overexpressed in many human cancers (10–13). Genetic studies showed that transgenic mice
overexpressing COX-2 in various types of tissues developed malignant tumors (10,11).
Conversely, the development and growth of tumors were markedly retarded in COX-2
knockout mice (10,11). The role of COX-2 in carcinogenesis is further supported by
experimental and clinical studies which demonstrate the effectiveness of selective COX-2
inhibitors in the prevention and treatment of human cancers (10,11). The biological effects of
COX-2 are mediated by its prostanoid products that affect multiple mechanisms implicated in
carcinogenesis. For example, prostaglandin E2 (PGE2) can stimulate cell proliferation and
motility while inhibiting apoptosis and immune surveillance (11). Importantly, COX-2-derived
prostanoids are involved in multiple key points of tumor angiogenesis, including enhancing
VEGF production (12).

Expression of COX-2 in human cancer is regulated at both transcriptional and
posttranscriptional levels by multiple signaling pathways (14). COX-2 expression can be
induced by inflammatory cytokines and by growth factors (15). COX-2 expression can also be
induced by activation of oncogenes and inactivation of tumor suppressor genes (15). However,
little is known about the precise factors and molecular mechanisms regulating COX-2 gene
expression in human ovarian cancer. The novel findings of this study are: (a) IGF-I potently
upregulates COX-2, but not COX-1 expression in human ovarian cancer cells; (b) IGF-I
activates PI3K, MAPK as well as PKC signaling cascades in the cells, and all these pathways
are required for IGF-I-induced COX-2 expression; (c) PI3K, MAPK and PKC pathways are
differentially involved in transcriptional and post-transcriptional regulation of IGF-I-induced
COX-2 expression in the cells; (d) PKC is independent of Erk1/2 MAPK in the mediation of

Cao et al. Page 2

Cell Signal. Author manuscript; available in PMC 2008 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



IGF-I-induced COX-2 expression. Our data suggest that increased COX-2 expression may be
important for IGF-I involvement in ovarian cancer development and progression.

2. Materials and Methods
2.1. Cell Culture and Reagents

A2780 and OVCAR-3 human ovarian cancer cells were cultured in RPMI Medium 1640 (Life
Technologies, Grand Island, NY), supplemented with 10% fetal bovine serum, 50 nM insulin
(Sigma), 100 units/ml penicillin, and 100 μg/ml streptomycin. The cells were maintained at
37°C and 5% CO2 in a humid environment. Actinomycin D, PD98059, bisindolylmaleimide,
and recombinant human IGF-I were purchased from Sigma (St louis, MO). LY294002,
wortmannin and SB203580 were purchased from Calbiochem (La Jolla, CA). Monoclonal
antibodies against COX-2 and COX-1, and selective COX-2 inhibitor NS398 were obtained
from Cayman Chemical Company (Ann Arbor, MI). Antibodies against phosphorylated AKT
(Ser473) or total AKT, phosphorylated ERK1/2 (Thr202/Tyr204), and phosphorylated
MAPKAPK2 (Thr334) were purchased from Cell Signaling Technology (Beverly, MA).
Antibodies against total p44/p42 MAPK were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA). Monoclonal antibody against β-actin was from Sigma.

2.2. Immunoblotting
After appropriate treatments, cells were washed with ice-cold PBS, and collected by
centrifugation. Cell lysates were prepared using RIPA buffer supplemented with protease
inhibitors (100 mM Tris, PH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 1%
deoxycholate acid, 0.1% SDS, 2 mM phenylmethylsulfonyl fluoride, 1 mM sodium
orthovanadate, 2 mM DTT, 20 μg/ml leupeptin, 20 μg/ml pepstatin). Aliquots of protein lysates
(50 μg) were fractionated by SDS-PAGE, transferred to a nitrocellulose membrane (Schleicher
& Schuell Biosciences, Keene, NH), and subjected to immunoblotting according to the
manufacturer’s instructions. Immunoreactivity was visualized with chemiluminescence
detection reagent (Pierce Biotechnology, Rockford, IL).

2.3. RT-PCR
Total cellular RNAs were prepared using Trizol reagent (Invitrogen) according to the
manufacturer’s instructions. Aliquots of total RNAs (1 μg) were used as templates to synthesize
the first strand cDNA using reverse transcriptase (Promega). The following primers were used
for PCR amplification: human COX-2: sense 5′-TTCAAATG
AGATTGTGGGAAAATTGCT-3′, antisense 5′-AGATCATCTCTGCCTGAGTATCTT-3′;
GAPDH: sense 5′-ACCACAGTCCATGCCATCAC-3′, antisense 5′-
TCCACCACCCTGTTGCTGTA-3′. PCR was performed for 30 cycles, with each cycle at 95°
C for 1 min, 56°C for 1 min, and 72°C for 1 min. PCR products were separated on a 2% agarose
gel and visualized with ethidium bromide and photographed using an EagleEye II system
(Stratagene, La Jolla, CA).

2.4. PGE2 ELISA assay
Cells were seeded at 2× 105 cells/well in 12-well plates, and cultured to 80% confluence in
normal growth medium. The cells were cultured in serum-free medium overnight, then changed
to fresh basal medium containing various concentrations of IGF-I in the presence or absence
of 25 μM NS398 for 24 h. Levels of PGE2 released by the cells were measured using an ELISA
kit (R&D systems, Minneapolis, MN) according to the manufacturer’s instructions.
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2.5. Transient transfection and luciferase reporter assay
A reporter construct containing the 5′-flanking region of the human COX-2 gene
(phPES2-1432/+59) was used to study transcriptional activation of the COX-2 promoter (16).
The COX-2 3′-UTR reporter luciferase constructs, Luc-3′UTR containing the full-length
human COX-2 3′-UTR region; Luc-3′UTRΔARE containing the 3′-UTR region with the
deletion of a conserved 116-nucleotide AU-rich sequence element as described previously
(17). Cells were seeded at a density of 2 × 105 cells/well in 12-well plates. The next day, 1
μg of plasmid DNA was transfected into cells using 2 μl of Lipofectamine (Invitrogen) as per
manufacturer’s instructions. After the transfection, the cells were cultured overnight, changed
to fresh basal medium with different treatments for 16 h. Luciferase and β–galactosidase
activities were assayed in the cell lysates, and relative luciferase activity was the ratio of
luciferase/β–galactosidase activity which was normalized to the control.

2.6. PKC Kinase Activity Assay
The activity of PKC was measured as described previously with modifications (18). Briefly,
cells were lysed in a PKC extraction buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 0.1%
Tween 20, 1 mM EDTA, 2.5 mM EGTA, 10% glycerol) supplemented with protease inhibitors
(10 μg/ml of aprotinin, 10 μg/ml of leupeptin, 0.1 mM phenylmethylsulfonyl fluoride) and
phosphatase inhibitors (1 mM NaF, 0.1 mM Na3VO4). PKC proteins were immunoprecipitated
from 200 μg cellular of extracts with 2 μg of the anti-phospho-PKC (pan) antibodies (beta II,
Ser660) (Cell Signaling Technology, Beverly, MA). The kinase assay was performed in 40
μl of PKC reaction buffer (20 mM HEPES, pH 7.5, 10 mM MgCl2, 1 mM dithiothreitol, 2.5
mM EGTA, 1 mM NaF, 0.1 mM Na3VO4, 10 μM ATP) containing 1 μg of the substrate myelin
basic protein and 5 μCi of [γ-32P]ATP. The reactions were performed at 30°C for 20 min, and
terminated by adding SDS-PAGE sample buffer. Reaction products were analyzed by SDS-
PAGE and visualized by autoradiography. The radioactive bands were excised and quantified
by liquid scintillation counting. The activity of PKC is expressed as counts per min with each
μg of protein.

2.7. Statistics
Comparisons between treatments were made by the Student’s t test. A difference between the
treatments was considered significant at p < 0.05.

3. Results
3.1. IGF-I stimulates COX-2 mRNA and protein expression, and induces PGE2 biosynthesis
in human ovarian cancer cells

To examine whether IGF-I was able to induce COX-2 expression, human ovarian cancer cells
A2780 were incubated with various concentrations of IGF-I, and COX-2 mRNA levels were
analyzed by RT-PCR. At the range of physiologically relevant concentrations, IGF-I induced
COX-2 mRNA expression in a dose-dependent manner (Fig. 1A). Similar results were obtained
using another human ovarian cancer cell line, OVCAR-3 (Fig. 1A). We next examined the
time-dependent effect of IGF-I on COX-2 expression in the cells. A2780 and OVCAR-3 cells
were incubated with IGF-I for 0, 0.5, 1, 2, 4, 6, 12, or 24 h; and COX-2 mRNA expression was
examined. IGF-I increased COX-2 expression within 1 h, and the induction reached the
maximum at 6 h (Fig. 1B). COX-2 protein levels were examined to determine whether the
elevated COX-2 mRNA levels correlated with increased COX-2 protein expression. As shown
in Fig. 2A, IGF-I greatly upregulated COX-2 protein expression in a dose-dependent fashion
in both cell lines. COX-2 protein expression was gradually increased and peaked by 6–8 h, and
remained elevated for up to 24 h (Fig. 2B). By contrast, both cell lines express constitutive
levels of COX-1 that were not increased by IGF-I treatment (Figs. 2A and 2B). We further
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examined whether IGF-I-induced COX-2 protein expression was associated with induction of
PGE2 biosynthesis. As shown in Fig. 2C, treatment of the cells with IGF-I increased PGE2
biosynthesis, and pretreatment of the cells with the COX-2 selective inhibitor NS398
completely inhibited the induction. These data show that COX-2 expression and activity are
upregulated by IGF-I in human ovarian cancer cells.

3.2. IGF-I increases COX-2 transcriptional activation and its mRNA stability
To study the mechanism underlying the induction of COX-2 by IGF-I, A2780 cells were
transfected with a COX-2 promoter luciferase reporter phPHES2(−1432/+59), which carries
the full-length promoter region of human COX-2 gene (16). Treatment of the cells with IGF-
I significantly increased COX-2 promoter activity (Fig. 3A), suggesting that IGF-I was able to
stimulate COX-2 transcriptional activation.

Post-transcriptional stabilization of COX-2 mRNA may play an important role in the regulation
of COX-2 expression. To determine whether IGF-I affects the stability of COX-2 mRNA, the
rate of COX-2 mRNA decay was examined in A2780 cells. In the absence of IGF-I treatment,
the half-life (t1/2) of COX-2 mRNA in the cells was 60 min. IGF-I treatment increased the
stability of COX-2 mRNA with the t1/2 of 215 min (Fig. 3B). It is known that the 3′-untranslated
region (3′-UTR) of COX-2 mRNA is involved in promoting its mRNA decay (17). We
therefore asked whether IGF-I treatment affected COX-2 3′-UTR activity. We found that
treatment of cells with IGF-I caused up to 2-fold increase of COX-2 3′-UTR reporter activity,
suggesting that IGF-I increased COX-2 mRNA stability (Fig. 3C). Within the proximal end of
COX-2 3′-UTR, there is a highly conserved AU-rich mRNA decay sequence element (ARE)
(17). To determine whether the stabilization of COX-2 mRNA by IGF-I was dependent on the
conserved ARE sequence, cells were transfected with the luciferase reporter constructs Luc-3′
UTR and Luc-3′UTR ARE, respectively, as was described (17). We found that the luciferase
activity was dramatically increased when the ARE region was deleted from the full-length
COX-2 3′-UTR (Fig. 3D). This result suggests that in human ovarian cancer cells, the COX-2
ARE may facilitate COX-2 mRNA decay. Interestingly, IGF-I treatment similarly increased
luciferase reporter activity when the ARE was deleted (Fig. 3D), implying that IGF-I promotes
COX-2 mRNA stabilization through other regions of the 3′UTR. Taken together, these results
show that IGF-I upregulates COX-2 expression through both transcriptional activation and
post-transcriptional mechanism.

3.3. PI3K signaling pathway is involved in IGF-I-induced COX-2 expression
We next investigated the signaling pathways that are required for IGF-I-induced COX-2
expression. PI3K signaling is a major pathway initiated by growth factor receptors including
IGF-IR. To determine whether PI3K regulates IGF-I-induced COX-2 expression, the cells were
treated with PI3K inhibitors. As shown in Figs. 4A and 4B, PI3K inhibitors wortmannin and
LY294002 inhibited IGF-I-induced COX-2 protein and mRNA expression, indicating that
PI3K activation plays an important role in IGF-I-mediated COX-2 expression. We next
examined whether PI3K is involved in IGF-I-induced COX-2 transcriptional activation or post-
transcriptional mRNA stability. As shown in Fig. 4C, wortmannin treatment slightly reduced
COX-2 promoter activity (up to 15% reduction) in IGF-I-treated cells. In contrast, wortmannin
completely inhibited IGF-I-induced increase of the COX-2 3′-UTR activity (Fig. 4D). Similar
results were observed by using a dominant-negative PI3K construct (Figs. 4E and 4F). These
data indicate that PI3K activation regulates IGF-I-induced COX-2 expression in human ovarian
cancer cells primarily through increasing stabilization of COX-2 mRNA.
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3.4. ERK1/2 and p38 MAP kinases are important for COX-2 induction by IGF-I at both
transcriptional and post-transcriptional levels

IGF-I treatment induced the activation of Erk1/2 and p38 MAPKs in human ovarian cancer
cells, and treatment with MEK1 inhibitor PD98059 or p38 inhibitor SB203580 inhibited IGF-
I-induced COX-2 expression, which correlated with the inhibition of Erk1/2 and p38 kinase
activation (Figs. 5A and 5B). Consistent with their effects on COX-2 protein expression, the
MAPK inhibitors completely prevented IGF-I-induced COX-2 mRNA expression (Fig. 5C).
To test whether ERK1/2 and p38 regulate COX-2 transcriptional activation, COX-2 promoter
reporter activity was analyzed in the cells treated by PD98509 and SB203580. As shown in
Figs. 5D and 5E, PD98509 and SB203580 treatment inhibited IGF-I-induced COX-2 promoter
reporter activity in a dose-dependent manner, indicating that ERK1/2 and p38 activities are
required for COX-2 transcriptional activation. PD98509 and SB203580 similarly inhibited the
COX-2 3′-UTR reporter activity, suggesting that ERK1/2 and p38 also regulate IGF-I-induced
COX-2 expression by increasing COX-2 mRNA stabilization.

3.5. PKC activation is required for IGF-I-mediated COX-2 expression
To determine whether IGF-I stimulates PKC activation, PKC kinase activity was analyzed in
human ovarian cancer cells. We found that IGF-I treatment significantly increased PKC
activity which was inhibited by PKC inhibitor bisindolylmaleimide (Fig. 6A). We next
determined whether IGF-I-induced PKC activation contributed to COX-2 induction. Treatment
of the cells with bisindolylmaleimide inhibited COX-2 protein and mRNA expression induced
by IGF-I (Figs. 6B and 6C). Blockade of PKC activity also significantly inhibited IGF-I-
induced COX-2 promoter and 3′-UTR reporter activities (Figs. 6D and 6E), indicating that
PKC activation was important for IGF-I-mediated COX-2 transcriptional activation and
mRNA stabilization. PKC was shown to regulate IL-1β-induced COX-2 expression through
ERK1/2 activation in astrocytes (19). However, we found that pretreatment with the PKC
inhibitor did not alter IGF-I-induced ERK1/2 activation in the cells (Fig. 6F), suggesting that
regulation of IGF-I-induced COX-2 expression by PKC is independent of ERK1/2 activation
in human ovarian cancer cells.

4. Discussion
The exact roles of IGF-I in regulating COX-2 expression are not well understood. The findings
in this study demonstrated that IGF-I induced COX-2 expression and prostaglandin synthesis
in human ovarian cancer cells. A recent study showed that enhanced autocrine expression of
IGF-II up-regulated COX-2 mRNA expression in Caco-2 human colon cancer cells (20). In
human keratinocytes, COX-2 mRNA and protein expression was stimulated by exogenous
IGF-II (21). It was recently reported that local IGF-I expression in colorectal cancer tissue was
associated with COX-2 mRNA levels (22). IL-1β–induced COX-2 expression was enhanced
by IGF-I treatment in rat renal mesangial cells (23). However, other recent studies showed that
IGF-I failed to induce COX-2 expression in HT-29 colon cancer cells, hepatic stellate cells,
and human vein vascular endothelial cells (13,24,25), and IGF-I treatment even decreased
COX-2 expression in osteoblasts (26). Thus, the effects of IGF-I on COX-2 expression appear
to be cell-type specific, which may reflect its ability to promote organ-specific tumorigenesis
(2–4).

Recent studies showed that COX-2 was overexpressed in ovarian cancer, and that COX-2
overexpression correlated with a more aggressive phenotype and a worse clinical outcome
(27,28). In addition, some studies showed that COX-1 was overexpressed in ovarian cancer
(29,30). The discrepancy of COX isoform expression in ovarian cancer may be due to the
differences in patient population and detection methodology. In this study, we found that both
COX-1 and COX-2 are expressed in A2780 and OVCAR-3 ovarian cancer cells, and that basal
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levels of COX-1 are relatively high in the cells. IGF-1 treatment dramatically increases COX-2
expression and PGE2 levels, but not COX-1 expression in the cells. Recent studies show that
high levels of COX-2 and PGE2 expression are associated with cancer progression and
angiogenesis in other human cancers such as colon, gastric, and breast cancers (12,15,31,32).
Since IGF-I and its receptor IGF-IR are frequently overexpressed in human ovarian cancer
(2–4), the induction of COX-2 expression by IGF-I may play an important role in the
angiogenesis switch during ovarian cancer development and progression. In addition, PEG2 is
a signaling molecule which may be involved in tumor development and angiogenesis through
autocrine effect by binding to its cognate E-prostanoid receptors or paracrine effect by acting
on the neighboring cells through the induction of growth factors including VEGF and bFGF
(33,34). Thus, IGF-I-induced expression of COX-2 and PGE2 may have profound impacts on
ovarian cancer development, progression, and angiogenesis.

Overexpression of COX-2 in human cancer is due to deregulation at transcriptional and post-
transcriptional levels (10,11,14). Here we have shown that IGF-I was able to stimulate both
COX-2 transcriptional activation and mRNA stability, which correlated with elevated COX-2
mRNA and protein expression. Increasing evidence indicates that post-transcriptional
regulation via the stabilization of COX-2 mRNA plays an important role in the COX-2
expression (11,14). We found that the conserved ARE sequence in COX-2 3′-UTR attenuates
COX-2 expression in human ovarian cancer cells. The data are consistent with several recent
studies showing that the 3′-UTR of COX-2 mRNA and its ARE sequence are important for
regulating COX-2 mRNA stability (17,35,36). Interestingly, the stabilization of COX-2 mRNA
induced by IGF-I was independent of the ARE region in the COX-2 3′-UTR. Recently other
cis-acting regions were identified within the COX-2 3′-UTR that are important for the post-
transcriptional regulation of COX-2 (37,38). It would be of interest to identify these mRNA
regions that are regulated by IGF-I to induce COX-2 expression in human ovarian cancer cells
in the future study.

We found that treatment of the cells with PI3K inhibitors blocked both COX-2 protein and
mRNA expression induced by IGF-I, indicating that PI3K signaling plays an important role in
IGF-I-induced COX-2 expression. Our results are in agreement with several recent reports that
PI3K positively regulates COX-2 expression induced by other factors. PI3K/Akt activation
was shown to be required for K-Ras-induced COX-2 expression in rat intestinal epithelial cells
(39,40). PI3K activity also mediates COX-2 expression in response to LPS, interferon-γ, UVB
treatment, and high glucose stimulation (41–44). Our data indicate that PI3K regulates IGF-I-
induced COX-2 expression predominantly by modulating the stability of COX-2 mRNA. In
addition, we recently showed that IGF-I induced PI3K-dependent phosphorylation of several
key components of protein translational apparatus, including p70S6K1, S6 ribosomal protein,
4E-BP1, and eIF4E in human ovarian cancer cells (6). Thus, it is possible that PI3K/Akt
pathway may also regulate COX-2 protein translation in response to IGF-I treatment.

Many factors known to induce COX-2 expression also activate MAPK signaling pathway. Our
findings indicate that ERK1/2 and p38 MAPKs are involved in the regulation of IGF-I-induced
COX-2 expression in human ovarian cancer cells. We found that inhibition of MEK-1/ERK1/2
by PD98509 completely blocked IGF-I-induced COX-2 protein and mRNA expression, and
that ERK1/2 activation was involved in both transcriptional and post-transcriptional regulation
of COX-2 expression in response to IGF-I treatment. Similarly, IGF-I-induced activation of
the p38 MAPK pathway was shown to regulate COX-2 expression on these levels. We found
that the p38 selective inhibitor SB203580 suppressed IGF-I-induced activation of COX-2
promoter activity and mRNA stabilization. This is consistent with previous findings showing
that p38 MAPK was involved in COX-2 transcription presumably through increasing AP-1
activity (41,45–47), and that p38 MAPK regulated COX-2 mRNA stabilization by its
downstream kinase MK-2 (9,36,48).
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PKC activity regulated COX-2 expression induced by inflammatory stimuli and stress signals
(16,19,47,49,50). Activation of PKC promotes COX-2 gene transcription through the
transcription factors NF-κB and C/EBP (16,50). PKC also regulates the stability of COX-2
mRNA (46). In this study, we showed that IGF-I was able to stimulate PKC activation in human
ovarian cancer cells. We further demonstrated that PKC was involved in both transcriptional
and post-transcriptional regulation of COX-2 expression. It was observed that MAPK could
be a downstream signal of PKC for regulating COX-2 expression (19,47). However, we found
that in ovarian cancer cells, blockade of PKC activity did not inhibit IGF-I-induced ERK1/2
activation, suggesting that induction of COX-2 expression by PKC is independent of MAPK
in human ovarian cancer cells.

In summary, the present study provides first evidence that IGF-I upregulates COX-2 expression
and the associated PGE2 biosynthesis in human ovarian cancer cells, and this effect is mediated
by PI3K, MAPK, and PKC signaling cascades which are differentially involved in the
transcriptional and posttranscriptional regulation for COX-2 expression (Fig. 7). Emerging
evidence indicates that COX-2 is important in multiple steps of malignant transformation and
tumor progression (10,11). Our data suggest that increased COX-2 expression may be
important for ovarian cancer development, progression, and angiogenesis in the cancers
associated with high levels of IGF-I expression.
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Fig 1. IGF-I upregulates COX-2 mRNA expression
(A) A2780 and OVCAR-3 cells were cultured in serum-free medium for 16 h, then treated with
the indicated concentrations of IGF-I for 6 h. COX-2 and GAPDH mRNA levels in the cells
were detected by RT-PCR. (B) The cells were treated with 200 ng/ml of IGF-I for 0 to 24 h as
indicated. COX-2 and GAPDH mRNA expression was analyzed by RT-PCR. The levels of
COX-2 mRNA were quantified using NIH Image J software, and normalized to those of
GAPDH levels. The mean ± SD of the corresponding densitometry data from replicate
experiments were showed in lower panels of each figure.
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Fig 2. IGF-I induces COX-2 protein expression and PGE2 biosynthesis
(A) The serum-starved cells were treated with the indicated concentrations of IGF-I for 8 h.
Total cellular lysates were subjected to immunoblotting using antibodies against COX-2,
COX-1, or β-actin. (B) The serum-starved cells were treated with 200 ng/ml IGF-I for 0 to 24
h as indicated. COX-2, COX-1, and β-actin protein levels were analyzed by immunoblotting.
The COX-2 and COX-1 protein signals were quantified and normalized to those of β-actin
levels. The mean ± SD of the densitometry data from triplicate experiments were showed in
the lower panels of Fig. 2A and 2B. (C) The cells were incubated in basal medium containing
the indicated concentrations of IGF-I in the presence or absence of 25 μM NS398 for 24 h.
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PGE2 levels in the medium were determined by ELISA assay. * indicates that the value is
significantly different when compared to that of the control (p<0.05).
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Fig 3. IGF-I treatment induces COX-2 transcriptional activation and mRNA stability
(A) A2780 cells were co-transfected with a COX-2 promoter reporter construct phPHES2
(−1432/+59) and pCMV-β-gal, and incubated overnight. The cells were treated with the
indicated concentrations of IGF-I for 16 h, and relative luciferase activity was obtained by the
ratio of luciferase to β-gal activity, and normalized to that of the control. (B) The cells were
treated with solvent (control) or 200 ng/ml IGF-I for 1 h, then treated with 5 μg/ml actinomycin
D (Act D) to stop the transcription. The cells were harvested at the indicated time after the
addition of Act D, and the levels of COX-2 mRNA were detected by RT-PCR. The mean ±
SD of densitometry COX-2 mRNA signals from triplicate experiments were shown in the lower
panel. The half-life (t1/2) of COX-2 mRNA was calculated using the regression program of
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Microsoft Excel 2000. (C) The cells were transfected with a luciferase reporter construct
containing full-length COX-2 3′-UTR region (Luc-3′UTR). Relative luciferase activity was
analyzed in the cells as described above after the cells were treated for 16 h with the indicated
concentrations of IGF-I. (D) The cells were transfected with Luc-3′UTR or Luc-3′UTRΔARE
(the deletion of AU-rich sequence element from 3′-UTR region). Luciferase activity was
assayed after the treatment of the cells with 200 ng/ml IGF-I for 16 h. The data were presented
as mean ±SD. All transient transfection assays were performed in triplicate and repeated at
least three times. *indicates that the value is significantly different when compared to that of
the control (p<0.05).
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Fig 4. PI3K signaling is required for IGF-I-induced COX-2 expression
(A) Serum-starved A2780 cells were pretreated with wortmannin (WT), LY294002 (LY) or the
solvent DMSO followed by the incubation with 200 ng/ml IGF-I for 8 h. COX-2, phospho-
Akt (p-Akt, Ser473), total Akt, and β–actin protein levels were analyzed by immunoblotting.
The COX-2 protein signals were normalized to those of β-actin levels, and p-Akt signals were
normalized to those of total Akt levels. The mean ± SD of the corresponding densitometry data
from duplicate experiments were shown in the lower panel. (B) The cells were pretreated with
wortmannin (WT), LY294002 (LY) or solvent (DMSO) followed by incubation with 200 ng/
ml IGF-I for 6 h. COX-2 and GAPDH mRNA levels were detected by RT-PCR. The COX-2
mRNA signals were normalized to those of GAPDH levels with the mean ± SD of the
corresponding densitometry data from duplicate experiments shown in the lower panel. (C and
D) The cells were transfected with phPHES2(−1432/+59) and Luc-3′UTR, respectively; and
cultured overnight. The cells were switched to serum-free medium in the absence or presence
of wortmannin or 200 ng/ml IGF-I for 16 h. Relative luciferase activity was the ratio of
luciferase/β-gal activity, and normalized to that of the control cells. Data are presented as mean
± SD from three independent experiments. * indicates that the value is significantly different
when compared to that of the control (p<0.05); # indicates that the value is significantly
different when compared to that of IGF-I treatment alone (p<0.05). (E) A2780 cells were
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transfected with empty vector or a vector expressing dominant-negative PI3K construct
(p85DN). After 24 h, the cells were collected and lysed in RIPA buffer. Total proteins were
analyzed by immunoblotting using antibodies against p85 and β-actin. The right panel shows
the relative densitometry data of p85 protein signals normalized to those of β-actin levels. (F)
A2780 cells were co-transfected with phPHES2(−1432/+59), pCMV-βgal, empty vector, or a
vector expressing dominant-negative PI3K construct (p85DN); and cultured overnight. The
cells were switched to serum-free medium, and incubated in the absence or presence of 200
ng/ml IGF-I for16 h. (G) The cells were co-transfected with Luc-3′UTR, pCMV-βgal, empty
vector, or a vector expressing p85DN. The cells were switched to serum-free medium and
incubated in the absence or presence of 200 ng/ml IGF-I for 16 h. Relative luciferase activity
was analyzed as described above. *indicates that the value is significantly different when
compared to that of the control (p<0.05); # indicates that the value is significantly different
when compared to that of the vector-transfected cells treated with IGF-I alone (p<0.05).
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Fig 5. IGF-I-induced COX-2 expression is dependent on MAPK activation
(A and B) A2780 cells were pretreated with the solvent (-), PD98059 (PD) or SB203580
(SB) for 1 h, then treated with 200 ng/ml IGF-I for 8 h. Specific protein levels were analyzed
by immunoblotting using antibodies against COX-2, phospho-Erk1/2 (p-Erk1/2, Thr202/
Tyr204), total Erk1/2, phospho-MK2 (p-MK2, Thr33), and β–actin, respectively. The right
panels indicated the mean ± SD of the corresponding densitometry data from duplicate
experiments. (C) The cells were pretreated with PD, SB, or DMSO for 1 h, followed by
incubation with 200 ng/ml IGF-I for 6 h. COX-2 and GAPDH mRNA levels were analyzed
by RT-PCR. The lower panel indicated the mean ± SD of the corresponding densitometry data
from duplicate experiments. (D and E) The cells were transfected with phPHES2(−1432/+59)
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and Luc-3′UTR plasmids, respectively; and cultured overnight. The cells were switched to
serum-free mdium, and incubated in the absence or presence of DMSO, PD, or SB with 200
ng/ml IGF-I as indicated for 16 h. Relative luciferase activity was analyzed as described in
Fig. 3. Data are mean ± SD from five independent experiments. * indicates that the value is
significantly different when compared to that of the control (p<0.05); # indicates that the value
is significantly different when compared to that of IGF-I treatment alone (p<0.05).
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Fig 6. PKC activity is important for IGF-I-induced COX-2 expression
(A) Serum-starved A2780 cells were pretreated with PKC inhibitor bisindolylmaleimide
(BIS) for 30 min, followed by incubation with 200 ng/ml IGF-I for 6 h. Total PKC activity was
measured using myelin basic protein as a substrate as described in Experimental Procedures.
(B) The serum-starved cells were pretreated with BIS and treated with 200 ng/ml IGF-I for 6
h. COX-2 and β–actin protein levels were analyzed by immunoblotting. The lower panel
indicated the mean ± SD of the relative densitometry data of COX-2 protein levels from
duplicate experiments. (C) The cells were treated as above. COX-2 and GAPDH mRNA levels
in the cells were analyzed by RT-PCR. The lower panel indicated the mean ± SD of the relative
densitometry data of COX-2 mRNA levels from duplicate experiments. (D and E) The cells
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were transfected with phPHES2 (−1432/+59) and Luc-3′UTR reporter constructs, respectively.
The cells were cultured overnight after the transfection, then switched to serum-free medium
in the absence or presence of BIS and 200 ng/ml IGF-I for 16 h. Relative luciferase activity
was analyzed in the cells. Data represent mean ± SD from five independent experiments.
*indicates that the value is significantly different when compared to that of the control (p<0.05);
#indicates that the value is significantly different when compared to that of IGF-I treatment
alone (p<0.05). (F) The serum-starved cells were pretreated with BIS, followed by incubation
with 200 ng/ml IGF-I for 4 h. Specific protein levels were analyzed by immunoblotting using
antibodies against phospho-Erk1/2 (p-Erk1/2, Thr202/Tyr204), and total Erk1/2, respectively.
The lower panel indicated the mean ± SD of the relative p-Erk1/2 levels from duplicate
experiments.
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Fig 7. Schematic representation of the mechanism by which IGF-I induces COX-2 expression in
human ovarian cancer cells

Cao et al. Page 33

Cell Signal. Author manuscript; available in PMC 2008 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


